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Abstract

The aim of this thesis is to determine the non-Gaussian particle distribution in the
horizontal phase space extracted from a synchrotron accelerator via a slow resonant
extraction process referred to as 'bar of charge’. A major issue associated with this
undertaking is that a direct measurement of the phase space is not possible, which
in this study was circumvented by using tomographical reconstruction techniques.
The required input data for the reconstruction algorithms (for simulations and mea-
surements) were gathered by making use of the Phase Shifter Stepper module — a
dedicated magnet setup designed at CERN for transverse phase space adjustments,
implemented in the high energy beam transfer line at MedAustron. To date, no
other accelerator facility has hosted such a module or has implemented it in such a
way. Thus, the empirical evidence of the module’s working concept is also presented
here.

The first section of this paper presents the results of tracking simulations relat-
ing to questions regarding an appropriate measurement procedure, suitable recon-
struction settings, meaningful particle distribution quantification parameters and
useful data correction mechanisms. The second section presents the results of mea-
surements performed with 250MeV proton beams and the relevant tomographical
reconstructions provide visual evidence of the ’bar of charge’ and confirm the the-
oretical descriptions of the slow extraction process. Furthermore, the applicability
of the procedure (combination of adapted Phase Shifter Stepper working concept
and tomographical reconstruction) is demonstrated by comparison of simulated and
measured particle distributions. Finally, the impact of the measurement devices
used on the results, limitations of the method itself as well as an outlook on time
resolved reconstruction are discussed.

Results of this thesis have been presented at the 6 International Particle Ac-
celerator Conference in May 2015[1], the Slow Extraction Workshops 2016[2] and
2017[3| as well as the ABTEF seminar at CERN 2018.


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

“Jayloljqig UsIpn NL e uud ul sjgejreAe si sisay) [2Jo1oop Siyl Jo uoisian [eulblio panoidde ay | < any a8pajmoun Jnoa
“regBnyian 3ayloljqig UsIpn NL Jop ue Isi uoirelassiq Jasalp uoisianeulblo apponipab ausiqoidde aig v_ﬂ_-_u.o__n__m


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

Acknowledgements

First of all, T would like to express my sincere gratitude to my supervisor Prof.
Michael Benedikt for the continuous support during my studies, his patience and
the opportunity to come to CERN. This incredible experience introduced me to the
world of accelerator physics, a field of research and work I found many friends in
and am happy to continue working.

A special thanks to EBG MedAustron for providing me with the necessary ma-
chine time to perform the measurements used in this thesis. A very warm thanks to
my colleagues at MedAustron for encouraging me also during more difficult periods.
I am very grateful to Adriano Garonna, Fabio Farinon and Sebastian Nowak for
many fruitful discussions, the enjoyable times we had in the office and proofreading
of this document.

Furthermore, I want to thank Ulrich Dorda on who’s idea the topic of this research
bases and for the numerous invaluable discussion on accelerator physics and python
- especially in the beginning of this endeavor.

Finally, my deep and sincere gratitude to my family for their continuous help and
unrestricted support. To my parents for giving me the opportunity to explore new
directions, sharing their experience and expertise and putting me on the right track.
And of course to my wife Manuela and my wonderful children Elena and Elias for
selflessly encouraging me, their countless sacrifices to help me get to this point and
their unconditional love. Without them, I would not be where I am today.


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

“Jayloljqig UsIpn NL e uud ul sjgejreAe si sisay) [2Jo1oop Siyl Jo uoisian [eulblio panoidde ay | < any a8pajmoun Jnoa
“regBnyian 3ayloljqig UsIpn NL Jop ue Isi uoirelassiq Jasalp uoisianeulblo apponipab ausiqoidde aig v_ﬂ_-_u.o__n__m


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

Contents

. Introduction and Scope

1.1. State of the Art overview . .

1.2. MedAu

2. Theoretical

2.1. Acceler
2.1.1.

stron . . ... .. ..

background
ator physics . . . . .
Transverse motion .

2.1.2. Dispersion and Chromaticity . . . . . .. .. .. .. ... ...
2.2. Slow extraction . . .. ...

2.2.1.

Third integer resonanc

(2

2.2.2. Extraction preparation . . . . . . .. .. ...

2.2.3.

Extraction . . . . ..

2.3. HEBT and Phase Shifter Stepper (PSS) . . .. ... ... ... ...
2.4. Tomography . . . ... ...

2.4.1.
2.4.2.

Radon transformation
Reconstruction . . .

- Sinogram . . . . ... ... L

2.4.3. Filtered Back Projection (FBP) . . . .. ... ... ... ...
2.4.4. Algebraic Reconstruction Technique (ART) . . ... .. ...

3. Simulations

3.1. Quantification parameters .
3.2. Beam optics . . . .. .. ..
3.3. Sinogram . . . ... .. ..

3.3.1.
3.3.2.
3.3.3.

Rotorgram . . . . . .
PSS rotated particles
PSS rotated profiles .

3.4. Reconstruction comparison .
3.5. Reconstruction stability . .

3.5.1.

3.5.2.

3.5.3.
3.6. Profile

4, Measureme

Number of projections
Thresholds . . . . . .
Noise robustness . .
centering . . . . . . .

nts

4.1. Tomogram at EX01003SFX

4.1.1.

Time resolved analysis

27
27
29
30
31
31
33
34
42
43
44
45
49

55
%)
60


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Contents

62

4.2. Beam optics considerations .

65

5. Conclusions

69

A. Appendix

“Jayloljqig UsIpn NL e uud ul sjgejreAe si sisay) [2Jo1oop Siyl Jo uoisian [eulblio panoidde ay |
“regBnyian 3ayloljqig UsIpn NL Jop ue Isi uoielnassiq Jasalp uoisianfeulbliO apponipab ausiqoidde aig

1

qny a8pajmoud| INoA

Saylolqie


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
I
rk

List of Figures

1.1.

1.2.
1.3.

2.1.
2.2.

2.3.
2.4.

2.5.
2.6.
2.7.
2.8.
2.9.
2.10.
2.11.
2.12.
2.13.
2.14.
2.15.
2.16.

2.17.
2.18.

2.19.

Penetration behavior of different types of radiation showing a Bragg

peak for protons and carbon ions [4] . . . . . .. ... 1
Layout of the MedAustron ion therapy accelerator[5] . . . ... ... 4
Beam optics of the synchrotron . . . . ... ... ... ... ..... 4
Transverse real and normalized phase space . . .. .. ... .. ... 7
Sextupoles create a non-linear perturbation and therefore resonances

that can be used to slow extract the particles. . . . . ... ... ... 8

Steinbach diagrams showing the last preparatory steps before extraction|6|
Left: Particle trajectories in normalized horizontal phase space (S =
1.0, ¢ = 0.01). Right: The stable triangle defined by the separatrices

and fixed points Py-P3 (h = %)[7] .................... 11
Steinbach diagrams just before extraction[6] . . . . .. ... .. ... 12
Amplitude increase during the last three turns before extraction[8]. . 13
Kick of the electrostatic septum in normalized phase space[8]. . . .. 14
Extraction considerations triggered by varying particle parameters
within a beam[8] . . . . .. ... oo 14
Phase space movement of three particles being extracted at different
locations in the synchrotron. . . . . . . . .. ..o 15
Simulation of slow extraction resulting in the ’bar of charge (BoC)’
(10000 particles) . . . . . . ... 16
Details of the extraction process leading to the BoC shown in Figure
2.10(b). . o 16
Bar of charge (BoC) at the end of the Phase Shifter Stepper (PSS)
in normalized phase space for different settings. . . .. .. ... ... 18
Horizontal phase advances shift and vertical beta stepping for various
beam size settings (design optics) . . . . . ... .. L 19
Sketches of the principle of the radon transformation[9] . . . . . . . . 20
[lustration of an initial distribution and its sinogram . . . .. .. .. 21
Example for an unfiltered projection, the Shepp-Logan filter function
and the filtered projection . . . . . . . ... .. . oL 22
FBP reconstruction for different numbers of projection angles © . . . 23
Visualization of various filter functions and graphical interpretation
of back projection illustrating the need of interpolation. . . . . . . . . 24
ART matrix with different types of weights (line and strip) . . . . . . 25

1l


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
I
rk

List of Figures

v

3.1.
3.2.
3.3.
3.4.
3.5.
3.6.
3.7.

3.8.
3.9.

3.10.
3.11.
3.12.

3.13.
3.14.
3.15.
3.16.
3.17.
3.18.
3.19.
3.20.

3.21.
3.22.
3.23.
3.24.
3.25.
3.26.
3.27.
3.28.
3.29.
3.30.
3.31.
3.32.

3.33.

3.34.
3.39.

Zoomed PSS optics . . . . . . . ... 29
Sampled initial distribution in real and normalized phase space . . . . 30
Visualization of PSS rotated particles (left) and rotorgram (right)

principle in normalized phase space . . . . . ... ... ... .. ... 32
Distributions for three phase advances achieved via PSS rotating the

particles (tracking) . . . . .. .. ..o Lo 32
Distributions for three phase advances achieved via normalized phase

space coordinate rotation (rotorgram) . . . . . . . . ... ... ... 33
Comparison of the results of the three mechanisms (rotorgram, PSS

rotated particles, PSS rotated profiles). . . . . . . .. ... ... ... 34
3D illustration of the 2D sampled reference distribution . . . . . . . . 35
Reconstruction quality of FBP for various options (filter, interpolation) 35
3D reconstruction via FBP . . . . . . . ..o 0oL 36
3D reconstruction via SART . . . . ... ... ... ... .. .. ... 37
3D reconstruction via MULT . . . . . .. ... .. ... ... ..... 37
Quantitative comparison of the three reconstruction algorithms (EMT,

CAT, MAEpeam; MAEq4i) « o o e e e e e 38
Reconstruction comparison (3 x higher resolution) . . . . . . . . ... 39
Statistical details of the FBP reconstruction . . . .. ... ... ... 39
2D maps of the FBP reconstruction . . . . . .. ... ... ... ... 40
Statistical details of the SART reconstruction . . . ... ... . ... 40
2D maps of the SART reconstruction . . . . . . ... ... ... ... 41
Statistical details of the MULT reconstruction . . . . . ... ... .. 41
2D maps of the MULT reconstruction . . . . . .. ... ... ..... 42
Comparison of different number of projections w.r.t. EMT, CAT and

EMS . . . 43
Comparison of different number of projections w.r.t. MAE . . . . .. 44
Comparison of different thresholds of CAT and EMT . . .. ... .. 44
Reference threshold charts . . . . . .. ... ... ... ........ 45
FBP evaluation parameters for increasing noise amplitudes . . . . . . 46
FBP sinogram and tomogram for 0% noise added . . . . . . ... .. 46
FBP sinogram and tomogram for 5% noise added . . . . . . ... .. 47
MULT evaluation parameters for increasing noise amplitudes . . . . . 47
MULT sinogram and tomogram for 12% noise added . . . . . . . .. 48
MULT cumulative sum for 5% noise added . . . . . .. ... ... .. 48
SART evaluation parameters for increasing noise amplitudes . . . . . 49
Sinograms resulting of centering the reference sinogram . . . . . . . . 50
Comparison of reconstruction parameters vs. centering mechanisms

after centering the reference sinogram . . . . . .. .. ... ... ... 51
Reference, uncorrected and CoG corrected sinogram of an off-axis

particle distribution . . . . . . .. ... Lo o 51
Sinograms resulting of centering the off-axis sinogram . . . . . . . .. 52
Comparison of reconstruction parameters vs. centering mechanisms

after centering the off-axis sinogram . . . . . . .. .. .. ... .. .. 52


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

List of Figures

3.36.
3.37.
3.38.

4.1.

4.2.

4.3.
4.4.
4.5.
4.6.
4.7.
4.8.

4.9.
4.10.

4.11.
4.12.

4.13.

4.14.

4.15.

o.1.
0.2.

Al
A3

A2,

Evaluation parameters as a function of bin shift - not centered . . . .
Evaluation parameters as a function of bin shift - centered (CoG)

BPM intensities normalized to synchrotron intensities and FWHM as
a function of phase advance . . . . . ... .. ... ... .. .....
EX01003SFX: simulation, the measurement and centered measure-
ment SINOGTaMS . . . . . . . . . bt e
EX01003SFX: simulated and measured profile for one phase advance .
CAT analysis of sinograms . . . . . . . ... ... ... .. ......
EMT analysis of sinograms . . . . . .. ... ... ... ........
Comparison of MULT reconstructed tomograms . . . . . ... . ...
Comparison of FBP reconstructed tomograms . . . . ... ... ...
EX01003SFX: simulated and measured profile for one phase advance
setting . . . . . . e
Time resolved tomographical characterization of an extracted particle
spill . .
Intraspill profiles of four spills on EX01003SFX . . . . .. ... ...
Sinograms for simulation and measurement (not-centered and CoG-
centered) for EX01002SFX (horizontal plane) . . . ... . ... ...
Measured (approximation) and simulated vertical beta functions for
EX01002SFX, normalized to first/lowest phase advance setting)
Measured (approximation) and simulated vertical beta functions for
EX01003SFX, normalized to first/lowest phase advance setting) )
Beta functions of 'bad’ cases (w.r.t. 4.14) inside the PSS module . . .

Comparison of MULT reconstructed tomograms . . . . . . .. . ...
Radiation damage of fibers on EX01003SFX, two different methods
at two different points in time . . . . . . . .. ... ...

SART reconstruction for different numbers of projection angles © . .
For all phase advances (numbered by SID), the BETX was matched
to 40m and dispersion Dx =0. . . ... .. .. .. ... ... ...
Strength settings of the six quadrupoles of the PSS for various phase
advances. The change of polarity for measurements is considered
via adaptation of the magnet conditioning (hysteresis). All MADX
matchings have achieved a tar-valueof < E—18 . . . . . . . . .. ..

. SCUBEEXx analysis result of the reference distribution . . . . . . . ..
. SCUBEEx analysis result of the FBP reconstruction using a ramp

filter and cubic interpolation . . . . . . . ... ... ...

. SCUBEEXx analysis result of the SART reconstruction . . . . . . ...

o6

o7
o7
o8
o8
29
29

60
60

61
61

62

63

63
64

66

67
69

69

70
70

71
71
72
72


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

List of Figures

vi

A.9. FBP evaluation parameters for increasing noise amplitudes . . . . . .
A.10.MULT evaluation parameters for increasing noise amplitudes . . . . .
A.11.SART evaluation parameters for increasing noise amplitudes . . . . .
A.12.Reconstruction evaluation parameters as a function of monitor reso-
lution . . . . . L
A.13.Evaluation parameters as a function of bin shift - not centered, reso-
lution 1/3mm . . . . ..o
A.14.Comparison of MULT reconstructed tomograms - EMS analysis .
A.15.Intraspill profiles of four spills on EX01002SFX . . . . . .. ... ..
A.16.Beta functions of 'good’ cases (w.r.t. 4.14) inside the PSS module


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

List of Tables

49

3.1. Simulation reference data .

65

5.1. Comparison of simulation and measurement results

“Jayloljqig UsIpn NL e uud ul sjgejreAe si sisay) [2Jo1oop Siyl Jo uoisian [eulblio panoidde ay |
“regBnyian 3ayloljqig UsIpn NL Jop ue Isi uoielnassiq Jasalp uoisianfeulbliO apponipab ausiqoidde aig

vil

qny a8pajmoud| INoA

Saylolqie


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

“Jayloljqig UsIpn NL e uud ul sjgejreAe si sisay) [2Jo1oop Siyl Jo uoisian [eulblio panoidde ay | < any a8pajmoun Jnoa
“regBnyian 3ayloljqig UsIpn NL Jop ue Isi uoirelassiq Jasalp uoisianeulblo apponipab ausiqoidde aig v_ﬂ_-_u.o__n__m


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

1. Introduction and Scope

In modern cancer treatment the therapy with hadrons has become a routinely used
method especially regarding the treatment of tumors close to critical organs or in
pediatric care. Those particles show an advantageous behavior when propagating
through tissue (see Figure 1.1): the energy deposition is focused in a dedicated
penetration depth determined by the initial energy of the particle while the collateral
damage created by energy deposition in the entrance channel or other surrounding
tissue is reduced. This behavior is referred to as 'Bragg peak’ [10].

Electrons (21 MeV)I Carbon (270 MeWulI

100 - ‘
®eo | =
2
g Photons
540 ‘Pr otons |

20 .

0 — e
0 200 300

Depth [mm]

Figure 1.1.: Penetration behavior of different types of radiation showing a Bragg
peak for protons and carbon ions [4]

For protons the required kinetic energies of up to 230MeV can be achieved by
e.g. cyclotron particle accelerators. However, for other light ions (but still including
protons) the most frequently used type of accelerator is the synchrotron operated
with a slow extraction scheme in order to achieve a quasi-continuous particle beam
towards the patient [11][12][13][14][15]. Different accelerator layouts have been de-
signed and implemented while the beam extraction typically is realized via particle
excitation at the third-integer resonance. The measurements for this thesis have
been performed at the MedAustron Ion Therapy facility [16] in Wiener Neustadt,
Austria, where a betatron core is used to accelerate the beam into the resonance.

Due to the nature of the extraction process the particles in the horizontal phase
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1 Introduction and Scope

space (x, x’)! of the extracted beam towards the irradiation areas populate a nar-
row rectangular-like, non-Gaussian shape known as bar of charge. Typically this
phase space distribution is not directly measurable though still of interest e.g. for
the qualification of the extraction process or as beam characterization for further
simulations|18].

The MedAustron High Energy Beam Transfer line (HEBT) hosts a dedicated
section to rotate this bar of charge which in the PIMMS[11]{12] concept is used to
adjust the horizontal spot size of the beam in the irradiation room isocenter|19]. For
this thesis this section is used to rotate the beam by 180° and perform beam profile
measurements from various angles using a scintillating fiber grid monitor (SFX).
Based on this compilation of data the horizontal phase space can be computed via a
tomographical reconstruction method similar to a CT or PET in medical imaging 2.

The following chapters will describe the process of the slow resonant extraction
from the MedAustron synchrotron, the tomographical methods used to reconstruct
the horizontal HEBT phase space, the identification of appropriate measurement
settings found via simulations as well as the measurements itself and the comparison
to the simulation. The scope of this thesis is to

1. empirically proof the ’bar of charge’ concept

2. demonstrate the method of transfer line phase space determination by tomo-
graphical reconstruction applied on measurement data achieved by phase space
rotation via the Phase Shifter Stepper concept.

1.1. State of the Art overview

Tomographical reconstruction has become a beam diagnostic technique used fre-
quently especially in Free Electron Laser (FEL) facilities|20][21], synchrotron accel-
erators [22][23] but also transfer lines|24][25][26]>. Considering the tomography in
transfer lines of hadron accelerators, two methods are commonly used:

1. Multiple monitors installed in different positions of the transfer line with
quadrupole magnets in between. The magnets rotate the particle distribution
in phase space and via the monitors beam distribution profiles are recorded.
Reggiani et al[28] showed that via this setup and the reconstruction algorithm

!The coordinate system definition for this thesis is following the MADX convention.[17]

2While in a CT scanner the patient remains static and the detector is moved around the patient,
in this setup the monitor is static and the beam is rotated. For the reconstruction algorithm
this is no difference.

3Stratakis et al[27] showed that at a FEL using an optimized setup an error between simulation
and measurement of less than 10% can be achieved.
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1 Introduction and Scope

MENT|29][30]* the phase space of a proton beam extracted from cyclotrons
and synchrotrons can be reconstructed.

2. One or multiple quadrupoles are used to rotate the particle distribution in
phase space on a single monitor downstream the magnets. Typically in such
scenarios not only the phase advance is changed but also the beta functions
are scaled for the various quadrupole settings. This approach is used for this
thesis.

1.2. MedAustron

MedAustron is a synchrotron based cancer treatment and research facility located
in Wiener Neustadt, Austria. For clinical applications proton beams up to 250MeV
as well as carbon ion beams up to 400MeV /nucleon® can be provided to five different
beam lines ¢ while for nonclinical research proton beams up to 800MeV are available
in a dedicated irradiation area|31][32][33]. The accelerator layout bases on the CERN
PIMMS study and the first patient has been treated in December 2016.

The injector hosts up to four Electron Cyclotron Resonance (ECR) ion sources, a
Radio Frequency Quadrupole (RFQ) and an Inter-digital H-mode linear accelerator
(LINAC) with an output energy of 7MeV /nucleon. In the following the multiturn
injection fills the particles into the 77.6m circumference synchrotron which hosts a
linear lattice composed of 16 dipoles powered by a common power supply as well as
24 quadrupoles combined in two focusing and one defocusing family. Four sextupoles
placed in dispersive section of the lattice are used to control the chromaticity while
a dedicated (resonant) sextupole in a dispersion-free section is used to drive the slow
extraction process.

By increasing the magnetic fields of the magnets and synchronously accelerating
the particles with a wide-band Radio Frequency cavity (RF), the beam energy is
increased to the desired extraction (flat top) energy. After being extracted (chapter
2.2) the particles traverse the High Energy Beam Transfer line (HEBT)|34| towards
the irradiation rooms|35]. The design foresees 1x10' protons and 4x10® C®" ions in
the irradiation room per pulse extracted in a time window between 0.1 - 10 seconds.

Figure 1.3 shows a flattened synchrotron layout on top indicating the position of

the resonant sextupole (MRO8000MXR), the electrostatic extraction septum (MR14000ESE)

as well as the magnetic extraction septum (EX00000MST). The bottom charts show
the horizontal and vertical S-functions and the horizontal dispersion.

4The distribution function matching best to the few profiles measured is identified by evaluating
the maximum entropy.

5Those energies correspond to a penetration depth in water of about 36cm.

5Three horizontal fixed beam lines, one vertical fixed beam line as well as a rotating gantry.
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1 Introduction and Scope
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Figure 1.2.: Layout of the MedAustron ion therapy accelerator|5|
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Figure 1.3.: Beam optics of the synchrotron
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2. Theoretical background

This chapter describes selected topics of accelerator physics (section 2.1)7, introduces
the basic concepts of resonant slow extraction (section 2.2) and the 'bar of charge’,
pictures the phase shifter stepper concept (section 2.3) and gives an overview of
tomographical reconstruction techniques (section 2.4) to establish a context for the
content of this thesis.

2.1. Accelerator physics

2.1.1. Transverse motion

The transverse motion of particles traversing through the linear lattice of a syn-
chrotron can be parametrized and described by a pseudo harmonic oscillation[43][36]:

z(s) = A\/B(s) cosu(s)+ B (2.1)
with

5 ds
uls) = o B(s)

(2.2)

The constants A and B are determined by the initial coordinates of the particle.
The beta amplitude function [(s) and therefore also the phase advance p(s) are
defined by the optics of the lattice. Further parameters that can be deduced from
the beta function are:

1dp

a(s) = ~57s (2.3)
A(s) = 2 ;‘“Z (2.4

"For detailed descriptions and mathematical proofs the reader is referred to specialized
literature[36][37][38][39][40] and lectures of dedicated programs like CAS[41] or USPAS[42].
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2 Theoretical background

These three parameters (a, 3,7) are called Courant-Snyder parameters or Twiss
functions. Another important parameter in transverse optics is the phase advance
over one revolution in the synchrotron called the (betatron) tune @ (27Q, = Ap).
It describes the number of betatron oscillations around the closed orbit per turn.

Extracting and eliminating the phase term of equations 2.2 and 2.3 leads to the
definition of new normalized coordinates

Z(n) = Acos(u+ B) = z(s)

-

«

Z/(1) = ~Asin(u-+ B) = (5)/B + ()

(2.6)

This Floquet transformation is linear and therefore it is often convenient to rewrite

it in matrix form
<Z>:<1/\/ﬁ O)(z) 27)
dZ/dyu a/vB B \dz/ds '

(s = (0% v L) 0
dz/ds —a/\/B 1//B) \dZ/du '

Eliminating the phase advance p from equations 2.5 and 2.6 leads to an invariant
describing an ellipse in (real) phase space (z,z') and a circle in normalized phase
space (Z, Z’) (see Figure 2.1):

oA = v2® 4 2022 + B2 = Z* + Z” (= constant) (2.9)

norm
s

The constant € equals to the area covered by the ellipse (in real and normalized
phase space) and for a single particle is referred to as single particle emittance. The
shape of the ellipse varies for different locations in the lattice while the area remains
constant®.

8The emittance does change e.g .in the presence of space charge or if the particle is being ac-
celerated (’adiabatic damping’). In a plain linear lattice however the area remains constant
(=Liouville’s theorem).
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2 Theoretical background

real phase space normalized phase space

— ' ¢ X'
Ilmaz = ’ye/ﬂ-

ATLOI'"L = X ? + Xl ?
e=(yz? +20xz’ +62'? ) e=(X? +X?)r

Figure 2.1.: Transverse real and normalized phase space

2.1.2. Dispersion and Chromaticity

Equation 2.1 describes the motion of an on-momentum particle through the lattice
oscillating around the central or reference (closed) orbit?. A particle with a rela-
tive momentum shift 0p/p = (Ppart. — Po)/Po With respect to the reference particle
oscillates around a shifted orbit (=design orbit). To first order and only small dp/p
this shift is a product of the the momentum deviation and dispersion function D(s)
created by dipoles.

op

Ax(s) = D(s)p0 (2.10)
Az (s) = D’(s)% (2.11)

Furthermore, also the tune of the particles are affected by their momenta as the
focal strength of the quadrupoles in the linear lattice are dependent on the particle
momentum. The correlation between the tunes of an off-momentum and an on-
momentum particle is called chromaticity Q’,.

Q/ _ AQZ
L=
op/po
9 An on-momentum, on-axis, zero beta amplitude particle passing through the optical axis of the
lattice components is referred to as reference particle.

(2.12)
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2 Theoretical background

2.2. Slow extraction

In order to extract the particles slowly from the synchrotron (hundred thousands of
turns), an often used approach is to drive the particles into a resonance in a con-
trolled manner. Assuming the particle motion as a harmonic oscillation, a resonance
can be described as a perturbation with a harmonic coinciding with the eigenfre-
quency (=single particle tune) of the particle[37]. The particle will become unstable,
increase its betatron amplitude and eventually be ’lost’ into the extraction channel.

2.2.1. Third integer resonance

For a non-linear perturbation represented by a sextupole the third integer resonance
is excited. Figure 2.2(a) shows the process of amplitude increase schematically:
A particle with a betatron tune (=eigenfrequency) meeting the condition 3Qy =
integer and a non-zero emittance receives a kick passing through the sextupole. As
indicated in Figure 2.2(b) all particles with X # 0, X’ = 0 are exposed to a kick in
the same direction. The blue points in Figure 2.2(a) represent six consecutive turns:
when passing through the center of the sextupole, the particle receives no kick while
in all other cases it does and therefore increases its amplitude (increasing the radius
of the green circle in normalized phase space)'? .

-
-
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(b) Schematic of field lines and Lorentz
force vectors for a normal sextupole[44]

(a) Amplitude growth of a particle with a
fraction tune of 1/3 caused by a sextupole[6]

Figure 2.2.: Sextupoles create a non-linear perturbation and therefore resonances
that can be used to slow extract the particles.

10Point 1 and point 4 represent the same particle three turns later with increased amplitude. If
the amplitude has increased to a certain point, between point n and point n+1 there is an
electrostatic septum installed guiding the particle into the extraction channel.
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2 Theoretical background

If the resonance condition is not met, the particle would also receive kicks in the
X’ > 0 half of this chart kicking the particle ’back’. Over many turns, the area of
the ellipse does not increase while the shape might get deformed.

2.2.2. Extraction preparation

In the case of the MedAustron accelerator, the process of the extraction is prepared
the following way: the horizontal lattice tune Qg is 5/3 which is exactly the res-
onance condition of a sextupole while @)y is 1.789 and therefore in safe distance
to any resonance. The central beam momentum is off-momentum at flat top by
-3.5E-3 while the momentum spread of the particles within the beam is +2.0E-3.
Because of the chromaticity Q% of about —4.0 the beam tune is slightly above the
resonance and the beam is waiting to be extracted.!! Only now the resonant sex-
tupole is ramped to excite the third integer resonance strongly.!? These steps are
visualized in the Steinbach diagram in Figure 2.3(a) showing the ramping of the
resonant sextupole.

— /X2 2
AA =VvXTHX Unstable region 1.0
' Ramping of = 08
waiting beam Resonant E
AP 4. 10-7 Sextupole £ 0.0
r C 5
slope o« — =
Ap '
—_ - »_
0 p
| > -1.0
Qresonant QL,z
-15
~15 -10 -05 00 05 1.0
X [norm.mm]
(a) Ramping resonant sextupole (b) Ramping resonant sextupole

Figure 2.3.: Steinbach diagrams showing the last preparatory steps before
extraction|6]

Mathematically, particles passing through a simplified thin lens sextupole receive
the following kicks'3:

HBecause of the dispersion Dy (s) the beam is also shifted in position. Only in locations where
the Dy = 0 like at the resonant sextupole the design orbit is equivalent to the reference orbit.

12Because of it being located in a dispersion-free region (D, = D/, = 0) this ramp in first order
doesn’t affect the chromaticity.

13The following semi-qualitative description of the slow extraction provides only an overview of the
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2 Theoretical background

1
Az = §lsk’(:c2 — %) (2.13)

Ay = —I K vy (2.14)

with [, as the magnet length and &’ as the normalized sextupole gradient.

, 1 [(d®B.

In normalized coordinates, the kicks are described as

AX' =S (X2 - %W) (2.16)
AY' = —QS%XY (2.17)

with S as the normalized sextupole gradient

1
S = §6§/2lsk’ (2.18)

Figure 2.3(b) shows the effect of the resonant sextupole ramping in normalized
phase space at the location of the resonant sextupole for four particles of different
emittance. The blue circular movement of the particle gets deformed towards a
triangular shape if the ramping is performed adiabatically (=slow with respect to
the revolution time).

Assuming that Y is small with respect to X (especially concerning that the ex-
traction takes place in horizontal plane X) leads to the equations

AX =AY = AY' =0 and AX' = SX? (2.19)

Based on the assumptions so far, the motion of a horizontal particle with a particle
tune close to the third integer resonance (676Q = modified tune distance ¢'*) can

process. As the MedAustron accelerator represents an implementation of the CERN PIMMS
study, detailed descriptions can be found there [11][12][8][45]

14Typically in the literature the letter € is used for the modified tune distance as well as for the
emittance. For clarity in this document ¢ is used for the modified tune distance.

10


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

2 Theoretical background

be approximated by a simplified Kobayashi Hamiltonian|46| describing the motion
in a linear lattice with a sextupole perturbation'®:

+ %(3){){’2 — X% (2.20)

J/

H = g()@ +X7?)

~
unperturbed harmonic oscillation  sextupole perturbation

d=0.01, S=1.0 d=0.01, S=1.0

RN

0.010f >N b Area=3vi3ht ]

_0'01% %% —0.0154 H i i i \ \
—0.010-0.0050.000 0.005 0.010 0.015 0.020 =0.010-0.0050.000 0.005 0.010 0.015 0.020
X X

Figure 2.4.: Left: Particle trajectories in normalized horizontal phase space (S =
1.0, ¢ = 0.01). Right: The stable triangle defined by the separatrices
and fixed points Po-P3 (h = 25)[7]

In case H = (2¢/3)?/S? the Hamiltonian can be factorized into three lines re-
ferred to as separatices describing the borders between stable and unstable regions
in normalized phase space (see Figure 2.4). Moving along the ring in normalized
phase space rotates the orientation of the triangle but the size indeed remains the
same.

(%)H%) (\/§X’+X——) (\/'X’ X+%) =0 (2.21)

The area of the largest stable triangle is called acceptance

4871'\/_

(6Q)*m (2.22)

acceptance =

Stable particles therefore have to fulfill

15Typically there are multiple sextupoles installed in a synchrotron. For the description of the
extraction process the strengths can be combined to one virtual sextupole[11].

11
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2 Theoretical background

€stavle = VX2 + X721 = A2 7 < acceptance (2.23)

This results in the following equation for the resonance line:

A =1/48V3r %2':\/48\@#‘%/

This is visualized in Figure 2.5(a) by the two blue lines: particles below the lines
are stable while particles above are unstable.

(2.24)

B
p

AA:\/W AA

Unstable region

Unstable region

waiting beam
Ap

Ap
0 p
. > i >
Qresonant QL,w Qresonant QL,z
(a) Waiting beam with strong resonance (b) Driving the beam into the resonance

Figure 2.5.: Steinbach diagrams just before extraction|6]

So far all particles are stable and the beam is ’waiting’ to be extracted. At
MedAustron, the selected mechanism of driving the beam into the unstable region
(resonance) is by accelerating the entire beam with an inductive component called
betatron core®. Figure 2.5 graphically shows the effect of this device: the entire
beam is moved towards the resonance.

2.2.3. Extraction

Due to the driving mechanism stable particles will at some point reach the resonance
line and become unstable. In Figure 2.4 the particles move from the so far closed
trajectories inside of the stable triangle (set up by the three separatrices) towards
the open trajectories outside. They start ’jumping’ from one separatrix to the next
returning every third turn but on a further outwards amplitude!”. The change of

16The particles pass through this ring-shaped magnet along the central axis similar to a tunnel.
The magnetic field of the device is ramped inducing an electric field parallel to the beam via
Maxwell’s 3rd equation V x E= -5

"Indeed the particle remains on the same separatrix all the time but as the fractional tune is
0.333, it seems the separatrices are stable in phase space and the particle is jumping.

12
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2 Theoretical background

position and angle over three turns are referred to as spiral step and spiral kick
respectively:

AR = AX; = (X} + gsxoxg

3 (2.25)
AR = AXj = —(Xo + 1S(XF - XP)
Ay A Y extraction
separatrix
3
0 AR’
2 [«
5 AR
1
9 -
;( Xes X
phase advance Apgs = 225°
lockwi ion by 2 = 1
®0 clockwise rotation by 225 lectrostatic
extraction septum
separatrix 3

Figure 2.6.: Amplitude increase during the last three turns before extraction|8].

Figure 2.6 visualizes the increase of the amplitude caused by the kicks of the
sextupole schematically. With the layout of the accelerator appropriately designed,
the phase advance between the sextupole and the electrostatic septum is setup that
only one separatrix is affected by the septum and the angle © is optimized. The
particle at position 0 just passes the septum on the inside while three turns later
(point 3) it "jumps’ behind the septum, receives a kick by the voltage and is deflected
lightly (=change of X’). In Figure 2.7 this is shown graphically on the left side.

Typically the kick of the electrostatic septum is not sufficient to immediately
extract the particle but a magnet is required. However, the kick the to-be-extracted
particles have received from the electrostatic septum develops into a position offset
when rotating the phase space by a dedicated phase advance p as the particle travels
further downstream. A magnetic septum well positioned where the created gap is
sufficiently large can apply a strong kick to the particles and therefore represents
the physical start of the High Energy Beam Transfer line (HEBT)!®.

So far only a single particle has been considered. An entire particle beam however
consists of particles of various emittance and a certain momentum spread. As de-
scribed by equation 2.24 and visualized in Figure 2.8(a) particles of certain emittance

18Optically the HEBT starts at the electrostatic septum.
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2 Theoretical background

X ﬁ - X A
A
kick ¢ ‘
Magnetic
B Septum
X
/ X
Electrostatic
Septum B A\
phase advance u
gap

Figure 2.7.: Kick of the electrostatic septum in normalized phase space[8].

interact with the resonance line at a certain tune distance which via the chromaticity
is equivalent to a momentum shift (equation 2.12).

In e.g. a dispersion-free region the geometric centers of the various triangles cre-
ated by different emittances overlap. Consequently the separatrices of those triangles
do not overlap (see Figure 2.9(a)) which indeed induces particle losses at a electro-
static septum placed in such a region as well as unfavorable beam characteristics.
As shown in Figure 2.8(b) there actually is one accelerator and beam configuration
that yields a minimum of particle losses'®.

X’ A Lost
- 7(
A s \/8 A (Ap/p)insl ES
P : Band of X
Ao 2 unstable R\

particles U/ Lost
Beam

; > -
(Ap/p)x (Ap/p)«=(Ap/p)y  Ap/p ES

(a) Correlation of extracted momentum and  (b) Electrostatic septum, Hardt-condition ful-
particle emittance filled

Figure 2.8.: Extraction considerations triggered by varying particle parameters
within a beam|8]

19Due to the finite thickness of the electrostatic septum particles will be lost hitting it frontally.
Furthermore due to the physical length of the septum particles just passing the septum entrance
on the inside but with an outwards pointing angle will collide with the septum from the side.
The same is true for extracted particles with an inwards pointing velocity vector. These two
cases are represented by the ’lost’ areas and the red line in Figure 2.8(b)
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2 Theoretical background

One way to optimize this situation is to superimpose the extraction separatrices
of the various triangles at the electrostatic septum and minimizing the losses for this
common separatrix. Figure 2.9(b) illustrates an example of such an arrangement of
separatrices.

4 4
3 3f '.a
2 es P
= 1 = |
o : s |
E N £ E 1
£ ’ £
g Ot E‘ ol
3 3
—} —Ak
g =
23 =2 =1 2 1 2 3 1 25 = = © 1 2 3 1
X [norm.mm] X [norm.mm]
(a) Resonant Sextupole, D,=D’,=0 (b) Electrostatic septum, Hardt-condition ful-
filled

Figure 2.9.: Phase space movement of three particles being extracted at different
locations in the synchrotron.

The superposition bases on the facts that particle emittance at extraction cor-
relate to a momentum shift (as described above) and the presence of dispersion
(=correlation of momentum shift and position/angle shift). Mathematically this
results in the so called Hardt condition

4
Dy cos(a — Ap) + D) sin(a — Ap) = —%Q’ (2.26)

with (D,,, D)) as the normalized dispersion vector at the electrostatic septum, « as
the orientation of the separatrix at the sextupole, Ay as the phase advance from the
sextupole to the septum and S as the normalized sextupole strength. The result of
a simulation illustrated in Figure 2.10(b) clearly shows a non-Gaussian distribution
referred to as "bar of charge’ (BoC). Due to higher order effects the superposition of
all separatrices cannot be achieved perfectly.
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(a) Last turns of multiple particles of com-  (b) Details of the BoC incl. momentum distri-
mon emittance; red = extracted beam seg- bution
ment (BoC)

Figure 2.10.: Simulation of slow extraction resulting in the ’bar of charge (BoC)’
(10000 particles)

Figure 2.11 shows some details of the extraction process resulting in the bar of
charge. In both graphs the color-code reflects the emittance of the single particle.
The left plot shows that high amplitude particles are extracted earlier in time and
with a certain momentum shift than quasi-on-momentum particles with a very small
emittance?®. The right chart shows that small (almost zero) emittance particles
jump behind the septum furthest while the spiral step of high emittance particles is

shorter.

0.2
SRR IR B .o 2.4
0.0t R L v (RS
. . &
- ‘o 21
-0.2 ) )
1.8 W
= )
N
E —0.4 1.5E
£-06 1.2|%
<4 Il
09 =
-0.8 <2
é 0.6
—-1.0r, 288" X aa?% 1 ¥ 0y, %
- .
1.2 20 40 60 80 100 34 36 38 40 42 44 46
extr.Turn [1000 turns] x [mm]

Figure 2.11.: Details of the extraction process leading to the BoC shown in Figure
2.10(b).

20For treatment the first part of the extracted spill (in this chart < 35000 turns) as well as the
last part (>90000 turns) is dumped and not delivered to the patient.
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2 Theoretical background

2.3. HEBT and Phase Shifter Stepper (PSS)

Even though physically still part of the synchrotron the High Energy Beam Trans-
fer line (HEBT) from beam optics perspective starts at the electrostatic septum.
Due to the non-Gaussian nature of the bar of charge the precise description of the
beam via the Twiss formalism is not correct[19]. As shown in Figure 2.10(b) the
separatrices for on-momentum and off-momentum particles are almost parallel but
shifted. This momentum dependent shift vector (x, x’) of the geometric centers of
the on-momentum and the Ap/p = 1FE — 3 separatrices divided by the momentum
difference can be interpreted as an initial dispersion of the HEBT (see bottom corner
of Figure 2.10(b)).

In order to be able to use standard beam optics computation algorithms it is
comfortable to fit an (quasi-empty) ellipse to the bar of charge. As described above,
the Twiss parameters of this ellipse will not describe the beam shape as illustrated
in Figure 2.1. Therefore, at MedAustron, the (therefore freely selectable) initial
Twiss parameters were determined with 5, = 5m and a = 0. This selection is
still useful as for example at a position n x 180 degrees phase advance downstream
the electrostatic septum, the width of the bar can be expected to be scaled with

TESE * / 5/ﬁESE~

The first section of the HEBT downstream the extraction septa is setup as a
dedicated functional module to close the dispersion (D,=0) mentioned above and
therefore optimize the beam shape at the isocenter as well as eliminate momentum-
induced position offsets in most of the transfer line. The momentum rigidity?! Bp
of the HEBT is set up that the central momentum of all extracted particles is
on-momentum??. Within the HEBT the momentum distribution therefore is not
[0, 1E — 3| but rather [-0.5F — 3,0.5E — 3]|. The effect of the closed dispersion is
illustrated in Figure 2.12(a): The momentum dependent (x, x’) shift vector is zero
and the geometric centers of the separatrices of all extracted momenta overlap. The
bar further downstream therefore has a rather trapezoidal shape.

After the dispersion suppressor section, a straight section of the beam line hosting
six quadrupoles is used to control the beam sizes in horizontal and vertical plane
(see Figure 2.12(b)). In horizontal plane this is performed by the rotation of the
bar of charge in phase space which in the accelerator is realized by adapting the
horizontal phase advance at the end of this section keeping the horizontal beta
function constant. As the beam size (width) is represented by the projection of the
phase space onto the abscissa (position coordinate) a more upright standing 'bar’
corresponds to a small beam size while a horizontally laying bar’ corresponds to a
large beam size.

21 Bp = %; originates from centrifugal force = Lorentz force and defines on-momentum py.
220n-momentum in the HEBT is shifted by 0.5FE — 3 w.r.t the synchrotron.
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2 Theoretical background

In vertical plane the beam size can be adapted easily by scaling of the vertical beta
function because of the Gaussian distribution in vertical phase space (not shown).
Therefore this section is referred to as the 'Phase Shifter Stepper (PSS)’[11].

0.45

0.00

Ap/p [1E-3]

—0.15

—0.30

—0.45

-0.4 -0.2 0.0 0.2 0.4
X

(a) Colorcoded momentum distribution within (b) Four different spot sizes by different BoC
the BoC at EX01003SFX rotation angles. The colored bar below indi-
cates the according spot size

Figure 2.12.: Bar of charge (BoC) at the end of the Phase Shifter Stepper (PSS) in
normalized phase space for different settings.

Figure 2.13 shows the design optic for various beam sizes. The six quadrupoles of
the PSS are indicated above in red, two beam position monitors (SFX) in blue with
EX01003SFX being the most relevant monitor for the measurements in this thesis
as well as two corrector dipoles in gray.

In the horizontal plane the S-functions are identical at the entrance and the exit of
the module, only the phase advances are different. Though, in principle every phase
advance can be achieved which for this thesis is the main functionality of the PSS.
An adaption of the S-function corresponds to an optical 'zoom’ on a measurement
performed downstream.

2.4. Tomography

Tomography is the process of determining the inside of an object in a 2D domain by
assembling information of 1D-dimensional projections gathered from outside of the
domain[47]. Mathematically this concept bases on the Radon transformation|48]
while the reconstruction of the initial domain represents the inverse transformation.
A well known implementation of tomography is the x-ray computed tomography
(CT) or the positron emission tomography (PET) in medical applications. The
resulting image of the initial domain is called tomogram.
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2 Theoretical background

Figure 2.13.: Horizontal phase advances shift and vertical beta stepping for various
beam size settings (design optics)

The following sections describe the Radon transformation, give an overview of the
concept of reconstruction as well as describe the two reconstruction algorithms used
in this thesis: Filtered Back Projection as well as the iterative approach (Simulta-
neous) Algebraic Reconstruction Technique.

2.4.1. Radon transformation - Sinogram

Assuming an object of interest as a function f(z,y) in R? and v a detector line
defined by the angle © with respect to the x-axis and the distance s to the origin
outside of the object. Then one measurement representing a projection of the object
onto the detector line by line integrals of parallel lines g perpendicular to the detector
line is shown in Figure 2.14(a) and 2.14(b) and defined as

pols) = [ Sl (2.27)
9
with the parametrization of the integral line g

g=1xcos® +ysin© (2.28)

This projection can represent the attenuation of x-ray intensity in a CT or the
counts of photons in PET. In this thesis a projection will be a beam distribution
measurement via a beam position monitor.
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(a) A single projection line g along (b) Parallel integration lines resulting in a projection
which a line integration is performed on the detector line

representing a single point in the new

projection domain

Figure 2.14.: Sketches of the principle of the radon transformation|9]

Considering all projection angles 0 < O < 7 and distances sy < s < Sy, defines
the Radon transformation

RI(©,5) = / F (. y)dl = p(®, 5) (2.29)

with the graphical representation of the created projection domain (stack of pro-
jections all projection angles) called sinogram?3. Figure 2.15 shows an example of
an initial distribution as well as the according sinogram.

2.4.2. Reconstruction

In the continuous case (infinite number of angles, infinite steps in s) the object
domain can be reconstructed entirely via the following concept:

e Each projection (Radon transform) can be 1D Fourier transformed represent-
ing a single line passing through the origin of the frequency domain at the
projection angle © = Central Slice Theorem

23The term sinogram originates from the fact that a point-like initial distribution represents a
sinusoidal wave in the projection domain.
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2 Theoretical background
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(a) Initial distribution in object domain  (b) According sinogram (127 angles) in projection
domain

Figure 2.15.: Illustration of an initial distribution and its sinogram

e Because in the continuous case the frequency domain is complete, a 2D inverse
Fourier transformation can be computed reconstructing the initial distribution
in the object domain

In practice, the immanent problem of incomplete sets of data occurs: 1) the num-
ber of projection angles © is finite (typically a few single up to a few hundred angles)
and b) detectors to acquire the projections have a minimum spacial resolution re-
sulting in s being discrete. Therefore, Fourier space is not complete and any recon-
struction requires some kind of approximation introducing artifacts (=systematic
discrepancy between initial object and tomogram) in the reconstruction leading to a
f(z,y)-similar distribution g(x,y). Different algorithms including different approxi-
mations have been established with the most popular being Filtered Back Projection
(FBP), different kinds of Algebraic Reconstruction Techniques (ART, SART, SIRT,
...) or Maximum Entropy Reconstruction.

2.4.3. Filtered Back Projection (FBP)

The most simple method to reconstruct the initial distribution f(x,y) is called
back projection which basically means ’smearing’ out each profile along © over an
initially empty objection domain grid. After all projections via all angles have been
processed, the content of each cell of the grid is summed. As the result is strongly
blurred and shows a large amount of artifacts, this method is basically not used.
One can imagine the situation as followed: the limited number of lines in frequency
domain (Fourier space) result in a higher data point density close to the origin
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2 Theoretical background

representing low frequencies while further outwards the data point density is lower.
Therefore edges and boundaries are not well represented.

This major disadvantage in the FBP is counteracted by applying a high pass
filter attenuating low frequency contributions and therefore emphasizing edges. This
filtering is achieved by Fourier transforming each profile, applying an according filter
(convolution of the data with e.g. a Ram-Lak, Hann or Shepp-Logan filter; see
Figure 2.18(a)) and transforming back resulting in a changed profile then used for
back projection.

Initial Projection Shepp-Logan-Filter Filtered Projection
10f T 1.0 4
3t
8t 1 0.8
2
ey
2 6 | o6 1
J]
£ — O-+—+ﬁ
8 4t 1 04 -1 i
©
-2/
2+ 1 02
-3
0—I I 0.0 -4t

0 200 400 600 800 1000 -4-3-2-10 1 2 3 4 0 200 400 600 800 1000

x-position [pixels] frequency [Hz] x-position [pixels]
Figure 2.16.: Example for an unfiltered projection, the Shepp-Logan filter function
and the filtered projection

Figure 2.16 (left chart) shows an example for an unfiltered projection used with
back projection. The middle chart shows the according Shepp-Logan filter function
attenuating low frequencies and a high frequency cut-off to reduce noise. The right
chart illustrates the filtered profile used with FBP. Edges are strongly pronounced
with respect to plateaus.

Figure 2.17 shows the reconstructed tomogram of the previous example sinogram
using FBP with different numbers of projection angles. While Figure 2.17(a) shows
the single filtered projection, Figure 2.17(b) shows a reconstruction based on pro-
jections of 32 angles. The initial distribution can be identified but also the artifacts
are clearly visible. Figure 2.17(c) uses 127 which means one projection angle per
projection pixel (127 angles, 127 pixels).

Mathematically, FBP can be summarized in the following equation:

sto) = [do| [~ dapulpenes (2.30)

o0 s=x cos O+ysin ©

with
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(a) 1 angle (b) 32 angles (c) 127 angles

Figure 2.17.: FBP reconstruction for different numbers of projection angles ©

e P(w): the Fourier transform of p(©, s)

|w|: the ramp filter

o0 . .
J-..: the inverse transformation

e [...]: the back projection

Jo: the sum over all filtered projections

The back projection represents the reverse process of the projection shown in
Figure 2.18(b): The value of the filtered profile point P(£2,s) contributes to the
entire (x,y) domain. In a pixel-driven approach, the discrete data point of P(£2, s)
typically doesn’t pass the center of the domain pixels its contributing to. Therefore,
the value is interpolated via different approaches (e.g. linear, nearest, cubic or
spline).

2.4.4. Algebraic Reconstruction Technique (ART)

The Algebraic Reconstruction Technique ART?* and its derivatives like SART (Si-
multaneous Algebraic Reconstruction Technique) or SIRT (Simultaneous Iterative
Reconstruction Technique) interpret the Radon transform as a system of linear equa-
tions basing on the fact that the initial object domain is discretized by the detector
resolution anyway and therefore represents a 2D matrix. The projections can be
described mathematically as

24 ART described by Gordon, Bender and Herman 1970[49] was the first algebraic reconstruction
technique and bases on the Kaczmarz method[50] of solving linear equation systems.
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(a) Window filter functions (b) Back projection of the filtered profile onto the

pixel-based space domain

Figure 2.18.: Visualization of various filter functions and graphical interpretation of
back projection illustrating the need of interpolation.

wllfl+wl2f2 +wldf3+ ... +wlnfn = pl

w21 f1 +w22f2 +w23f3 + ... +w2nfn = p2 (2.31)

wmlfl+wm2f2+wm3f3+ ... +wmnfn=pm

with f; as a one dimensional vector representing the pixel values of the matrix of
length N2, w;; as a matrix of the weights of the cells of size M by N? and p; as the
projection value of length M.

The weights can be interpreted as the contribution of a single cell value to the
projection and two examples are shown in Figure 2.19: the ’line kernel’ as the length
of the projection ray within a certain cell (points A to B) and the ’strip kernel’ as
the area within a cell contributing to a certain detector strip.

From this system of equations p=wf=>_. w;;f; the parameters p and w;; are
known with typically f;=W!p not being solvable as W is too large to be inverted.
ART algorithms therefore solves this problem iteratively with the following concept:

e start with an initial guess of f¥) (often a zero-matrix or the result of a FBP)
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2 Theoretical background
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Figure 2.19.: ART matrix with different types of weights (line and strip)

e compute the forward projections as described in equations 2.31

e update f) according to equation 2.32

fi+) — f0)  CWTR(p,,,-WEHY) (2.32)
with
o W) as the forward projection of the current solution

® D,, as the measured projections

e R as a weight r; = 1/ Z?;Ol w;; (short rays have a higher contribution; re-
quired for convergence)

o CWT as the back projection weighted by ¢;; = 1/ 37" wy;

One iteration is complete when all equations of ray projections have been used
exactly once [51]. While ART updates the values of the cells of the 2D matrix after
every equation, SIRT only updates the matrix at the end of every iteration with the
average of all computed cell contributions. With SART, the matrix cells are updated
after all projections of one projection angle have been computed. As typically the
projection information of neighboring angles are highly correlated, the order of used
angles is selected randomly.

For data consisting of high resolution (detector pixels as well as projection angles)
and good signal-to-noise ratio, FBP typically is the favorable algorithm as it is
much faster than the resource-intensive ART algorithms?®. However, for noisy, lower
resolution data typically ART algorithms deliver much better results|52].

2> Therefore also in nowadays x-ray CT scanners FBP is used as reconstruction method.
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3. Simulations

This chapter contains details and results of simulations that have been performed
prior beam measurements to a) proof the concept of tomographical phase space
reconstruction via the Phase Shifter Stepper module, b) identify appropriate data
acquisition settings, c) test the developed software to be ready for measurement data
processing as well as d) create reference results for comparison. For the simulations of
particle distributions and all required beam optic computations the CERN|[53] parti-
cle accelerator software MAD-X|[54| was used. Furthermore, a dedicated Python[55]
software framework was developed to gather the input data, create a sinogram re-
quired as input for the reconstruction, handle the reconstruction and process, filter,
quantify and visualize the output data. For the reconstruction itself the Python
skimage|56] module was used.

On the next pages the terms sinogram and tomoscope are explained, parameters
to quantify a sinogram or tomoscope are introduced, potential reconstruction algo-
rithms are compared, the effect of noise and the number of projections is shown as
well as errors due to imperfect trajectory steering including their correction mecha-
nisms are presented.

3.1. Quantification parameters

In order to describe and compare different 2D scalar data like sinograms and to-
moscopes (definition in section 3.3 and 3.4; hereafter referred to as maps), certain
quantification parameters are required.

e beam cells: cells of a map containing beam information

e empty cells: maps of simulated data (distributions and sinograms) that only
contain noise or artifacts. Therefore all cells but beam cells are empty.

e artifact cells: the reconstruction intrinsically introduces artifacts in all cells.
While in beam cells the scalar value representing beam information (typically
intensity) is modified, non-beam cells only contain artifact data?s.

26Real measurement data typically contain some kind of noise in all cells. A distinction between
artifact and noise is not easily possible.
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3 Simulations

e delta map: cell-wise difference of two maps (mapl - map2)

Mean Absolute Error (MAE[57]) The average of all absolute values of the
delta map in a) beam cells or b) artifact cells result in the M A FEpeqp, resp. M AE,.;

cells

1
Z |cell error value| (3.1)

number of cells

MAEcells -

The alternative parameter 'root mean square error (RMSE)’ implies a weighting
of the errors which is not adequate for these analysis and therefore is not used in
this study.

Emittance via threshold analysis (EMT) Often emittance is referred to as
area in transverse phase space shaped as an ellipse covering a certain fraction of the
intensity of a Gaussian distribution. However, the object of interest of this study
is a non-Gaussian particle distribution (the ’bar of charge’) and it has already been
shown that various ellipses can be found trying to describe the same phase space
density distribution varying in size[11].

Therefore, this study for this definition of emittance follows Conte and MacKay
(’...emittance somehow specifies an area of a region of transverse phase space where
the beam is located at some instant of time.’; p335 [38|) and Wiedemann (’...one
might define the beam emittance containing 95% of the total beam intensity or
whatever seems appropriate.’; p292 [37]) but generalizes it to also sinograms.

The definition does not base on any shape of the distribution nor determines if the
area has to be locally connected. The value of EMT defines the number of cells of a
map containing a certain percentage of the entire map intensity. It is evaluated by
1) computing the cumulative sum of the intensity-sorted cells and 2) counting the
number of cells above a certain threshold of the maximum. The acronym EMT20
describes the number of cells computed as described above with a threshold of 20%.

Emittance via SCUBEEx analysis (EMS) The Self-Consistent Unbiased El-
liptical EXclusion analysis method[58] assumes a localized beam distribution and
surrounding background in transverse phase space. The computation of the emit-
tance follows an iterative process increasing the boundaries of a virtual area (ellipse)
each iteration computing the average intensity (offset) outside the area, subtracting
this offset from the inside data and evaluating the rms emittance?” inside the area.
When the size of the area has been increased to contain the entire beam distribution,
the two curves (rms emittance and offset vs. area size) stabilize on a plateau. The
resulting area describes the unbiased estimate for the rms emittance from which the
Twiss functions can be computed. For more details, the interested reader is referred

We, = \/<$22> <x;2> — (& * x;>2
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3 Simulations

to the literature|59]|[60][61]|62] including the description of the implementation used
in this thesis|63].

Number of cells above threshold (CAT) The CAT describes the number of
cells with a value above a certain threshold. The CAT10 represents the number of
cells with a (intensity, amplitude) value above 10% of the maximum value of the
entire map.?®

3.2. Beam optics

For all following simulations and measurements the optics of the PSS described
in chapter 2.3 has been adapted in order to enlarge the particle distribution on
EX01003SFX which is the used beam profile monitor (BPM) in this study. As
shown in Figure 3.1 the horizontal beta functions (BETX) have been matched to
be 40m at the BPM for all used phase advances which corresponds to a maximum
length of the bar of charge of zpsg * \/B/6rse =10mmx*,/40/5 ~28mm instead of
~8mm at design optics. The horizontal alpha functions (ALFX) indeed are varying
for various phase advances but a) the normalization of the beam profiles requires
BETX only and b) for measurements the beam will indeed be lost which is expected
and acceptable. Constraints on the matching of the vertical beta and alpha functions
at the BPM are not applied.

_\-
&
N2
S
N
$
()

Figure 3.1.: Zoomed PSS optics

28 Also the EMT represents a number of cells above a threshold but with the threshold being based
on intensity rather than absolute values.
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The aperture in this section of the transfer line is +33mm therefore a further
increase of BETX could be performed resulting in gathered beam profiles of higher
resolution. However, it has to be avoided that particles are lost inside the PSS in
both planes. The bar of charge naturally has ’sharp’ edges where as in vertical
plane the Gaussian distribution beam tails are more critical. Given an empirical
vertical emittance|64] and considering a beam cut at £3¢ the vertical beta function
is limited to 40m.?"

3.3. Sinogram

Projections of the density of a 2D object from various angles (sinogram) are the
input required to compute a tomography independent of the used reconstruction
algorithm. The simulations in this study base on three different methods that are
used to generate the projection data which are also compared to each other later
on. Input for this part of the thesis is the bar of charge distribution shown in Figure
2.12. Figure 3.2 shows the distribution in real and normalized phase space sampled
in 2D with the Imm resolution of the monitor EX01003SFX30 .

real phase space normalized phase space

0.90
0.75 >
— wn
'E 0.60 §
€ <

: 0.45
£ 3
o N
= 030 B
< 0. £
0.15 2

-1 0.00

—1. -0.15

-2 -1 0 1 2
X [norm.mm]

Figure 3.2.: Sampled initial distribution in real and normalized phase space

Remark: the units of both axes in normalized phase space is [ml/Q]. However, for
clarity and to avoid mixing up with real phase space diagrams, in this thesis X -axis
typically is indicated with the unit norm. mrad and the X-axis with norm. mm.
The abbreviation norm indicates the normalized phase space while mrad identifies
X’ (107?) and mm X (1073).

29More figures on the beam optics are available in the appendix A.2, A.3.

30The used scintillating fiber monitors (SFX) consist of 64 scintillator fibers of 0.9mm width each
separated by a 0.lmm aluminum spacer. Optical fibers guide the light generated by particles
interacting with the scintillator to a CCD camera which counts the interactions.
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3 Simulations

3.3.1. Rotorgram

As described in 2.1.1, in normalized phase space particles of same emittance describe
a circle rather than an ellipse like in real phase space. Therefore it is possible to
mathematically rotate those particles by a) transforming their Cartesian to cylin-
drical coordinates, b) changing the angle which corresponds to a required phase
advance keeping the radius constant and ¢) transforming the coordinates back to
the Cartesian system (see 3.3, right figure).

By performing this procedure for an entire particle distribution?®! for various phase
advances, one for each iteration can compute a histogram of the X-coordinates of
the particles representing the binned projections of the distribution onto the X-axis.
This mathematical sinogram in this thesis is referred to as rotorgram.

3.3.2. PSS rotated particles

For this study the single particle tracking module PTC MAD-X is used. This soft-
ware amongst others provides the option to place virtual particles in an accelerator
lattice, simulate their behavior passing through the accelerator and store their posi-
tion parameters (transverse and longitudinal) at dedicated observation points. This
process is called (particle) tracking.

Therefore, this software is used to track the known particle distribution through
the PSS section for different quadrupole strengths configurations representing dif-
ferent phase advances pu, (see section 3.2). The resulting data contains particle
coordinates at the end of the PSS in real phase space. In order to be able to com-
pare the results to the results of 3.3.1, the coordinates have to be normalized (see
Floquet transformation, equations 2.5 and 2.6). Then the same procedure of binning
of the normalized results of the tracking for the various phase advances can be used
to determine a sinogram.

31The initial reference coordinates are achieved by tracking(see section 3.3.2).
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Figure 3.3.: Visualization of PSS rotated particles (left) and rotorgram (right) prin-
ciple in normalized phase space

The left chart of Figure 3.3 shows the principle of PSS rotated particles. The color-
coded points represent the tracking results of the same initial particle for different
phase advances. The used phase advance range of the PSS is 0.25 — 0.75 [27] (blue

to red)®2.

Figures 3.4 and 3.5 show rotorgrams and sinograms for the same particle distribu-
tion for three different phase advances. Furthermore histograms below represent the
projections of the distribution density onto the X-axis. Visually the two methods
produce identical results while numerically the average difference between the two
methods for the same particle is reasonably small (< 10~®m).
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(b) phase advance = 0.54167
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Figure 3.4.: Distributions for three phase advances achieved via PSS rotating the
particles (tracking)

32The mechanical length of the PSS is 11m and the beta functions are non-zero. Therefore, there
is always a minimum phase advance. The maximum is limited by the quadrupole strength
respectively the maximum acceptable beta functions.
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Figure 3.5.: Distributions for three phase advances achieved via normalized phase
space coordinate rotation (rotorgram)

This finding validates a) that the MADX models match the mathematical con-
cept, b) that the normalization mechanism works as expected and ¢) the resource
consuming tracking for a large number of particles can be replaced by fast rotorgram
computations in certain situations.

3.3.3. PSS rotated profiles

The result of a beam profile measurement typically is a binned intensity signal with
a resolution limited by the used measurement device. This signal is equivalent to a
binned X-axis projection of the real phase space (X’ information is lost).

The third method to receive density projections of the particle distribution is using
the same tracking results as in 3.3.2, performs the binning of the x-coordinates in
real space and then transform the resulting profile into normalized phase space (in
contrary to 3.3.2 where first the x-coordinates are normalized and then a profile is
generated).

As the data during the normalization process don’t change, the normalization
process basically represents a linear transformation of the axis.

Figure 3.6 shows a comparison of the sinograms (normalized X-position vs. phase
advance) of the three mechanisms described above. The rotorgram (left chart) is
used as reference and its contour (black dots enveloping the non-grey shape) is
projected to the other charts. The central chart is the sinogram resulting from the
projections received by PSS rotated particles. Already the conclusions acquired from
figures 3.5 and 3.4 indicated that also the sinograms should be identical.

The right chart of Figure 3.6 shows the result of the third method representing
beam profile measurements (real phase space) that are transformed to normalized
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3 Simulations

phase space (PSS rotated profiles). All three sinograms visually and analytically are
identical®.

Single particle normalized Single particle PSS tracked Single particle PSS tracked

rotorgram & binned normalized & binned binned & normalized 1.0
CAT10: 161, EMT20: 1666 CAT10: 160, EMT20: 1666 CAT10: 160, EMT20: 1666

0.7} S B o —— B eenme—— R 0.9

0.8
& o 02000 USR0S 0.72
%]
G C
o 068
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g 0.5 O.BE
IS 0.4'@
2 £
0.4 0.32

(o

0.2

0.3 0.1

0.0

-3 -2-10 2 3 3-2-10 1 2 3 -3-2-120
X-projections [norm.mm]
Figure 3.6.: Comparison of the results of the three mechanisms (rotorgram, PSS
rotated particles, PSS rotated profiles).

3.4. Reconstruction comparison

Different reconstruction algorithm and data acquisition settings result in tomoscopes
of varying quality. In the following, those settings are studied to identify a setup
to be used for real measurements. In order to be able to quantify the quality of
the reconstruction, typically the contour of the reference is indicated in the maps
(black dots) and the parameters EMT, CAT and EMS are given as ratio w.r.t.
the reference which is represented by the 2D sampled, not reconstructed particle
distribution. Figure 3.7 shows 3D figures of this reference in side and frontal view.

The used reconstruction module provides the option to perform the reconstruction
via the two techniques described in chapter 2.4.2: Filtered Back Projection (FBP)
and Simultaneous Algebraic Reconstruction Technique (SART). While the SART
algorithm doesn’t provide adjustable parameters to affect the reconstruction, for
FBP the window filter (see Figure 2.18(a)) and the interpolation method (’linear’,
‘nearest’, 'cubic’) can be selected.

33Differences in the CAT between the three sinograms most likely originate from a numerical
limitation caused by the limited number of tracked particles (10000).
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Figure 3.7.: 3D illustration of the 2D sampled reference distribution

Figure 3.8 shows a result of EMT, EMS and CAT for the various combinations of
the parameters. While EMS and CAT consistently overestimate the reconstruction,
EMT for the combination of a ramp (Ram-Lak) filter and a cubic interpolation seem
to well match the reference. Therefore these options are used as default.*

2.0 Filtered Back Projection Options
nearest

ratio to reference

Figure 3.8.: Reconstruction quality of FBP for various options (filter, interpolation)

Figure 3.9 shows the 3D result® of the FBP reconstruction. While to the sides

34The result plot of the SCUBEEx analysis is shown in the appendix A.5.
35The following 3D charts only have a qualitative character and therefore are computed with a
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3 Simulations

(short axis) the edges are well shaped and sharp, along the long axis pronounced
artifacts are created. The artifact amplitude reaches up to 20% of the maximum
amplitude and therefore might affect the analysis parameters (EMT, CAT, EMS).

FBP

-1 0
X [norm.mm]

(a) Side view (b) Frontal view

Figure 3.9.: 3D reconstruction via FBP

On the other side, the SART reconstruction (Figure 3.10) results in far lower
artifact amplitudes than FBP, especially along the long axis. However, in the top
view one can identify more smeared out and less sharp edges along the flanks (short
axis).

resolution of 3 x the SFX resolution = 1/3 mm.
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(a) Side view (b) Frontal view

Figure 3.10.: 3D reconstruction via SART

As the deficiencies of the two reconstruction techniques seem kind of complemen-
tary®® a third ’virtual’ reconstruction is created cell-wise multiplying the reconstruc-
tion maps of SART and FBP. The different artifact patterns via the multiplication
operation minimize and result in a reconstruction very similar to the reference with
sharp flanks and minimized artifacts along the long axis (see Figure 3.11). In the
following, the acronym for this ’virtual’ reconstruction is "MULT".

MULT

rm. amplitude

— 0
el T 1 @
-3 -2 T 0 — ,\\0
X [norm.mm] 4 2 3 <B4
(a) Side view (b) Frontal view

Figure 3.11.: 3D reconstruction via MULT

36Pronounced FBP artifacts are located in a region where the SART reconstruction is very close
to zero while the at the SART artifact locations the FBP data is close to zero.
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3 Simulations

The result of the quantitative evaluation of the reconstructions are shown in Figure
3.12. The mean absolute error of beam cells (M A Epeqrm, indicated in blue) for SART
and MULT are higher (=15%) than for FBP (=13%). As indicated already in the
qualitative 3D charts, the mean absolute error of non-beam cells (M AE,,;, indicated
in red) for FBP is the highest followed by SART and the smallest for MULT.

m ®» MAE,, e o MAE,,. Ao o CAT10 v v EMT20

0.007 0.160

0.006/ e ST . FBp MULT 0.155
-0.005 . = . . . . 10.150 ¢
5 0.004t . . 0.145 £
< 0.003 0.140%
= 0.002 0.1355

0.001 . . . 0.130

0.000 = = = 10.125
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QO X o)(') QO X 6)(9 © X o)(’)
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Figure 3.12.: Quantitative comparison of the three reconstruction algorithms (EMT,
CAT7 MAEbeam; MAEarti)

While the CAT evaluation for SART and FBP result in an overestimate w.r.t. the
reference (4+60% and +40%), for MULT it is basically a match. The EMT evaluation
for FBP and MULT fits very well and only SART again results in an overestimate
of +40%.

In the following, the results of the different reconstructions are discussed in more
detail. Figure 3.13 shows the initial distribution as well as the tomograms via the
three reconstruction mechanisms®’. The black dots in all charts indicate the edge of
the distribution in the reference map and are mirrored into the other charts®. This
figure visualizes the interpretations so far and supports the MULT concept as for
this particular distribution the tomogram matches best.

37Cells with an amplitude value of less than 5% of the maximum are colored in gray to guide the
eye.

38Some points already for the initial distribution are not perfectly following the shown contour.
This is a result of amplitudes <5% not being shown in those charts.
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Figure 3.13.: Reconstruction comparison (3 x higher resolution)

Figure 3.14 presents the statistical evaluation of the FBP reconstruction. The left
chart shows the amplitude distribution of beam cells of the reference and FBP data.
While the high amplitudes (>0.5) are slightly overestimated, the lower amplitudes
are underestimated. EMT20 fits very well while CAT10 and EMS result in a too

high value.
cell error analysis - FBP
o histogram beam cells histogram beam cell delta g4 __ histogram arti. cell
- EMT20: 1.000| ~ MAEbeam: 0.128 MAEarti: 0.005
CAT10:1.371
8 EMS:1.352 70§
7 7 60
6 [Tdata
I ref 50 @
5
4
3
) 20}
1 104
00 02 04 06 08 1.0 210 =05 00 05 10 % 00 02 04 06 08 1.0

norm. amplitude

Figure 3.14.: Statistical details of the FBP reconstruction
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3 Simulations
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Figure 3.15.:

Figure 3.15 shows three maps: the initial reference (left), the FBP reconstruction
(right) and the delta map (center; reconstruction - reference). The delta map shows
an overestimate along the ’lower’ side of the distribution (brown/orange) as well as
the pronounced artifacts (green/yellow).

Figures 3.16 and 3.17 show the same analysis for the SART reconstruction. Here
an overestimate of high and middle amplitudes is visible, especially along the ’lower’

side of the distribution.
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Figure 3.16.: Statistical details of the SART reconstruction
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Figure 3.17.: 2D maps of the SART reconstruction

cell error analysis - MULT
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Figure 3.18.: Statistical details of the MULT reconstruction

The results of the MULT analysis (figures 3.18 and 3.19) shows a well matching
histogram with some mismatch in the medium ranged amplitudes.
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Figure 3.19.: 2D maps of the MULT reconstruction

The conclusion of this comparison of reconstruction algorithms is that
e MULT?® provides the closest CAT, EMT and EMS ratio w.r.t the reference

e FBP for the given resolution results in the lowest reconstruction error inside
the distribution (M AFEpeqn) and a well matching EMT value®

e SART provides a smeared-out overestimated result with the largest errors

Therefore, in the following, CAT and EMS are evaluated based on the MULT
reconstruction while the EMT and M AFE}.,., bases on the FBP result.

3.5. Reconstruction stability

Various data acquisition and reconstruction parameters like the number of projec-
tions or the EMT and CAT thresholds affect the quality of the reconstruction. In the
following, some of those parameters are studied and their robustness with respect
to the presence of noise in the sinogram data is investigated. Finally, the effect of
a non-centered particle distribution as present for real measurement data and the
according correction mechanisms are shown.

39 cell-wise multiplication of SART and FBP result
“0For the reconstructions provided by the 3 x higher resolution (Figure 3.13) the (M AEpeqm) of
the FBP is 0.118, for MULT 0.099 and SART 0.249.
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3 Simulations

3.5.1. Number of projections

The number of projections affects the details of the contour of the reconstruction:
a larger number results in a more precise contour; a lower number results in a
more blurred tomogram. However, typically increasing this number is not limited
technically but rather organizational as an increase of measurements correlates to a
larger accelerator machine time required.

Figure 3.20 shows the results of a simulation study varying the number of pro-
jections equally distributed between 0 and 180 degrees. Less than 40 angles result
in CAT, EMT and EMS values factor 2 larger than the reference. The curves of
all three evaluation parameters are very close to the reference (single percent) in a
range of 110 to 140 angles. In this range also M A Epeq,, and M AE,,4; are very stable
(see Figure 3.21).

1.1
e—e CAT10 == EMT20 A~—4 EMS
1.10
]
o
C
I
Hq_'.) k\ Y &
21.0 - -
2 o
o
[
1.0 ] ] ] | ¥
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number of angles (equally distributed 0-180 deg.)

Figure 3.20.: Comparison of different number of projections w.r.t. EMT, CAT and
EMS
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Figure 3.21.: Comparison of different number of projections w.r.t. MAE

Based on the results of these simulations 120 projection angles equally distributed
between 0 and 180 degrees are used.

3.5.2. Thresholds

The thresholds used for the computation of CAT and EMT affect the resulting values
as more or less artifacts are considered. However, as the bar of charge populates a
small area in phase space only (given the used SFX-equivalent resolution of 1lmm
in real space), a high threshold results in the contribution of single cells to the
CAT/EMT only. The parameter then becomes unstable easily.
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Figure 3.22.: Comparison of different thresholds of CAT and EMT

Figure 3.22 shows that the CAT presents a stable plateau at the correct reference
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3 Simulations

value in a threshold range of 8% to 14% and the EMT between 15% and 24%
respectively. Therefore, CAT10 and EMT20 are used further-on.

CAT MULT _CAT10: 35 1.20

3 . 1 i EMT FBP_EMT20: 22 i
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(a) CAT10 evaluation (based on MULT) (b) EMT20 evaluation (based on FBP)

Figure 3.23.: Reference threshold charts

Figure 3.23(a) shows the resulting MULT reconstruction with all cells less or equal
to 10% of the maximum indicated in gray. 35 cells (=CAT10) present a normalized
amplitude larger than this threshold. Figure 3.23(b) shows the normalized cumu-
lative sum versus the intensity-sorted cells zoomed to the beam containing cells.
Due to the sorting of the cells, the cumulative sum becomes negative first, reaches a
minimum and then raises again. The negative cell values all originate from artifacts
while some of the small positive values might also be cells with very small beam
contributions. The EMT20 for the show distribution results in 22 considered cells.

3.5.3. Noise robustness

Noise is an inherent component of real measurement data and therefore affects the
data analysis. In the following, the behavior of the three reconstruction algorithms
w.r.t different noise levels and kinds of noise (uniform and Gaussian distributed) is
shown. The simulation of every noise level was performed 10 times with different
random noise contributions. The error bars of the curves represent the standard
deviation of those simulations.

Figure 3.24 shows the evaluation parameters as a function of uniformly distributed
noise amplitudes (% of the maximum data signal; Gaussian noise shown in the
appendix A.9) for FBP. CAT10 is very unstable and for 7% of noise increases to
factor 7 of the reference (= no noise) value (not shown here). EMT20 for a low noise
level (up to 7%) on average remains close to the reference value with a standard
deviation of up to ~15%. EMS and BETX however up to 7% noise seem to be very
robust though the EMS’s average stays around +40%.
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Figure 3.24.: FBP evaluation parameters for increasing noise amplitudes

Figures 3.25 and 3.26 show the sinogram and tomogram for none and 5% noise
(amplitudes below the CAT10 level are colored in gray). The statistically higher
artifact amplitudes of FBP superimpose with the noise and therefore more cells
exceed the CAT threshold. The CAT10 raises from 48 to 116.
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Figure 3.25.: FBP sinogram and tomogram for 0% noise added
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Figure 3.26.: FBP sinogram and tomogram for 5% noise added

The result for the MULT simulations (Figure 3.27 and A.10 in the appendix)
compared to FBP are very stable. CAT10, EMS and BETX show a standard de-
viation of single percent up to noise levels of 9%. Figure 3.28 shows that even a
very pronounced noise pattern of 12% noise amplitude in the sinogram results in
an increase of CAT10 from 36 to 38 only. However, EMT20 becomes unstable very
fast. Figure 3.29 shows the cumulative sum with 5% noise added and w.r.t. the
reference (Figure 3.23(b)) the EMT20 raises from 22 to 41.
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Figure 3.27.: MULT evaluation parameters for increasing noise amplitudes
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Figure 3.28.: MULT sinogram and tomogram for 12% noise added
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Figure 3.29.: MULT cumulative sum for 5% noise added

The SART reconstruction (Figure 3.30 and A.11 in the appendix) shows a stable
behavior for EMS (+60%) and BETX, CAT10 becomes unstable with increasing
noise while EMT20 remains at ~+40% but with a larger standard deviation than
FBP.
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3 Simulations
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Figure 3.30.: SART evaluation parameters for increasing noise amplitudes

Table 3.1 summarizes the results of the simulations so far and provides reference
values.

RECON | CAT10 | EMT20 | EMS | BETX | ALFX
SINO 160 1364 n.a.
REF 35 22 2.0E-8 | 17.9 9.6
FBP | unstable 22 stable but +40%
SART | unstable | +40% stable but +60%
MULT 35 unstable | 5.5E-8 | 15.1 8.0

Table 3.1.: Simulation reference data

3.6. Profile centering

A particle entering the PSS module off-axis (x/x’ # 0) exits the module with varying
phase space coordinates for the various PSS phase advances (rotation angles). Fur-
thermore, due to magnet alignment errors, manufacturing inaccuracies or the limited
amount of steering magnets or beam monitors a perfect on-axis beam setup for all
rotation angles is impossible to achieve in reality. As a consequence the precondition

of a common rotation axis for all projection angles is not fulfilled anymore*!.

#1Tn a classical medical CT this would e.g. correspond to a moving patient while examination.
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3 Simulations

Therefore it is required to correct the achieved sinogram before reconstruction.
Neglecting higher order effects of the quadrupole magnets of the PSS, the profiles
can be ’realigned’ to a common rotation axis by shifting the individual profiles
appropriately. In this study, two mechanisms have been tested and evaluated: The
projection profiles in the sinogram are centered either by centering the center of
gravity (CoG) or the geometric center (Geo) of the profile. In both scenarios
errors introduced by an asymmetry of the beam distribution are not considered.
Furthermore, the profiles can only be centered by shifting the data of the profile in
terms of entire bins*2.

For the Geo mechanism, a threshold is required again. Like for the CAT, the
geometric center is computed at a certain amplitude level given as percentage of the
maximum. For this study, 30%, 50% and 70% are used.

Figure 3.31 shows the result of centering the reference sinogram. Ideally this
sinogram is not changed which is the case for the CoG mechanism. The Geo-
corrected sinograms show a shift of some projections by one pixel.

reference
Geo50
0.7
§, 06 0.75 £
o 0.60 ¢
S 0.5 -
3 0.45 .,'i,_’
Y ®
2 £
%0-4 e
0.00
0.3
-0.15

i
-3-2-10 123 -3-2-1012 3 -3-2-10123 -3-2-101 2 3
X [norm.mm] X [norm.mm] X [norm.mm] X [norm.mm]

Figure 3.31.: Sinograms resulting of centering the reference sinogram

The results of the evaluation of the resulting tomograms are shown in Figure
3.32. Whereas EMT20 and CAT10 are not or only slightly affected, the values for
EMS, BETX and ALFX change by about 10%. From the centering perspective, all
mechanisms provide very similar results.

42Reflecting to the used SFX model, only shifts of Imm (real space) = one fiber are allowed.
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3 Simulations

Profile Centering Options
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Figure 3.32.: Comparison of reconstruction parameters vs. centering mechanisms
after centering the reference sinogram

Furthermore, the centering mechanisms have been tested with a particle distri-
bution intentionally misplaced at the beginning of the transfer line by 200urad and
Imm. The resulting uncorrected sinogram is shown in Figure 3.33 (center). The
right chart of this figure shows the resulting sinogram after CoG correction.

+200urad +1mm @ EX00000MST - mechanims CoG

reference _candidate _ centered candidate

0.7
&

0.6 )
Il 0.75 £
= C
S} [}
o 0.60 €
505 °
E 0.45 @
o ®
9 030 £
% 0.4 2

0.3

—4-3-2-10 1234 —4-3-2-10123 4 -4-3-2-1012 3 4
X [norm.mm] X [norm.mm] X [norm.mm]

Figure 3.33.: Reference, uncorrected and CoG corrected sinogram of an off-axis par-
ticle distribution

Figure 3.34 presents the sinograms of the off-axis particle distribution corrected by
the four mechanisms (CoG, Geo30, Geo50, Geo70). All of them present a straight-
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3 Simulations

ened sinogram with some projections shifted by single pixels w.r.t the centered

reference.
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o
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Figure 3.34.: Sinograms resulting of centering the off-axis sinogram

After computing the reconstruction for the various cases however, it turns out
that the evaluation parameters are affected a lot (see Figure 3.35). EMT20 for all
centering mechanisms are increased by ~50% while BETX and ALFX values are
decreased by ~40%. In this comparison, the CoG mechanism provides the best
reconstruction but still EMS (4+12%) and CAT10 (422%) are affected.

Profile Centering Options

1.6

=
N

{ B ALFX

HEl BETX

N EMS

1 EMT20

- CATlO‘

—

=
N

=
o

ratio to reference

0.8

o
o

0.4 CoG

Geo30

Geo50

-

Geo70

Figure 3.35.: Comparison of reconstruction parameters vs. centering mechanisms

after centering the off-axis sinogram

Visually, the reference (Figure 3.36(a)) and the CoG-centered tomogram of the
off-axis distribution (Figure 3.36(b)) present a quite high similarity. This indicates
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3 Simulations

that the selected evaluation parameters CAT, EMT and EMS (with BETX/ALFX)
are not robust w.r.t. the centering process.

reference 1.20

X' [norm.mrad]
normalized intensity
X' [norm.mrad]
normalized intensity

CAT10: 43 EMT20: 31
-0.15 EMS:6.01e-08 (,=11.90 «y=6.45

CAT10: 35 EMT20: 22
EMS:5.37e-08  ,=18.30 a,=9.80

-2 -1 0 1 2 3 -2 -1 0 1 2 3
X [norm.mm] X [norm.mm]
(a) Tomogram of reference particles (b) EMT20 evaluation (based on MULT)
Figure 3.36.

More details on this phenomenon are shown in Figure 3.37: in these simulations
the binning of the BPM is shifted in a range of £1.4mm which corresponds to the
particle distribution being detected in different intensity patterns (depending on
how the particle distribution is distributed on the monitor fibers). The chart shows
a repetitive wave-like structure repeating every millimeter which correlates to the
Imm binning of the used SFX fiber grid. As already shown before the centering
mechanism worsens the result of the evaluation parameters (Figure 3.38).

not-centered
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—
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>
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Iy
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©
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0'—61.5 -1.0 -0.5 0.0 0.5 1.0 1.5
initial x-position offset [mm]

Figure 3.37.: Evaluation parameters as a function of bin shift - not centered
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Figure 3.38.: Evaluation parameters as a function of bin shift - centered (CoG)
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4. Measurements

The following chapter describes the beam measurement results performed at the
MedAustron synchrotron measuring on two separate monitors. Furthermore, a time
resolved analysis is presented.

4.1. Tomogram at EX01003SFX

For the measurements, proton beams with a kinetic energy of 252MeV, a spill length
of 5 seconds and an average of 9.7E9 particles per spill (standard deviation: 5.8E8)
in the synchrotron were used and measured on EX01003SFX with an exposure time
of 60ms per frame and 10 frames per second. In order to compensate for intensity
fluctuations in the accelerator, the beam profiles intensities were normalized to the
synchrotron intensity measured via a current transformer (CTS). Figure 4.1 (upper
chart) shows this value as a function of phase advance®? as well as the corresponding
correction (scaling) factor. The bottom chart shows the corresponding full-width at
half maximum (FWHM)*.

43GID is an acronym for Settings IDentifier and represents the 120 different phase advance settings
use for the measurement. px — SID) = 0.25+ SID * nrofangles

44For the measurements, the OpApps measurement framework[65] (version 1.9) was used where
as the analysis of the single measurement files was performed via the measurement data anal-
ysis framework PACMAN][66] (version 1.4.1). The radiation damage of the fibers have been

compensated[67].
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4 Measurements

SFX (EX01003SFX) horizontal intensity normalized by CTS
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Figure 4.1.: BPM intensities normalized to synchrotron intensities and FWHM as a
function of phase advance

Remark: For the phase advance = 0.40833 the FWHM is the smallest and almost
all the extracted particles are accumulated in only a single fiber which seems to
have saturated the according monitor camera pixel. Therefore, in this case only the
intensity value of this single fiber was corrected instead of the entire profile.

Figure 4.2 shows the sinograms from the simulations as well as from the measure-
ments (not-centered and centered via the CoG-mechanism). During commissioning
of the transfer line[68| the steering of the beam trajectory for only one phase advance
setting was optimized. Remaining with this single setting for all phase advances used
in this study resulted in beam losses. Therefore phase advance dependent steering
magnet settings were introduced to ensure that the particles of all settings reach
EX01003SFX.

Comparing the sinograms of the simulations and the centered measurements, one
can see that a) the minimum and maximum width of the sinograms are of very
similar size, b) the intensity gradient at the highest intensity peak as a function of
phase advance seems smaller for the measurement than for the simulation and c)
the smallest width is shifted in phase advance.
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4 Measurements
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Figure 4.2.: EX01003SFX: simulation, the measurement and centered measurement
sinograms

In detail, this can be seen in Figure 4.3 presenting the simulated and measured
profile for the phase advance with the smallest simulated profile accumulating all
particles in a single fiber (bar of charge standing upright). The measured profile
however covers multiple fibers (see Figure 4.8 for the smallest measured beam pro-
file).

The in-depth analysis of the sinograms are shown in figures 4.4 and 4.5. The
CAT10 of the simulated (160) is very different than the measured one (491) where
as the EMT20 is more similar (1364 vs 1091).

MEASUREMENT (centered) SID41 (ux=0.421[27])  sjmuLATION
1.0 |
@ 2
©
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Figure 4.3.: EX01003SFX: simulated and measured profile for one phase advance
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Figure 4.4.: CAT analysis of sinograms
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Figure 4.5.: EMT analysis of sinograms

Figure 4.6 shows the simulated and measured tomogram reconstructed via MULT
while Figure 4.7 presents the FBP tomograms. The CAT and EMS value are almost
identical whereas EMT20 is larger for the measurement. This indicates a different
intensity structure inside the bar of charge with less high intensity pixels.
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Figure 4.6.: Comparison of MULT reconstructed tomograms
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Figure 4.7.: Comparison of FBP reconstructed tomograms

Furthermore, the BETX and ALFX values are smaller for the measurement than
for the simulation; also visually the bar is 'shorter’ along the long axis. As CAT and
EMS are about identical, the measured distribution has to be wider along the short
axis. This matches with Figure 4.8 showing the smallest measured profile which
contributes to more than a single fiber.

Also in the tomograms one can identify a minor phase advance difference as the
two bars show a slightly different rotation.
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Figure 4.8.: EX01003SFX: simulated and measured profile for one phase advance
setting

Finally, Figure 4.9 summarizes the described findings in a comparison of the two
3D models (simulated, measured).

(a) 3D simulation (2D sampled, no recon- (b) 3D measurement (CoG-centering,
struction, SFX resolution) MULT reconstruction, SFX resolution)
Figure 4.9.

4.1.1. Time resolved analysis

As described, the particles were extracted from the synchrotron in a time window
of 5 seconds per measurement angle while the SFX data acquisition rate was set
to 10 frames per second. This results in 50 intraspill beam profiles, sinograms and
therefore tomograms. Figure 4.10 shows a time resolved analysis of those tomograms.
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Figure 4.10.: Time resolved tomographical characterization of an extracted particle
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For the interpretation of this data one has to consider that 120 spills contribute to
these intraspill tomographies. Figure 4.11 shows the time resolved intraspill profiles

of four spills. Obviously the extracted flux (particles per time) varies from spill to

spill affecting the intraspill tomographical reconstructions - the resulting evaluation

parameter values have to be questioned.
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Figure 4.11.: Intraspill profiles of four spills on EX01003SFX
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4 Measurements

4.2. Beam optics considerations

Inside the phase shifter stepper module, another BPM (EX01002SFX) is installed.
The phase advances and beta functions are not matched to compile a set of data
ready for tomographical reconstruction. However, the profiles for the various settings
for the tomoscope have been recorded for a subset of 60 phase advances (every second
setting of the tomography at EX01003SFX). Figure 4.12 shows the sinograms of the
simulation, the measurement and the centered measurement indicating that the
pattern of wide and small beam regions approximately match*®.

EX01002SFX
simulation measurement measurement (CoG) 1.20
0.7 1.05
0.90
K06 >
[ 0.75 £
< ]
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S 0.45 ¢
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0.3
-0.15
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X [norm.mm] X [norm.mm] X [norm.mm]

Figure 4.12.: Sinograms for simulation and measurement (not-centered and CoG-
centered) for EX01002SFX (horizontal plane)

Figure 4.13 presents two curves: the vertical beta function (black) as well as
the FWHM? of the measured beam in vertical plane (red) at EX01002SFX, both
normalized to the value of the first phase advance setting®®. As the curves match
very well it can be assumed that the beta functions of the model match well the real
machine behavior.

45 Also, on this monitor multiple quadrupole settings result in a upright standing bar of charge
accumulating all particles in a single fiber (see Figure A.15).
WEWHM = 2.36 % /e < /B
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Figure 4.13.: Measured (approximation) and simulated vertical beta functions for
EX01002SFX, normalized to first/lowest phase advance setting)

At EX01003SFX (vertical plane) the match however looks different. The general
correlation is correct but especially for larger beam sizes, but not only there, is a less
well matching behavior visible. Figure 4.15 shows the beta functions of a subset of
less well matching phase advance settings distributed over the entire phase advance
range inside the PSS module. Especially in the vertical plane (bottom) the chart
shows that also low amplitude BETY functions are part of this subgroup (as Figure
A.16 shows the same for ’good’ cases) indicating that the lower measured amplitudes
do not originate from beam scraping.
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Figure 4.14.: Measured (approximation) and simulated vertical beta functions for
EX01003SFX, normalized to first /lowest phase advance setting)
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Figure 4.15.: Beta functions of 'bad’ cases (w.r.t. 4.14) inside the PSS module
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To conclude, it rather seems like that the theoretical optics model used for the

simulations doesn’t match the real lattice functions perfectly.
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5. Conclusions

This research aimed to provide some empirical evidence of the ’bar of charge’ concept
of a slow third order slow resonant extracted particle beam from a synchrotron.
The simulations and measurements were performed following a data acquisition
procedure based on the PIMMS Phase Shifter Stepper concept while tomographical
reconstruction techniques were used for the analysis.

The data presented in table 5.1 illustrates that important quantification param-
eters of the particle distribution in the horizontal phase space concur between a
(simulated) reference as well as reconstructions using simulated and measured data.
Figure 5.1, by way of example, visually depicts the similarity of simulated and mea-
sured reconstruction results.

Result CAT10 | EMT20 | EMS | BETX | ALFX

Reference 35 22 5.5E-8 17.9 9.6
Simulation 35 22 5.5E-8 15.1 8.0
Measurement 34 29 5.45E-8 7.0 4.8

Table 5.1.: Comparison of simulation and measurement results

Therefore, this method would appear to be well suited to enlarge the range of
existing commissioning procedures at MedAustron or other accelerator facilities,
depending on their beam line layout. While the reconstruction based on integrated
beam profiles can be used for e.g. (static) optics optimization, the time resolved
analysis provides the option to study the (dynamic) intraspill behavior of the beam.
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Figure 5.1.: Comparison of MULT reconstructed tomograms

However, the measurements gathered within the framework of this thesis would
appear to show certain deviations from the simulation (e.g. different orientation
and length of the reconstructed distribution). Also, due to the aforementioned
dependency of the quantification parameters on the beam centering mechanism,
the values presented in table 5.1 should be considered with reservation. To better
understand the implications of such deviations and therefore limitations for the used
methods, future studies should address the following potential sources of errors:

e SFX radiation damage: The fibers of the scintillating fiber grid beam profile
monitors have been exposed to radiation during the commissioning of the
MedAustron accelerator resulting in a loss of sensitivity of the most intensively
used fibers. Figure 5.2 shows the sensitivity profiles of EX01003SFX as an
estimate of two different ’in-vivo™” determination procedures performed by
the author (AWL) and a beam diagnostic expert|67] (CKU)*. Besides the fact
that the curves of both methods cannot substitute an appropriate calibration
of the measurement device, the chart illustrates the quality of the effect as
well as the uncertainty of the correction values®.

4TThe device was not disassembled from the accelerator and characterized with a reference source
but the proton beam in the accelerator itself was used.

48For this study, finally the blue curve of CKU was used to compensate for the radiation damage.

49This effect represents the most likely explanation for the measured distribution being ’shorter’
than the simulated bar-of-charges.
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Radiation Damage Evaluation EX01003SFX
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Figure 5.2.: Radiation damage of fibers on EX01003SFX, two different methods at
two different points in time

e Settings of beam profile monitors: As part of the measurement procedure, the
entire beam intensity once is focused onto a single BPM fiber while in the
90 degree phase advance case the intensity is distributed over more than 20
fibers. Proper settings of the exposure time and amplification gain must be
found. For this thesis it seems that the scenario of fully focused beam caused a
saturation of the camera pixel which was compensated by normalization of the
measurement data. However, settings should be found to avoid this deficiency.

e Magnetization concept: To achieve all required measurement setups, some
magnets for some phase advances were operated in focusing polarity, for other
phase advances in defocusing. The current accelerator control system how-
ever only supports one current-to-field (BI) transfer function. For operation
therefore the two curves of the hysteresis where averaged introducing several
percent of offset between the computed and the applied magnet gradients.
Those offsets affect not only the phase shifter stepper settings but all compo-
nents leading to errors on the beam optics of the incoming beam, the phase
shifter stepper matching as well as the normalization process of the measure-
ment data®.

e spill to spill reproducibility: The intraspill beam intensity fluctuations corre-
spond to a moving patient in a hospital CT scenario. For the ’simple’ recon-
struction using the summed projection of the entire spill those fluctuations
may be averaged out but for the time resolved analysis they have a major
impact.

50Therefore for the author this is the most likely explanation for the different orientation of the
phase space distribution between simulation and measurement.
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5 Conclusions

e centering procedure: besides the fact that phase advance dependent steering
magnet settings indicate that the incoming beam into the phase shifter stepper
module is setup sub-optimally, the strong dependency of the quantification
parameters on the centering mechanism can be addressed by increasing the
detector resolution. Multiple measurement points along the short half-axis of
the distribution would be helpful®'. Alternatively the optics can be matched
to an even larger beta function 'zoom’ than 3m in - 40m out®?.

Though, even after having reflected on the mentioned limitations, the required
time for an measurement is still 120 spills®® per beam modality (e.g. particle type,
particle energy, ...). Therefore this procedure seems to be rather applicable for com-
missioning or optimization of an accelerator or characterization of a new extraction
driving mechanism than as a routinely performed QA measurement.

5Indeed, an extraction scheme fulfilling the Hardt condition resulting in an approximately 1mm
wide beam distribution (like at MedAustron) is more challenging than other schemes resulting
in a broader distribution.

52At MedAustron, the limiting factor for this is the large vertical emittance which is off w.r.t.
design by more than factor 2. The large emittance limits the range of vertical beta function
values inside the phase shifter stepper and therefore also the horizontal (strong quadrupole
gradients affect both planes).

53Currently, the preparation of the accelerator (quadrupole settings) as well as the measurement
of one phase advance itself takes about one minute at MedAustron.
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A. Appendix
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Figure A.1.: SART reconstruction for different numbers of projection angles ©
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Figure A.6.: SCUBEEx analysis result of the SART reconstruction
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Figure A.9.: FBP evaluation parameters for increasing noise amplitudes
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Figure A.11.: SART evaluation parameters for increasing noise amplitudes
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