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Abstract

MedAustron is an ion therapy facility located in Wiener Neustadt, Austria, which uses
third order resonant slow extraction to deliver protons and carbon ions for irradiation.
The currently ongoing extensive studies of different extraction mechanisms, as well as
general interest in the behaviour of the beam in the longitudinal phase space from
injection to extraction motivate the implementation a new diagnostic tool. To further the
understanding of longitudinal beam dynamics, orbit pick-up signals are evaluated using
longitudinal tomography. This technique, which is well-established in other accelerator
facilities, has been successfully implemented at MedAustron. Its iterative reconstruction
algorithm relies on longitudinal profiles obtained from orbit pick-ups, along with machine
and optics parameters, such as circumference and transition energy. The turn-by-turn data
necessary for reconstruction was acquired with two systems: single acquisition distribution
system (SADS) and a micro-telecommunication computing architecture (nTCA )-structure.
Of particular interest is the comparison between collected data and its reconstruction
of the longitudinal phase space of the two acquisition systems, as MedAustron plans to
upgrade its low-level radio frequency system using the pTCA-crate. To ensure suitability
and adaptability of the measurement set-ups, systematic measurements describing regular
operations with clinical beams were undertaken. Additionally, the accuracy of the
tomographic reconstruction was evaluated in scenarios where the beam was manipulated
and benchmarked against simulation, using the Beam Longitudinal Dynamics (BLonD)
tracking code. These mismatched longitudinal phase space distributions were more
accurately reconstructed with 1.4x the operationally set, nominal radio frequency (RF)
voltage.
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Kurzfassung

MedAustron ist eine Ionentherapieanlage in Wiener Neustadt, Osterreich, die durch lang-
same Extraktion mit Resonanzen der dritten Ordnung Protonen und Kohlenstoffionen fiir
die Bestrahlung bereitstellt. Die derzeit laufenden Studien zu verschiedenen Extraktions-
mechanismen, sowie das allgemeine Interesse am Verhalten des Strahls im longitudinalen
Phasenraum von der Injektion bis zur Extraktion motivieren die Implementierung eines
neuen Diagnosewerkzeugs. Zur Vertiefung des Verstédndnis der longitudinalen Strahldyna-
mik werden Orbit-Pick-Up-Signale mit Hilfe der longitudinalen Tomographie ausgewertet.
Diese Technik, die in anderen Beschleunigeranlagen etabliert ist, wurde bei MedAustron
erfolgreich eingesetzt. Der iterative Rekonstruktionsalgorithmus stiitzt sich auf longitudi-
nalen Profile, die aus Orbit-Pick-Up-Messungen gewonnen werden, sowie auf Maschinen-
und optische Parameter, wie Umfang und Ubergangsenergie. Die erforderlichen Turn-
by-Turn Daten wurden mit zwei Systemen erfasst: single acquisition distribution system
(SADS) und micro-telecommunication computing architecture (W®TCA). Von besonderem
Interesse ist der Vergleich zwischen den erfassten Daten und deren Rekonstruktion des
longitudinalen Phasenraums von den beiden Erfassungssystemen, da MedAustron plant,
sein Low-Level-Readiofrequenz-System mit der nTCA-Struktur aufzuriisten. Um die Eig-
nung und Anpassungsfiahigkeit der Messaufbauten sicherzustellen, wurden systematische
Messungen mit im Betrieb verwendeten klinischen Strahlen durchgefiihrt. Zuséatzlich
wurde die Genauigkeit der tomographischen Rekonstruktion ausgewertet anhand von
Szenarien, in denen der Strahl manipuliert wurde, und mit Simulationen des Beam
Longitudinal Dynamics (BLonD) Code verglichen. Diese nicht an den Bucket angepassten
Verteilungen im longitudinalen Phasenraum wurden besser rekonstruiert mit 1.4x der
angenommenen verwendeten radio frequency (RF)-Spannung.
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B Relativistic factor 8 = v/c
0 - Relative momentum offset Ap/p
€L eVs Longitudinal emittance
n - Slip factor
0% - Relativistic Lorentz factor
YT - Transition energy
&o V/m Amplitude of electric field
P rad Phase of particle

xxiil
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Symbol Unit Remarks

Prp rad Phase of RF cavity

D, rad Synchronous phase

p m Bending radius

0 rad Azimuthal angle

wo 27 /s Angular revolution frequency

Ws 27 /s Angular synchrotron frequency
WRF 27 /s Angular RF frequency

Qu - Transverse (u = z,y) and longitudinal (u = s) particle tune
Zy Q Transfer impedance
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Introduction

Compared to conventional cancer irradiation therapy based on high-energy X-rays, proton
and ion beam therapy centres, like MedAustron, allow treatment of tumors with lower
doses to the surrounding healthy tissue. This conformal therapy is possible due to the
dose distribution of fast ions in tissue, governed by the Bragg-peak. The range of the
Bragg-peak depends on the initial energy of the ion beam. By treating the patient using
beams with different energies and scanning the beam in the transverse plane the tumor
volume can be actively scanned in three dimensions. Figure |A|schematically compares the
dose-depth distribution, which is achieved with conventional X-ray therapy and therapy
using multiple energies to obtain a so-called spread out Bragg-peak (SOBP).

The transverse scanning of the tumor with millimeter precision requires a very stable
beam over seconds. The machine at MedAustron utilises third order resonant slow
extraction driven by acceleration via betatron core to provide slow and steady spills.
This method is only applicable to an unbunched beam. MedAustron is a centre for
radiotherapy with proton and carbon ions, as well as a research facility. One way to
reduce the patient treatment time is the implementation of multi-energy-extraction [3].
Multi-energy-extraction requires bunched beam extraction, which is incompatible with
the betatron core extraction. Different extraction mechanisms such as radio frequency
knock-out (RFKO) and constant optics slow extraction (COSE), which allow bunched
beam extraction, are under investigation at MedAustron [4]. Throughout these and
further studies an extended understanding of the longitudinal phase space is of high
value. During these development studies, as well as the beam commissioning, longitudinal
properties have been measured using the Schottky frequency analyser and lempty bucket
scanning (EBS). These measurement methods require long acquisition times over which
the measured momentum spread is averaged and only provide the measured momentum
distribution, but no illustration of the longitudinal phase space distribution.

A different diagnostic tool, longitudinal tomography [5], uses the turn-by-turn measure-
ments of the longitudinal bunch profile in order to reconstruct the distribution in the
longitudinal phase space. It has already been established at different accelerator centres,
where it is commonly used for commissioning and machine development activities. Recent
examples include the radio frequency (RF)| voltage calibration in the Proton Synchrotron
Booster (PSB) at CERN [6] and the Super Proton Synchrotron (SPS) [7] and painting of
the longitudinal phase space at PSB [§].
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ACRONYMS
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Figure A: Differential depth dose distributions of photons versus protons. Photon beams have
the highest dose deposition close to the entrance surface and continuously deposit dose at
the whole path throughout the tissue. In contrast, proton beams deposit a lower dose in the
entry field, and maximum dose deposition occurs within the so-called Bragg peak or |SOBP
in clinical applications. The reduced volume of healthy tissue exposed to intermediate and
low doses of proton radiotherapy results in a reduced co-irradiation of dose-limiting organs at
risk (OAR). Picture and caption taken from [1].

The aim of this thesis is the implementation of longitudinal tomography at MedAustron, a
synchrotron-based ion beam therapy centre in Wiener Neustadt, Austria. The possibility
to visualise transient behaviour in the longitudinal phase space will benefit the research
on novel extraction mechanisms and commissioning activities. Examples of this are the
investigation into bunched beam extraction and its successor multi-energy-extraction, as
well as multi-harmonic radio frequency (RF) operations, which will be introduced with a
planned upgrade of the low-level radio frequency (LLRF) system.

Chapter 1| will address longitudinal beam dynamics, the computational efforts to model
them via Beam Longitudinal Dynamics (BLonD) simulations [9] and the intricacies of the
longitudinal tomography [10][11]. In Chapter 2 a more detailed overview of MedAustron’s
facilities and infrastructure will be given. The implementation of longitudinal tomography
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ACRONYMS

and its comparison with other measurements methods will be described in Chapter [3|.
Results of the tomographic reconstructions for the designed test cases and discussion of
the findings are presented in Chapter [4.
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CHAPTER

Longitudinal Beam Dynamics:
Theory and Measurement
Techniques

This chapter briefly explains the main concepts of longitudinal beam dynamics in a
synchrotron. Descriptions and derivation of the equation of motion in longitudinal phase
space rely on [2] and [12], as well as [13] and [I4]. Furthermore the implementation of
the physics in simulations via Beam Longitudinal Dynamics (BLonD)| [I5][16] and how
longitudinal tomography uses the underlying principals to reconstruct a phase space
distribution from the measured longitudinal profile are discussed [5][10][L1].

1.1 Longitudinal Particle Motion

Particle accelerators use electromagnetic fields to accelerate charged particles to high
energies. Collisions of two high energies beams or between a high energy beam and a
fixed target are essential in fundamental physics research. Such research applications
often require energies up to the TeV range, whereas other applications, such as radiation
therapy, advanced imaging techniques and material modification, run with energies below
1 GeV. Electric fields in direction of the charged particle’s motion are used for acceleration.
In electrostatic accelerators the particle passes the acceleration gap only once, which
limits the total achievable energy to the voltage difference of the electrode and ground.
Another group of particle accelerators, radio frequency (RF) accelerators, are based on
electric fields, which oscillate with radio frequencies in RF cavities. In linear or circular
accelerators one or multiple of such cavities are installed. The beam can pass through
multiple acceleration gaps or trough the same gap multiple times. The oscillating field
has to be synchronised with the arrival time of the passing particles. In circular RF
accelerators the particles are guided on a circular trajectory by magnetic fields to arrive

5
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1.

LONGITUDINAL BEAM DYNAMICS: THEORY AND MEASUREMENT TECHNIQUES

back at the acceleration gap. As the particles’ energies grow, either the allowed radii or
the magnetic field, called B-field, strengths have to increase. In cyclotrons and [fixed field
alternating gradient accelerator (FFA) the B-field stays constant as the radii change. In
synchrotrons the B-field is adapted to keep the particles on one radius. The synchrotron
has a ring-like structure, which includes an accelerating block housing an RF cavity.
Other main components of the synchrotron are:

e Dipole magnets: The dipole bends the charged particles via Lorentz force. B-field
strength of the magnets must increase with higher particle energies/momenta,

p
B=— 1.1
ap 1)

with ¢ being the charge of the particles and p the bending radius.

¢ Quadrupole magnets: The quadrupole magnetic force is proportional to the
particle’s distance to the magnet’s centre. Depending on the magnet’s orientation
the force in the horizontal or vertical plane is focusing, while the other defocuses the
beam. Quadrupoles define the linear optics of the machine, especially the betatron
tune @y, which is the number of transverse oscillations the particles perform along
the beamline within one turn in the sychrotron.

¢ Sextupole magnets: The sextupole magnets are mostly usesd to mitigate the
chromatic effects, which are defined as "change of linear optics parameter with
beam energy" [17].

e Septa: The beam has to be injected and extracted from the synchrotron ring. A
septum generates two regions one with no field and one with a high homogeneous,
electronmagnetic field. This separation allows for spatial- discrimination of the
beam and the deflection of specific parts of the beam. For the injection and
extraction at MedAustron a magnetic and electrostatic septum are used [18].

o Kicker magnets: These magnets have fast field rise and fall times. They are
used to create fast ramping orbit bumps for the injection of the beam into the
synchrotron. Because the generated field is weaker than the septa’s, ripple reduction
is very important for kicker magnets [19].

In a synchrotron the revolution frequency frev and the RF frequency frr are synchronised,
as the particles’ energies and radii grow the magnetic field strength B increases. The
frequency applied to the accelerating structure frp

fRF:threv (12)

is a multiple of the revolution frequency fiey with the harmonic number h. With Eqgs. (1.1
and 1.2 the non-linear relation between frr and the magnetic field strength B is found
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1.1. Longitudinal Particle Motion

to be [20]

frr(t) = ch Bt (1.3)

= 21 Ry B(t)2+(%)2’

with Rg being the mean orbit radius, A the harmonic number and ¢ the charge of the
particles. Equation 1.3 defines the frequency applied in the accelerating structure of the
synchrotron, the cavities. The cavities are hollow conducting bodies that enable standing
electromagnetic waves. Assuming perfectly conducting walls only-loss free modes of the
electromagnetic waves are not dampened exponentially [21]. The resonance of the cavities
can be driven by the power source.

1.1.1 Energy Gain per Cavity Passage and Synchronous Phase

The alternating electric field in the cavity is synchronised with the passing beam. The
synchronicity defining particle is called the synchronous particle with its phase is ® = @y,
momentum p = pg and revolution period T' = Ty. The synchrotron’s lattice is designed
to optimize this particle’s path through the center of all magnets on a closed orbit. As
the accelerating electric field is not constant in the cavities, the energy gain depends
greatly on the time of arrival at cavity, seen in the equation for the longitudinal electric
field of the RF cavity

E(t) = & sin (hwot + Dy), (1.4)

with & being the amplitude of the electrical field and wg the angular revolution frequency
of the sychronous particle. The non-negligible length of the cavity modifies the energy
gained
d/2fBc
AE = q&)ﬁc/ sin (hwot + @) dt = q Vsin (®;), (1.5)
—d/2fc
with d as physical dimension of the RF cavity gap width, g as charge of the particles and
B as ratio of the synchronous particle’s velocity and the speed of light. V in Eq. 1.5 is

the effective voltage seen by the beam and includes the transit time factor
. hg
Sin (ﬁ)
T=—"22 1.
2R
which modifies the RF voltage due to the cavity’s dimension. The energy gained per turn
dB

AFE =vAp = QWRqu% (1.7)

is balanced with the change of the B-field. The synchronous phase ®;

B
d, = arcsin (27TR0pV> (1.8)

is defined by comparing the rigidity equation Eq. |1.1] and the energy gain per turn from
the RF cavity Eq. [1.5]
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1. LONGITUDINAL BEAM DYNAMICS: THEORY AND MEASUREMENT TECHNIQUES
1.1.2 Longitudinal Equation of Motions
The beam consists of many particles, with momenta and revolution frequencies distributed
around the synchronous particle. In order to describe deviations from the synchronous
particle the parameters w = wg + Aw, p = po + Ap, & = &, + AP, etc. are introduced.
The relative momentum spread A—é’ is often expressed as . The difference in the azimuthal
angle A, Fig. 1.1, translates to a difference in the revolution frequency
dAd 1dd
A = = — — 1.9
YT b dt (1.9)
To relate the difference of the revolution frequency to a difference in energy, the energy
A
e
R
Figure 1.1: Relation of phase and azimuthal angle. Picture taken from [22].
change per turn, Eq. (1.5, can be expressed as energy change in regards to time
EO = ﬂqV sin g
27
for the synchronous particle. In turn the energy change in regards to time of a particle
with a revolution frequency different from the synchronous particle’s w # wy is
E= qu sin ®.
2w
The relation, as derived in [22],
. . . . . d(T, 0AF
A(ET,) ~ EAT, + TooAE = AET, + T, )AE = (’;t) (1.10)
of the revolution period T} and the rate of energy gain E is used to derive the equation
of motion for the energy in the longitudinal phase space Eq. [1.11}
d (AE qV
— | — ) ==—(sin® —sind 1.11
i () = 5t 2 @)
Differences in momentum are translated into a difference in path length due to particles
8
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1.1. Longitudinal Particle Motion

Figure 1.2: Dispersion due to bending particles with different momentum. Picture taken

from [22].

with different momenta being bent differently by dipole fields, see Eq. 1.1. The relative
path length difference over one revolution for a particle with non-nominal momentum
p + dp is calculated by setting the changed path length ds = (p 4+ z)d6 in relation to the
reference path dsg = pdf, shown in Fig. 1.2. The equation

dl ds—d D, d

L A (1.12)

dso dso p p p
sets the relation of relative path length difference to the momentum difference by including
the dispersion function D,. The total change dL within one circumference for a particle
with relative momentum offset ¢ is

D, d
@:fﬂ:/ﬂmz/—m%m (1.13)
c p p D

The relative change % in the average orbit radius is used to define the momentum
compaction factor

o LR _ (D)
"Ry R’
with (D,)., being the dispersion function averaged over all dipole magnets [14]. The
momentum compaction factor of linear accelerators is zero as the path length is not
impacted by differences in energy. In circular accelerator the momentum compaction
factor depends on the optics. At MedAustron the lattice is designed for a. > 0, which
makes the path longer for particles with higher energy than that of the synchronous
particle. The momentum compaction factor is linked with the transition energy ~r,

(1.14)

1

. 1.15
V2 (1.15)

Q¢

By crossing the transition energy ~r the conditions for longitudinal stability within
the synchrotron change. At MedAustron @, = 1.739 and yp = 1.99 at injection and
Q. = 1.67 and yp = 1.97 at extraction energies [23] are commissioned. The minimum
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1. LONGITUDINAL BEAM DYNAMICS: THEORY AND MEASUREMENT TECHNIQUES
and maximum energy (7 and 800 MeV) at MedAustron lie below the transition energy of
the machine, as can be calculated with
E \? 1
=4/1— ( > = 1.16
6 Erest 7 1- ﬁ2 ( )
to be v = 1.01 for 7MeV and v = 1.85 for 800 MeV.
For a synchrotron with the radius Ry the revolution frequencies is
Be
v =—, 1.17
fre 27TR0 ( )
which increases with higher energies and decreases with smaller radii. The relative
derivative of Eq. [1.17
dfrev — % o d£
frev 18 R
can be expressed with the momentum compaction factor a.
dfrev  d d,
frew _ 45 _ |, dp (1.18)
frev /3 p
In order to find a relation between the relative change in frequency and the relative
change in momentum or energy, an expression for % with % has to be computed. Using
the relativistic momentum
p =moyPe (1.19)
and its derivative p p p p p
1
do_db by _ 1 dB_ »dP (1.20)
p B v 1-p°p B
and inserting them into Eq. [1.18| yields the definition of the slip factor n in Eq. [1.21.
d, 1\ d d
lfrev <ac _ 2) @_ P (1.21)
Jrev ) p p
An useful relation A A
Vel 1 AF
R 1.22
is used when combining Egs. 1.9 and [1.21 for the equations of motions in phase
. hwin (AE
® = hwond = —2 [ — ). 1.23
RRANCE) o ( wo ) (1.23)
10
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1.1. Longitudinal Particle Motion

The two conjugated variables <<I>, %) and their equations of motions can be incorporated
in an unified equation motion

d? 1 qVwihn

22 = 5 g, (sin @ — sin ®). (1.24)

This equation of motion can be linearised for small deviations from the synchronous
particle, resulting in a harmonic oscillator. As the amplitude grows the longitudinal
motion of the particle around the reference particle becomes non-linear. The restoring
potential is only present for some phase offsets. Further discussion of stability in phase
space will rely on the stability condition coined by McMillan and Veksler, Eq. 1.25, and
a Hamiltonian yielding the equation of motion for energy and phase.

1.1.3 Stability

In this subsection the stability conditions for acceleration will be explained and the
concept of the separatriz will be introduced. At first the stability conditions will be
derived via considerations with the slip factor. The slip factor n, Eq. [1.21] is of great

energy )
gain ” M, Stable synchr. Particle
P, - forn>0 P
eV = =
N, :\ I\ Na above transition
A
D, T -,

1
W, =D

Figure 1.3: Energy gain as a function of particle phase. The oscillations are stable around
the synchronous particle P; below transition and around the synchronous particle Py above
transition. Picture and caption taken from [14].

importance when a stable working point has to be set. Below the transition energy
(v < ~r) higher energies (0 > 0) lead to higher revolution frequencies. The longer
path length is compensated by the higher velocity. Exactly at transition energy w
is independent from the momentum offset. For n > 0 particles with higher energy
have smaller revolution frequencies, as the energy is above the transition energy. This
observation is the key to the stability condition

Mo cos (Ps) <0 (1.25)

discovered by McMillan and Veksler (see [2] on page 230). This principle is illustrated in
Fig. [1.3l

11
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1.

LONGITUDINAL BEAM DYNAMICS: THEORY AND MEASUREMENT TECHNIQUES

12

e v < ~vp: Below transition the Particle M; arrives later then the synchronous
particle P; with @4 and receives a larger kick, gains more energy by passing through
the cavity, increasing the revolution frequency. The particle Ny arrives earlier
than the synchronous particle and thus gains less energy than the synchronous
particle. In the next turn the M; particle arrives earlier and receives less kick and
the revolution frequency of the previously early particle N; decreased compared
to that of the synchronous particle, so that this particle arrives later than the
synchronous particle.

e v > v1: Above transition the energy gain depending on the arrival of the particles
My and Nj in reference to the synchronous particle Py is reversed.

This condition allows a stable area in the longitudinal phase space called a bucket
surrounded by the separatrix, which divides stable and unstable regions, see Fig. [1.4. The

-
4 RF

\ ‘2i @ =y 1
s :l'[-¢\
N

A;%-

stable region

[ ]

unstable region

separatrix

Figure 1.4: RF voltage as a function of particle phase (top) and phase-space picture (bottom)
for a non-stationary bucket. Picture and caption taken from [14].

Hamiltonian contour of the stable region features so-called stable points: the stable fixed
point (SFP) at (®,,0) and the unstable fixed point (UFP) at (7 — ®4,0). Small oscillations
near the SFP lead to elliptical phase-space trajectories, whereas small oscillations near
the UFP follow hyperbolic trajectories. The stable region enclosed by the separatrix is
called the bucket. Its shape is defined by the RF voltage, the particle energy and charge,
the synchronous phase and machine parameters, such as the momentum compaction
factor and circumference. As consequence of this distinction between stable and unstable
region, particles can be grouped and accelerated in distinct bunches, when the RF system
is on. Particles within the bucket perform stable synchrotron oscillations around the SFP.
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1.1. Longitudinal Particle Motion

These particles are called the bunch and beams with this structure are called bunched
beams. When the RF system is turned off, the particles’ different momenta accumulate
into a phase difference over multiple turns. The bunch structure is lost and the beam is
called coasting or unbunched beam.

1.1.4 Synchrotron Oscillations

For small oscillation the aforementioned synchrotron oscillations can be linearised. Lin-
earising the equation of motion, see Eq. [1.24, for small amplitudes in a stationary bucket
simplifies it to

d? 1 qVwihn

—(® — d;) = on B2E

o7 (® — @), (1.26)

which resembles a harmonic oscillator with oscillation frequency w,. This longitudinal
oscillation frequency is commonly parameterised using the synchrotron tune )

_ws  [hqV|ngcos ()]
Qs0 = o \/ onBPE (1.27)

As the amplitude of a particle increases the harmonic oscillator approximation is no

Plotof% from ®=0to ®=r

1.0 A — Exact
——— Approximation
0.8
0.6
8le
3
0.4 1
0.2 A
0.0 A
0.0 0.5 1.0 1.5 2.0 2.5 3.0
[}

Figure 1.5: Ratio of synchrotron tune of particle with phase amplitude and the central
synchrotron tune of the synchronous particle as a function of maximal phase deviation

from the SFP in radian. Exact formula (bottom trace, blue) and approximation Eq. 1.29.

Non-accelerating bucket (®; = 0) [20].

13
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1. LONGITUDINAL BEAM DYNAMICS: THEORY AND MEASUREMENT TECHNIQUES
longer valid. For larger offsets, the synchrotron tune can be derived as [20]
- Qs0
Qu(®) = —; . (1.28)
2 j‘ du
0 \/1—sin2(%) sin?(u)
This relation shows that close to the separatrix the synchrotron tune vanishes, meaning
that the particle movement in longitudinal phase space slows down. This relation can
be used to derive the bunch profile from Schottky spectrum measurements, as shown
in [24] and further discussed in chapter Chapter 3. An approximation of Eq.|1.28 [20] for
moderate offsets from SFP is
P 2
Qu(®) ~ Quo [1 -(3) ] . (1.29)
A comparison of the approximation (Eq. 1.29) and the exact equation (Eq. 1.28) can be
found in Fig. 1.5, where a good agreement of both equations can be observed from & = 0
to & = 2.5rad.
The non-linear equation of motion and resulting non-constant synchrotron frequency in
the bucket lead to the filamentation of the bunched beam, if the beam’s phase space
distribution is not matched to the bucket shape. Figure 1.6 shows this phenomenon after
many turns. In order to avoid this filamentation the beam and the RF bucket have to be
matched.
1.00 1le6 1200 turns
0.751
0.501
0.251
S
L 0.001
w
<
—0.251
~0.501
~0.751
-1.00 : , , : , : , ,
00 05 10 15 20 25 30 35 40
At [s] le-7
Figure 1.6: Filamentation in phase space after 1200 turns after initialising all particles with
no energy offset and different phase offsets.
14
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1.1. Longitudinal Particle Motion

1.1.5 Hamiltonian and Separatrix

The equations of motions Egs. |1.11}and [1.23| can be derived from a Hamiltonian with the
canonical variables (P, ﬁ—f)

(.4}2 2
— S (T0) I lcos(@) — cos() + (8 - )sin(®.)). (130

With the Hamiltonian, the separatrix can easily be determined. The separatrix crosses
0 = 0 at the UFP and the Hamiltonian-potential can be calculated via the conditions for
no movement of the specific points

. OH AE OH
o =Tl === 0. 1.31
wo

We obtain the SFP at ® = &5 +n x 27 and 6 = 0 and UFP at ® = 7 — &, +n x 27 and
0 = 0. These points correspond to a minimum and a maximum in the potential well as
seen in Fig. 1.7, which shows the potential as described in the Hamiltonian in the lower
plot. The restoring force is non-linear, which is reflected in Eq. [1.28. As the synchronous

Cavity voltage

Potential well

- 200 - 1o 100 200

phaée

Figure 1.7: Relation between the RF voltage (top) and the potential well (bottom). Picture
taken from [14].

phase changes, the potential well changes as well. This in turn changes the shape of the
bucket. The separatrix equation is obtained by the Hamiltonian H = Hgep, which passes

15
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1. LONGITUDINAL BEAM DYNAMICS: THEORY AND MEASUREMENT TECHNIQUES
through the UFP,
52 v o o O — B,) sin(®,)] =0 1.32
Sep+W[COS( s) T cos(®) — (1 — & — @) sin(Ps)] = 0. (1.32)
The height of the bucket is called the energy or momentum acceptance. Its phase
coordinate is at the SFP. In a stationary bucket (s =0 ) the maximum acceptance is
n% 1/2
Omax =2 | =——— 1.33
e <2w,32Eh\n|> (1.33)
and its bucket area, enclosed by the separatrix, can be calculated with
qV 1/2
A=16 —5—— . 1.34
(zetm) (34
Changing the synchronous phase for acceleration, the bucket becomes a running bucket.
Its fixed points are shifted and its area decreases (for constant RF voltage). Equations|1.33
and 1.34 are modified by the bucket height factor Y (®s) and the bucket area factor
ap(®Ps) respectively. Their values can be found in Table 1.1 for different synchronous
phases. The difference between stationary and running bucket is visualised in Fig. 1.8.
sin @ D, =@y | Y(P5) | ap(Ps)
0.00 | -180.00 | 180.00 | 1.0000 | 1.0000
0.10 | -118.90 | 174.26 | 0.9208 | 0.8041
0.20 | -93.71 | 168.46 | 0.8402 | 0.6611
0.30 | -73.59 | 162.54 | 0.7577 | 0.5388
0.40 | -55.66 | 156.42 | 0.6729 | 0.4305
0.50 | -38.69 | 150.00 | 0.5852 | 0.3333
0.60 | -21.88 | 143.13 | 0.4936 | 0.2460
0.70 -4.48 | 135.57 | 0.3967 | 0.1679
0.80 14.59 | 126.87 | 0.2919 | 0.0991
0.90 3777 | 115.84 | 0.1731 | 0.0408
1.00 90.00 90.00 | 0.0000 | 0.0000
Table 1.1: Turning point (®,, in degree), UFP (m — @4 in degree), bucket height factor Y (¢s)
and bucket area factor ay(¢s). Table taken from [2]. The separatrix has two points where
6 =0: &, and the UFP.
1.1.6 Mismatched Beams, Coherent Oscillations and Filamentation
A matched beam does not typically occupy the whole bucket. Each particle has its energy
and phase or time coordinates. The distribution of the particles are of importance. The
area the beam occupies in phase space is called the longitudinal emittance e1,, which is
defined as
€L, = TORO} (1.35)
16
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1.1. Longitudinal Particle Motion
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Figure 1.8: Phase-space trajectories for 1/8 of the synchrotron period for a stationary (left)
and an accelerating bucket (right). Picture and caption taken from [I4].

in this thesis. The units of the longitudinal emittance are eVs. For a matched beam the
particle distribution fits the bucket shape, so that, while each particle oscillates around
the SFP, the area the entire beam occupies does not change. This bunch is characterised
with a bunch length, which is defined as 4 x oy in this thesis. As seen before in Fig. [1.6|the
stable conditions are dependent on the beam’s physical dimensions and RF parameters
such as voltage and phase.

An example of a mismatch is a decline in voltage for a former matched beam. The
bunch shape in the longitudinal phase space no longer fits the bucket shape. First the
bunch starts to oscillate in phase space performing coherent bunch oscillations. Due to
non-linear forces the phase space distribution dilutes. This so-called filamentation results
in a new equilibrium distribution, matched to the new bucket shape but with increased
longitudinal emittance. While changing from a stationary to a running bucket the stable
bucket area also decreases, which can result in losses if the longitudinal emittance exceeds
the shrinking acceptance.

A sudden increase in the voltage is shown through BLonD simulations in Fig. [1.9.

The oscillations stemming from the mismachted phase space distribution are called
quadrupolar-mode oscillations. The change from high momentum spread and small
bunch length to small momentum spread and long bunch length happens at twice the
synchrotron frequency. The center of mass does not change for these oscillations.

If an offset of ®rpr and P, is introduced the whole bunch is shifted away from the bucket
centre. These oscillations are called dipolar-mode oscillations and their frequency is the

synchrotron frequency. The particle follow the iso-Hamiltonian lines from their position.

This is used in the phase jump at MedAustron, see chapter [2. Figure [1.10] illustrates
oscillations simulated with BLond. The filamentation of the distribution due to the
non-linear equation of motion and the resulting change in synchrotron tune with offset is
well visible.

17
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1. LONGITUDINAL BEAM DYNAMICS: THEORY AND MEASUREMENT TECHNIQUES
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Figure 1.9: BLonD simulations: a) Matched beam and b) sudden voltage increase leads to
mismatched beam and rotation of the particles distribution in the longitudinal phase space.
le2 le2
4 25670 turns 4 8930 turns
3 2
b
1.08 1es 1.08 1E6
0.75 0.75
0.50 0.50
0.25 0.25
s s
L 0.00 L 000
4 4
-0.25 =0.25
-0.50 -0.50
-0.75 -0.75
-1.00 -1.00
0 1 2 3 4 o ~n 0 2 3 4 o et
at[s] T At[s] WEE Y
a) b)
Figure 1.10: BLonD simulations: a) Initial mismatched beam with energy offset, b) the beam
starts to filament.
1.2 Introduction to BLonD Simulations
The described 2D longitudinal particle motion can be simulated using dedicated simula-
tion codes. This section provides a brief introduction to the Beam Longitudinal Dynamics
(BLonD) simulation framework. Further details can be found in [I5] and [16].
18
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1.2. Introduction to BLonD Simulations

First the machine is modeled using the lattice parameters, such as machine circum-
ference and momentum compaction factor. The BLonD ring module allows for the
initialisation of different sections with an RF station each if necessary. These sections are
noted with the index k. If only one RF station needs to be modeled the whole ring can be
initialised with the circumference, the linear momentum compaction factor, the particle
type, including charge and rest energy and information on the synchronous particle. The
information on the energy of the synchronous particle can be given in momentum in eV,
the kinetic or total energy in eV or the bending field on the design orbit in T with the
bending radius.

blond.input_parameters.ring.Ring(ring_length, alpha_0, synchronous_data,

Particle, n_turns=1, synchronous_data_type='momentum’, bending_radius=

None, n_sections=1, alpha_l=None, alpha_2=None, RingOptions=<blond.
input_parameters.ring_options.RingOptions object>)

An external reference clock time is defined as the summation of the revolution time across

turns, ¢l = >.ir; T3. The RF station is defined as
blond.input_parameters.rf_parameters.RFStation (Ring, harmonic, voltage,
phi_rf d, n_rf=1, section_index=1, omega_rf=None, phi_noise=None,
phi_modulation=None, RFStationOptions=<blond.input_parameters.
rf_parameters_options.RFStationOptions object>)

with the ring class mentioned before, the harmonic number h of the RF system, the RF
cavity voltage V{, the designed RF cavity phase, etc. As initial condition the phase of
the sinusoidal RF wave

VRF,O (t) = Vb sin (wRF’kt) (1.36)

of the main RF system was chosen to be zero at ¢t = 0. The arrival time of any particle n
at the RF station is defined relative to the reference time in that turn. The phase of the
RF voltage of cavity system k at the arrival time is

() _ B0

. " " i) WRF k
o4 = 3o s T
i=1 k%o

(1.37)

for the most basic use case with no phase offset and phase noise. A beam is initialised by

blond.beam.beam.Beam (Ring, n_macroparticles, intensity)

with the ring module, the total number of macro particles and the total intensity of the
beam in number of charges. The beam class holds the beam arrival times with respect
to the synchronous time dt in seconds and the beam energy offset with respect to the
synchronous particle dF in eV. For each turn the energy gained is calculated for the
energy offset with regards to the synchronous energy in the C++ script [25] below.

extern "C" void kick (const real_t x= _ restrict_ beam dt,
real_t x _ restrict_  beam_dE, const int n_rf,
const real_t % __restrict__ voltage,
const real_t x __restrict___ omega_RF,

19
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const real_t % __restrict__ phi_RF,
const int n_macroparticles,
const real_t acc_kick) {

// KICK
for (int j = 0; j < n_rf; j++)
#pragma omp parallel for
for (int i = 0; i1 < n_macroparticles; i++)
beam_dE[i] = beam_dE[i] + voltage[]]
* FAST_SIN (omega_RF[]j] * beam_dt[i] + phi_RF[3J]);

// SYNCHRONOUS ENERGY CHANGE
#pragma omp parallel for
for (int i = 0; i1 < n_macroparticles; i++)
beam_dE[i] = beam_dE[i] + acc_kick;

}

The arrival time drift is calculated by

1

1— n(5(n+1))5(n+1) o 1) : (1.38)

Aty = At + 75" (

After each turn the tracker module

blond.trackers.tracker.RingAndRFTracker (RFStation, Beam, solver=’simple’,
BeamFeedback=None, NoiseFeedback=None, CavityFeedback=None, periodicity=
False, interpolation=False, Profile=None, TotalInducedVoltage=None)

applies the kick function and the drift function, with n(6(**1) as defined by the momen-
tum compaction factors and the reference energy in the ring class.

A typical simulation output is seen in Fig. [1.11l The setup of the BLonD simula-
tion for the synchrotron at MedAustron will be discussed in further detail in Chapter [2.

1.3 Introduction to Longitudinal Tomography

The longitudinal tomography algorithm, provided by CERN, can be used to reconstruct
the 2D longitudinal phase space from a non-invasive beam profile measurement. In
this section the theoretical background to the implementation at MedAustron will be
presented.

1.3.1 Tomography and Radon Transform

The word tomography is appropriately named after the old-greek words for cut and
writing/depiction, as it is a technique to reconstruct an n-dimensional object from its
(n — 1)-dimensional projections. The mathematical foundation for tomography was
developed by Johann Radon in 1917 [26] and will schematically be described in the
following paragraph with the references [26][27].
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Figure 1.11: BLonD simulation of an operational 252.7 MeV proton cycle at MedAustron.

By slicing the object by all families of parallel lines characterized in the Cartesian
system by

x cos(¢) + ysin(¢p) = p (1.39)

with the angle ¢ between the line and horizontal axis and p as the distance from the
origin, the Radon transform r can be defined as the line integral of the field y along
the line d(p — x cos(¢p) — ysin(¢)), shown in Eq. 1.40. This equation encompasses the
fundamental problem: The expression of p(z,y) by its Radon transform [27].

npo) = [

pds = / / (@, y) 0(p — xcos (¢) —ysin (¢)) dedy  (1.40)
L(ﬂ?‘b) —00 J =00
Applying a Fourier transformation to r,(p, ¢) to R,(k, ¢), the Fourier Slice Theorem
R, (k,¢) = V2rF (kcos (¢), ksin (¢)) (1.41)

can be applied, where (k1, k2) is the 2D-Fourier-Transformation of p(z,y). Calculating
the 2D inverse Fourier Transformation of (ki, k2) yields the desired u(x,y).
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1.3.2 Longitudinal Tomography in Particle Accelerators

This principle can be applied to the longitudinal profiles, obtained from the induced signal
in a wall pick-up monitor, described in further detail in Chapter [3. The turn-by-turn
measurement of the particles as they perform their synchrotron motion is comparable
to the patient in the computer assisted tomography (CT)-machine. A code developed
at CERN [5][10][11] enables a simple implementation of longitudinal tomography to
reconstruct the longitudinal phase space from measurements. The profiles chosen for
tomography should span at least half a synchrotron period. The bins, which define the
time resolution within an RF period, thus of one bunch profile, should be small enough
to resolve the bunch structure. The number of profiles should approach the number
of bins within one bunch profile for a successful reconstruction. Requirements on the
hardware side are sufficient bandwidth for the resolution of the bunch structure and a
good low-frequency response to establish the no-beam baseline [5]. These requirements
show that the tomographic reconstruction is not suitable for ultra-relativistic machines
such as the |Large Hadron Collider (LHC) at CERN. The bunch-length becomes too
small (2.5ns) to be accurately described by the tomography. With a synchrotron tune of
1.9 x 1073 at collision energy [28], a sampling rate of 200 GS/s would be necessary for an
accurate tomographic reconstruction. Standard bunch lengths of electrons in circular
accelerators are in the 10-100 ps-range, which is even smaller than the LHC- bunches.
The tomography algorithm is best used for low- or mid-g hadron circular accelerators,
such as the synchrotron at MedAustron.

CERN Code

The implementation of longitudinal tomography requires knowledge of some beam and
machine parameters to initialize a machine object, that stores voltage-, B-field-, slippage
factor and other machine-values for each turn. The necessary user input is described
in the documentation of the Python rewritten FORTRAN-based tomography code [11],
as well as in Chapter 3. The reconstruction is based on ART [29]. The ART relies on
iterative back-projection and projection. The contents of one bin in the projection is
shared by all cells in the 2-dimensional array that could have contributed. The coefficients
used to distribute one bins content along the cells in the projected path can be used
to calculate a new projected profile. This allows coherent and efficient transformation
between forward and backwards projection. The ART assumes linear and rigid motion
in the reconstructed phase space. This is circumvented by the introduction of test
particles. If the particles are uniformly distributed within the cell in the phase space, the
redistribution coefficients are calculated by counting the particles in column of cells. This
approach requires the tracking of particles for all time instances in the reconstruction set.

The induced voltage signal from the pick-up (PU), see Section 3.1.1, is transformed into
a Profile object, which holds the baseline-corrected and normalised measurement data
in an MxN-array, where M is the number of turns and N the number of measurement
points, i.e. bins, per turn. The input can also include the time bin (can be a float)
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1.3. Introduction to Longitudinal Tomography

of the synchronous phase or its location can be ascertained by a linear fit within the
tomography framework.

From the given parameters, the reconstruction area limits and the size of a time and
energy bin, dtpin and dFEy;,, are calculated. This is called the MapInfo object. The
next object, the Particle Tracker, populates the phase space with particles. The particle
distribution can either be determined by user-inputs or the ParticleTracker allows the
population of either all of the phase space or within the separatrix.

The phase space is divided into cells whose energy and time division depended on
the time resolution of the measurement, the length of the provided profiles and energy
limits of the reconstructed phase space. The particles’ path through the cells will be
tracked with the kick-and-drift mapping equations [2]

AFE,11 = AE, + qV (sin(®,) — sin(Py)), (1.42)
2mhn
Q41 =P + WAEWH (1.43)

for each turn. The coordinates for each particle at each turn are stored. After the
tracking to the last profile is completed the physical coordinates are transformed into
phase-space coordinates x, and y,

A<I>‘51ra<:l<ed + (I)O~
= ~ — Zorigins 1.44
Lp thi dtbin Lorig ( )
AFEracked
Yp = ﬁ + Yorigin, (1-45)

with Zorigin and Yorigin being the phase-space coordinates of the synchronous particle.

This allows the parallelisation of the tracking process.

Algorithm

The back-projection, projection and creating of difference profiles are the fundamental
steps of the reconstruction algorithm. They work by adjusting the weight and thus the
contribution to the projected profile of each particle. Through iteration, this projection
onto the time axis and its difference to the original longitudinal profiles are used to create
a back-projection, a phase space distribution, that minimises the difference [30]. This
process is visualised in Fig. |1.12.

o Back-Projection: In the first iteration the weight of each particles is assumed to
be the sum of its contributions over all measured profiles. The initial weight W; for
the particle ¢

N
Wi =Y Pi(Xi) (1.46)
=0
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Figure 1.12: The tomography algorithm. Picture and caption taken from [I1].

is calculated by summation of the contribution of bin Xj; ; to the jth profile P; over
all measured profiles N [30].

e Projection: A histogram of the assumed phase distribution is created and nor-
malised to be compared to the measured profile. The nth bin of the jth reconstructed
profile m

Wi, if Xi, j =n

- M
P, = Zw,w = {
i=0 0,

is calculated by the summation of all contribution to the profile bin over all tracked
particles M [30]. All reconstructed profiles are normalised by dividing through the
summation of bins in one profile.

) (1.47)
otherwise

« Differences: The differences between the normalised measured profiles P;;, and
the reconstructed profiles P;,, are given by AP;,,. The weight of each particle is
adjusted according to their difference and the ratio of the maximum number of
particles My ax to particles in the bin M,. The factor Mv"‘:& is included to mitigate
effects of non-homogeneous particle distribution. The resulting profile

Minax

AP, = AP;
Jan J’n M’n,

(1.48)
is used as input for the next iteration of back-projection [30].

The quality of the reconstruction is measured with the discrepancy

N M
d— \/Zj:() Zn:O APJZ,n
NM

(1.49)

defined as the root-mean-squared error with N the number of profiles and M the number
of bins.
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CHAPTER

MedAustron Facility Overview

This chapter will give an overview of the facilities at MedAustron, relying on [31] with a
focus on the radio frequency (RF) operations. This includes BLonD [15][16] simulations
of the longitudinal particle motion in the synchrotron at MedAustron and the frequency
regulation of the low-level radio frequency (LLRF) system and its planned upgrade.

MedAustron is a cancer irradiation centre. It is a synchrotron based facility with
three irradiation room used for medical treatment and one for non-clinical research.
Currently proton and carbon ions are available for cancer therapy, with energy ranges of

L L ' I ! L ! L ' 1 L 1 L

Figure 2.1: Layout of the accelerator complex at MedAustron.

62.4-252.7 MeV and 120-402.8 MeV /u, respectively. The first irradiation room in Fig.
is dedicated to non-clinical research and development. For this room proton beams of low
intensity and high energy (800 MeV) [32] and helium beams [33] have been commissioned
in addition to medical beams. The complex comprises three separate ion sources, one for
helium, carbon and protons, respectively. All three ion sources are electron cyclotron!

| 25
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. MEDAUSTRON FACILITY OVERVIEW

resonance (ECR) sources and extract the ions at 8keV/u. An RF quadrupole accelerates
the beam to 400keV /u. After a buncher cavity, the beam is then accelerated in an
interdigitidal H-mode drift tube linear accelerator (LINAC) to 7MeV /u [34]. Before
being injected into the synchrotron the energy of the injected beam can be tailored using a
debuncher cavity. This cavity decreases the energy spread, as the bunch length increases.
The beam is injected into the synchrotron using a multi-turn injection scheme. After
injection the coasting beam is then captured and accelerated. During clinical operation
the beam is extracted via third order resonance, which requires a large energy spread
in an unbunched beam, for a slowly extracted beam with stable particle rate. To fulfill
these requirements a phase jump of 180° is implemented, in which the bunch elongates
along the separatrix, and then debunched. For each patient a treatment plan is created,
which specifies the doses each cancer tissue volume should receive. The beam actively
scans the cancer tissue volume. The particle’s deposited doses along its penetration is
mathematically described by the Bragg curve [35]. Its distinctive peak depends on the
particle’s energy. Scanning the tumor tissue with a precision of sub-millimeters thus
requires specific energies and high spatial accuracy, as well as high intensity stability over
1-10s.

2.1 Synchrotron Radio Frequency System

This section provides a brief overview over the synchrotron RF sytstem at MedAustron.
The RF system currently operates the one cavity in the ring with single harmonic mode.
The 0.47-3.26 MHz Finement® loaded wideband cavity is driven by 12 x 1 kW solid state
power amplifiers, which are connected to the LLRF system [36].

The available frequency range would also allow operations with the second harmonic,
which will be tested with the upgrade of the LLRF system [37]. The frequency of the
RF cavity increases with increasing energy and magnetic field strength, as described in
Eq. 1.3l At MedAustron three loops are engaged to regulate the RF frequency. These
loops, used to control the beam’s phase and energy, are implemented in the LLRF system.

2.1.1 Radio Frequency Cavity Loop

The first loops that ensures the RF stability is the cavity loop, as described in [38]. The
cavity is driven by RF power amplifiers, for example a klystron. A probe detects the
RF signal of the cavity, which is evaluated in the field detector. An RF field controller
ensures amplitude and phase stability of the cavity’s field. The regulations systems
should correct for random errors such as phase jitters, bunch charge fluctuations, etc.
with feedback and applying feed forward to compensate systematic errors such as Lorentz
force detuning and beam loading. The regulation can lock unto different parameters to
describe RF, examples for this is the phase and amplitude regulation or the I and Q-
regulation (imaginary and real-component of the RF signal).
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2.1.  Synchrotron Radio Frequency System

2.1.2 Phase and Radial Loop

As described above, the RF frequency defines the particle revolution frequency. The
frequency and phase with respect to the particle bunch are regulated using the feedback
loops of the LLRF system, the radial and phase loop, respectively. Further information
on the design and functionality of the loops can be found in [20)].

To correct differences between the beam and cavity phase the phase loop introduces a
small dw modulation into the linearised synchrotron oscillation (Eq. 2.1).
d*(®)
dt?

A ow
+ D) = = 2.1

The phase loop uses the phase error between cavity sum and the beam measured by
longitudinal pick-ups to apply a linearly proportional dampening factor, dw = —k¢(§>> .
(®) is the phase difference average over all bunches. This loop must react fast to avoid
filamentation. The main goal of the phase loop is to preserve emittance, thus it follows
the beam’s lead.

To keep the beam centred on the reference orbit a radial loop is employed. The controlling
parameter is the radial position error average (R>, measured from transversal pick-ups,
by comparing the sum and delta signal recorded. The correction of the RF frequency
combines the phase and radial loop in dw = —kd)(fi)) — kr(R). With the momentum com-
paction factor Eq. 1.14] and inserting the modulation dw into the linearised synchrotron
motion equation yields

(@) (@) <w§ +ka1‘/005@%>) () =0, (2.2)

dt2 St

In contrast to the phase loop, the radial loop does not dampen the frequency, but increases
or decreases the frequency.

2.1.3 Upgrade of the Synchrotron Low Level Radio Frequency System

The current RF operation at MedAustron is described in [36]. As the components of the
current LLRF system reach their end of life, an upgrade is foreseen in the coming years.
The current systems consists of three VME carrier boards each holding an ADSP-21368
SHARP digital signal processor (DSP)|and two Xilnix Virtex5 field programmable gate
arrays (FPGAs). As these components reach their end of life, the LLRF system will
be upgraded using a micro-telecommunication computing architecture (nTCA)-based

platform controlled by the existing MedAustron control system based on peripheral com-

ponent interconnect extensions express (PXle). A similar upgrade is also performed for
the injector and its beam transfer lines [37][39]. The modular approach allows connection
to components, such as the beam interlock system, which will improve the robustness of
the accelerator. The same hardware can be used for time-of-flight measurements in the
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injector complex and has many application in the synchrotron such as: Beam position
measurements with the shoebox pick-up (PU), Schottky monitor measurements and
control over the radio frequency knock-out (RFKO) extraction.

Advantages of using the pfTCA-crate based LLRF system are the reduction of hardware
components and the enabling of higher RF harmonics. The current system can only
provide a single harmonic at a time, whereas the upgraded system supports operation
with multiple harmonics.

2.2 Operational RF program

Figure 2.2 shows the voltage program along a typical 252.7 MeV proton cycle [36][40].

Typical Voltage Program at Med Austron

40001 M

1. RF Trapping

2. Start Acceleration

3. Prepare Extraction 3
4. Phase Jump

5. RF Channeling

15004 n

Voltage (V)

—664 1]

0.0 0.2 0.4 0.6
Time (s)

Figure 2.2: RF voltage program of a typical 252.7 MeV proton cycle. The red lines show the
activation and deactivation of radial and phase loop. The loops are turned off before the
phase jump. Green region: injection and capture; blue: acceleration, red: flat top (FT) and
extraction preparation.

The beam is injected into the synchrotron with 7MeV and a momentum spread of
Oems = 7 x 1074, The coasting beam is subsequently captured by a constant RF frequency
and an increasing RF voltage, see 1. in Fig. |2.2. A few milliseconds after the initial cap-
ture the phase and radial loop are turned on to regulate the beam. During commissioning
the fixed capture frequency capture was optimised via empty bucket scanning (EBS)| [36].
The beam is kept at flat bottom (FB) after the capture and before the acceleration with
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2.2. Operational RF program

constant voltage and B-field.

The RF voltage program, see 2. point in Fig. 2.2, during capture and the beginning of the
ramp was optimised empirically during beam commissioning by minimising beam losses.
The relevant losses are longitudinal and transverse losses, which have to be balanced. The
longitudinal losses originate in the shrinking bucket as the synchronous phase changes. To
minimise longitudinal losses the bucket area should be kept constant, thus the voltage has
to be increased. A higher voltage in turn means a higher momentum spread, which leads
to an increase in transverse beam size due to dispersion. Figure 2.3a shows the beginning

le2 le2
5 40000 tumns 41 680000 turmns
1 2
07e BT
4 4

AE [eV]
(=]

0.0 0’5 10 15 20 o 9 0 1 2 3 4 o N
Ar[s] le—6 1e2 Ar[s] le-7 le2

a) b)

Figure 2.3: BLonD simulation: a) Beginning and b) middle of acceleration.

of the acceleration process in a BLonD simulation, which only considers longitudinal but
neglects transverse losses. Some particles are lost due to the separatrix closing. The beam
is accelerated with constant energy kicks after finding a stable working point (Fig. 2.3b).

After reaching the desired energy the synchronous phase is set back to &, = 0 at
flat top (FT). The slow extraction implemented at MedAustron requires a large momen-
tum spread. Therefore a phase jump of 180° is applied by switching the phase of the
RF voltage within 10ps, seen in Fig. 2.2/ at point 4. The synchronous phase is set to
the UFP, the beam is "on" the separatrix. From there the particles follow the respective
Hamiltonian equipotential lines, as illustrated in Fig. 2.4. The momentum spread is
increased to d ~1 x 1073.

It was noted during beam commissioning that the phase jump alone did not meet
the requirements for higher proton energies. Consequently, for these energies, the voltage
is further ramped at FT to obtain an additional momentum spread increase prior to the
phase jump. For a 252.7 MeV proton beam, for example, the voltage is ramped from
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663.5 to 4000V, causing an increase in momentum spread from § = 3.6 x 10™% up to
§=59x107%

le2 le2
11222440 turns 11222800 turns

AE [eV]

N
le2

Figure 2.4: BLonD simulations: a) Phase jump of 180° and b) momentum spread blow-up
along the separatrix.

After the expansion at the UFP the RF voltage is turned off, allowing the beam to
unbunch. This beam is ready for extraction. It waits at a stable working point to
either be moved into the resonance or the resonance being moved to it during the slow
extraction, which is why it is also called the waiting beam. At Medaustron the beam is
moved into the resonance via betatron core acceleration.

The extracted beam is called the spill. For medical beams the spill intensity has
to be very stable. To mitigate intensity ripples, for example arising from magnet power
supply ripples, empty bucket channeling is implemented, which is described in more
detail in [41][42]. Empty bucket RF channeling [41] uses an empty bucket created at
the resonance energy with a bucket height a tleast twice a large as the of energy spread
of band of unstable particles (see [35] page 130). The particles are accelerated by the
betatron core and move along the equipotential lines of the bucket. In the longitudinal
phase space the particles follow the equipotential lines created by the RF bucket, without
entering it. The presence of the bucket provides an additional front-end acceleration that
channels the particles towards the resonance [42].
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CHAPTER

Longitudinal Tomography Set-Up
at MedAustron

This chapter outlines the measurement set-up and methods required for implementing
longitudinal tomography at MedAustron and compares the tomographic reconstruction
with other measurements of the momentum spread.

3.1 Acquisition of Beam Profiles

In the synchrotron at Med Austron shoebox pick-ups (PUs) are used for transverse position
measurements, thus also called beam position monitors. The raw signal acquired by
each of the horizontal and vertical PU plates is the turn-by-turn measurement of the
longitudinal bunch profile. This signal is used for the longitudinal tomography, described
further in [5]. The processing of the data for longitudinal tomography is schematically
shown in Fig. 3.1, Each longitudinal profile acquisition is a projection of the phase space
distribution onto the time-axis and comparable to a different angle in a conventional
computer assisted tomography (CT) scan due to the particles’ synchrotron motion. By
arranging many profiles over time a waterfall diagram is constructed. This waterfall
diagram combined with machine and beam parameters, required for the tracking of the
particles, are the input needed for the tomographic reconstruction.

3.1.1 Beam Position Monitors

The raw signal acquired by the PU is the voltage induced in each PU plate as the bunch
passes, which is described in further detail in [43]. The charged particles induce image
charges in the vacuum chamber walls. The wall/image current [y, is inferred from the
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Figure 3.1: Schematic of longitudinal tomography. The upper left picture shows a longitudinal
profile acquired with a PU. The sequentially arrangement of many profiles over time is called
waterfall diagram (upper right). Each profile can be interpreted as a different angle in a
conventional CT scan (bottom left) for the longitudinal phase space (bottom right). By using
parameters describing the longitudinal beam dynamics of the reconstructed system and the
waterfall diagram the phase space can be reconstructed. Bottom left picture taken from [5].

measurement schematic Fig. 3.2 as

A
Iim = Theam 1
7r2aﬁ —iwlhea (w) (3 )

where [ is a length in the longitudinal direction, A the area of the monitor plate, 2a
the distance between the monitor plates and w and g the revolution frequency and the
relativistic factor of the beam respectively. The beam current Ipeam(w) is

wﬁc deeam (t)

Tveam =l 3.2
oo (1) = #20C CP0en (32)

originating from charged ions in the bunch dQpeam- The induced voltage Uiy,

R I
R+ iwRC ™™
is measured across the resistor R and relates to Iheam through the transfer impedance
Zi. The equivalent circuit corresponds to a high pass filter with a cut-off frequency of
Weut = %C, defined by the resistor R and the capacity C. For w > weyt an PU signal with
no phase shift is acquired. The voltage signal is proportional to the bunched beam signal.

Signals with frequencies below the cutoff frequency are attenuated and their phase is
shifted. The PU at MedAustron have high resistance and the capacity is C ~ 10712 F.

Uirn = Ztheam = (33)
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3.1. Acquisition of Beam Profiles
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Figure 3.2: Schematic of a pick-up electrode and its equivalent circuit. The image current [jm,
can be calculated using the area of the monitor plate A, the distance of the monitor plates
2a, the revolution frequency and the relativistic factor of the beam w and 8 and the beam
current Ipeam. The induced voltage Uiy, is measured across the resistor R, which together
with the capacity C' allows a comparison of the pick-up electrode to an equivalent circuit.
Picture taken from [43].

3.1.2 Acquisition Systems

To process the longitudinal profiles two acquisition systems are available at MedAus-
tron. The single acquisition distribution system (SADS) has been in use since the first
commissioning. As components of the low-level radio frequency (LLRF) system reach
their end-of-life and new techniques, such as multi-energy extraction emerge, a new
synchrotron LLRF system based on a micro-telecommunication computing architecture
(nTCA)-crate [37] is being developed.

The processing chain at MedAustron from the PU to the two acquisition systems is shown
in Fig. 3.3 [40]. First the signals are amplified in the head amplifier modules, which are
located in the synchrotron hall close to the PUs and part of the front-end electronics.
This signal is then further processed in the back-end electronics, more specifically the dis-
tribution amplifier, which offers three outputs. The NORM output allows the connection
of the PU signals from the head amplifier to the Normalizer module inputs with short
LEMO® cables. The SCOPE output connects to the SADS. The nTCA-crate connects
to the low-pass filtered ADC output.

Single Acquisition Distribution System

The SADS [40], described in more detail in the Appendix, comprises three oscilloscopes,
which are used for acquiring, processing and observing of analogue signals and are
connected to the main timing system and the signal routing control. This offers a
selection from 144 analogue signals with 50 MHz and 8 analogue signals with 500 MHz
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Figure 3.3: Schematic of processing chain from PU signal to SADS and pTCA-crate.

frequency range. The oscilloscopes used are MSO 5054B from TEKTRONIX with a band
width of 500 MHz and a sampling rate of up to 5 GS/s. The internal data storage can
hold up to 5 x 108 samples and should not be exceeded.

Micro Telecommunication Computing Architecture based Set-up

The nTCA-based system, described further in [37] and the Appendix, will be used for
beam measurements required for the new LLRF system for the RF system in the injector
and the synchrotron at MedAustron. The pTCA-crate has the option to generate an
internal reference clock or to synchronize to an external clock. A valid external reference
clock could be provided by MedAustron’s timing system. As this reference clock is
derived from the GPS time, it allows higher accuracy and a better compatibility to the
MedAustron infrastructure. The nTCA-crate is capable of sampling PU (or other) data
at rates up to 1 GS/s and a frequency range of 400 kHz to 500 MHz. Up to ~ 60 ms of
raw ADC data at the highest sampling rate can be digitalised and stored. Data can be
preprocessed and demodulated for beam phase and position measurements, which are
used in the LLRF system.

3.1.3 Data Processing

The pre-processing of the data is the most computationally extensive part of a full
tomographic reconstruction at MedAustron. The PU data was obtained as stream of
values. For the tomography the relative position of the profiles to each other is of great
importance, so the correct ’slicing’ of the data was crucial. The first attempt was to rely
this pre-processing step on [fast Fourier-transformation (FFT). However, estimating the
revolution frequency with the precision needed for this pre-processing step from FFT
requires a periodic signal over several milliseconds, which is not applicable, as the number
of acquired data points exceeds the internal storage of the SADS, when acquiring with
a sampling rate of 1 GS/s, and the LLRF loops change the frequency during normal
operation. If the signal is sliced based on an imprecise frequency estimate, the beam
erroneously appears to feature a turn-by-tun phase slip. In Fig.|3.4 the waterfall diagrams
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Figure 3.4: Waterfall diagram of an pTCA-crate measurement at a) FB and b) FT of a
proton beam arranged with FFT. In a) the capture process of a coasting beam from frame
0 to &~ 8000 frames is shown. At =~ 13000 frames the beam stabilises and the acceleration
begins. In b) the accumulation of a slight frequency error contorts the beam phase as shown
in the waterfall diagram. After ~ 52000 frames the phase jump and the debunching of the
beam, described in Section 2.2, can be observed.

of pTCA-crate data acquired at FB and FT of a 252.7 MeV proton beam, arranged via
FFT, are shown. The waterfall diagram at FB depicts the capture and the start of
the acceleration process. The coasting beam is captured in an increasing RF bucket
and stabilised with the LLRF loops, which were discussed in Section |2.1.2. The rising
frequency of the beam, as it is accelerated, makes an accurate depiction of the longitudinal
profiles with FFT very difficult. Even a stationary beam, such as the proton beam at
FT, shown in Fig. 3.4b, accumulates a phase error, if the frequency resolution of the
FFT is not precise enough.

04
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Figure 3.5: The raw PU signal's periodicity is determined with the recorded RF signal by
finding the zero-crossings of the RF signal and selecting every second zero-crossing as the
start of a new profile.
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Figure 3.6: The profiles are then arranged into a waterfall diagram, shown here, with the
symmetry point in bright blue, see Eq.|3.4. In this measurement quadrupolar-mode oscillations
were introduced 1 ms after the beginning of the acquisition, see Sections 4.1.3| and 4.4.2| for
further details.

A remedy was found by measuring the RF voltage signal and its periodicity with
the SADS, simultaneously to the PU measurements. The RF signal has a clearly defined
periodicity. The beam will always be confined within the period of the acquired RF
signal ® € [—m, ), see Fig. 3.5. Thus the RF period was used to cut the data stream into
separate beam profiles, which were sequentially arranged to form a waterfall diagram,
see Fig. 3.6l Since the RF signal and the PU-signal are measured at different locations in
the ring, a phase shift between beam and RF signal is observed. After determining the
revolution frequency, the symmetry point [44] for each turn is calculated by

D147

A=|3 f(@) - > f@) (3.4

b1 —7

which finds the phase ®;, which minimises the Riemann sum of the left hand and right
hand side of the PU-signal. This calculation is useful for estimating the bunch centroid’s
phase.

3.2 Tomographic Reconstruction

The longitudinal tomography requires the signal obtained from the PU formatted turn-
by-turn. The tomography code [10][5][11] provides a baseline correction with the first 5%
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3.2. Tomographic Reconstruction

of the reference profile and normalises the turn-by-turn signals. In the documentation of
the tomography the raw, but formatted data is called frames and the baseline corrected
and normalised signals are referred to as profiles. The flow chart for the tomography
reconstruction are briefly summarised here, for more details of the implementation in the
code see Section [1.3.2:

o First the PU-signal and RF voltage signal are measured with a fitting sampling
rate for at least half a synchrotron periods.

e The pre-processing of the acquired data includes the arranging into turn-by-turn
signals and the calculation of the centroid bunch’s phase.

e An input file, formatted as shown in the Appendix, has to be created with the
necessary parameters, described in the next section, and the raw but arranged
profiles.

e The tomography algorithm first creates a phase space, which is defined by the input
parameters, populates it with particles and tracks them over all turns provided by
the measurement data.

e Then the baseline corrected and normalised profiles from the measurement are
compared to the reconstructed profiles and the weights of each particle are adjusted
to minimise the difference. The resulting phase space distribution can be used to

calculate the relative momentum spread, bunch length and longitudinal emittance.

The output is visualised in a graph similar to Fig. 3.7.

3.2.1 Input Parameters

As mentioned before the tracking of the particles is based on user-defined input regarding
beam and machine parameters. The input parameters for the tracking of particles and
tomographic reconstruction are listed here, further information on parameters and the
longitudinal tomography can be found in [I1]:

¢ Number of profiles: The number of profiles in the measurement data should at
least cover one half of a synchrotron period. Further, it is stated as a practical rule

of thumb [5] to chose the number of profiles similar the number of bins per profile.

e« Number of bins per profile: This value is determined by the time resolution of
the measurement and the user’s decisions how much no-beam data to include.

¢ Width in seconds: The time resolution of the measurement.

e Maximal energy: This value defined the energy range +Fy,.x of the longitudinal
phase space, which is considered during reconstruction. It can either be given by
the user or ascertained by the algorithm. The phase space is divided in discrete
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Figure 3.7: The reconstructed phase with the output parameters longitudinal emittance,
root-mean-square of the relative momentum distribution and the root-mean-square of the
relative time distribution.

intervals of time and energy. The energy bin width is given by 2F .« divided by
the number of bins per profile. With prior knowledge of the maximal deviation
from the synchronous particles’ can be estimated and the binning refined.

Rebinning factor: By rebinning the profiles the number of data points used for
the reconstruction is reduced, which reduces the required computational resources.

Time in bins of the synchronous phase: This value can either be ascertained
by the algorithm or defined by the user, as might be advantageous in some cases.
It describes the relative position of the synchronous particle within the reference
beam profile. Currently the best estimation is the calculated symmetry point,
see Eq. 3.4, This allows the determination of the time bin of the synchronous
particle within ~ +5 bins. For a 252.7 MeV proton cycle at FT recorded with 1 GS/s
defining the synchronous phase using this procedure results in a phase uncertainty
of approximately 4.24°.

Number of turns between profiles: The number of profiles should be similar
to the number of bins per profile but span at least half of one synchrotron period.
Thus not all profiles are selected for tomographic reconstruction but for example
every 10th turn over one synchrotron period. By giving this value the tracked
particles are projected every 10th profile and the projected profile is compared to
the measured profile.
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3.2. Tomographic Reconstruction

Iterations: 20-30 iterations of projection and back-projection, as described in
Section |1.3.2, have been found to be sufficient.

Square root of test particles per cell: This parameter is used for defining the
initial longitudinal phase space distribution of the test particles prior to tracking.
The user can either choose a custom distribution or the distribution is created
by uniformly populating each phase space cell. This input parameter is used for
defining the number of test particles in the second case. 2-4 are acceptable values
for our application, depending on the computational effort. For example the phase
space cell t € (ts,ts + At] and E € (Es, Es + AE] with t; and Eg the synchronous
particle’s coordinates in phase space and At and AFE the bin width in time and
energy is populated with 22 particles with the following coordinates:

— Particle 1: (ts + %, E,+&E
— Particle 2: (t5 + At, Es + %
— Particle 3: (¢5 + %, Es + AE)
— Particle 4: (t; + At, Es + AFE)

)
)

These particles are then tracked along the iso-Hamiltonian according to the other
input parameters.

Flag for population: The user can choose to either distribute test particles
within the separatrix (= 0), which is calculated based on the RF input parameters,
or all cells of the longitudinal phase space (= 1).

Peak RF voltage of principal RF system and its time derivative: This
value is of particular importance as it is usually the least well defined. It is used in
the determination of the reconstruction area (separatrix) and crucial for accurate
tracking.

Harmonic number: The harmonic number of the principal RF system is currently
h = 1 at MedAustron, but the algorithm is capable of the reconstruction with
higher harmonics.

Dipole B-field and its derivative: In the tomography algorithm this value
is used to calculate the energy and revolution frequency of the beam, knowing
the machine circumference. At MedAustron, the frequency and the energy at FT
are known with high accuracy, compared to the B-field. Consequently, as the
final parameters of interest are the frequency and the energy, the B-field, which
is provided as input parameter for the tomography is considered as a working
parameter and is computed so that it returns the actual measured frequency. It
is worth noting, that the synchrotron at MedAustron commonly operates off-

momentum with momentum offsets of —p:O(IO_?’). As the computation in the

tomography code does not consider any radial loop offsets, the B-field has to be
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regarded as a virtual, effective B-field to provide the respective revolution frequency
for a specific energy.

Machine parameters: The machine radius, the bending radius and the transition
energy fall beneath this category.

Beam parameters: The rest energy and the charge state of the particles.

Space charge parameters: If desired the tomography can perform its tracking
including direct space charge effects. As their contribution can be neglected at
MedAustron due to low intensity, this option was disabled for now.

Tomoscope parameters: These parameters allow to save the output of the
reconstruction at different time frames. The created phase space images can be
spliced together in an animation, allowing for great visualisation of the phase space.
An example: In measurement of 4000 turns every 10th turn was selected as input
for the tomography. If the tomoscope option is enabled the reconstructed phase
space distribution can be visualised every x-th turn. With this option an animation
of the evolution in phase space is possible.

An example file is shown in the Appendix. The tomography code provided by CERN [10] [5]
has been installed on the Linux server at MedAustron. The server provides 8 cores per
CPU. A reconstruction based on the following input parameters takes about 90 seconds
on the Linux server at MedAustron, with memory usage of 725.52 MB and 78 % CPU
usage:

400 raw profiles with 10 turns between profiles between each profile are used as
input data.

The profiles have been acquired with a sampling rate of 1 GS/s and thus a bin
width of 1ns.

Restricting the signal to the region of interest around the bunch centroid, only 170
of the 422 bins per profile were used.

The test particle distribution is initialised with 3% particles per phase space cell.
The longitudinal tomography is run over 30 iterations.

The tomoscope option, which provides the phase space distribution every x-th turn,
is enabled to visualise the phase space every 10th profile.
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3.3. Alternative Methods for Measuring the Momentum Spread

3.2.2 Further Notes on the Implementation at MedAustron

Section 4.3 will discuss uncertainties concerning the RF voltage at MedAustron. As a
result of these findings, the input voltage for the tomographic reconstruction is specified

as
Viee = 1.42 X Viom, (3.5)

where Vyom is the voltage as measured by the RF system.

Further, all measurements presented in this thesis are acquired with the horizontal
pick-up MR-04-000-PUH. Selected tests with other PUs where performed during the
preparation for these studies, which did not result in any significant difference between
the PUs. All measurements further used the sum of the plates signal (3-signal) of the
PU plates, which is justified in Section [4.2.

3.3 Alternative Methods for Measuring the Momentum
Spread

An important output of the longitudinal phase space reconstruction described in tomog-
raphy set-up is the momentum spread and its evolution over the measured time intervall.
In this section alternative measurement methods for the momentum spread, the Schottky
monitor and empty bucket scanning (EBS), are presented.

3.3.1 Schottky Monitor

Schottky monitors in synchrotrons measure the signal caused by fluctuations of charge
carriers as they repeatedly pass the monitor. The current of coasting beams, under the
assumption of randomly distributed particles, which are characterized by their phase 6,
and have the same revolution frequency fy, can be described as

N N oo
I(t) = efo Z cos (0,,) + 2efo Z Z cos (2 foht + hO,,) (3.6)
n=1

n=1h=1

as explained in Peter Forck’s lecture on "Beam Measurements using Schottky Signal
Analysis" [45]. The integral power of each harmonic P, = Z;(I?)}, is constant. While
the coasting beam’s spectrum displays only incoherent single particles contributions, the
spectra of bunched beams are expressed as

N
I(t) = ewp 3 Gan(wot + 6(Qn, By + D)) (3.7)

n=1

with do, being the periodic Delta-function, 6 being the azimuthal angle between nth
particle and the bunch centre depending on the synchrotron frequency 2, and the
initial phase ®,,, as described in detail in [46]. The measured signal is processed by a
spectrum analyser, which evaluates amongst other parameters, the revolution frequency
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distribution. With the relation Eq. [1.21 the relative momentum spread can be obtained.
These measurements can be quite slow as the spectrum analysers sweep through the
frequency span A f; slow enough to provide the required frequency resolution A f,.. While
the tomography measurements takes =~ 2 — 4 ms acquiring data within one synchrotron
period, the Schottky frequency analyser measurement takes up to 100 ms.

3.3.2 Empty Bucket Scan

Another method of measuring the momentum spread is the EBS. This method has been
used during the commissioning at MedAustron [36] and is based on moving a small
bucket of 5 to 10V slowly, i.e. with a ramp rate of df /dt ~2kHz/s, through the relevant
frequency range. During the ramp, the part of the beam matching the bucket frequency,
is displaced and the longitudinal PU-signal changes. Recording the signal as I and Q
value by demodulation allows the calculation of the momentum spread. This method is
not applicable for normal operation. Firstly, it requires a specifically modified cycle as
the EBS takes up to seconds. Secondly, it is an invasive measurement technique, which
makes the beam unusable for further usage.

3.3.3 Comparison of Measurement Methods

In Table [3.1/ the three mentioned measurement methods, Schottky spectrum analyser,
EBS and tomographic reconstruction, are compared. It is worth highlighting, that even
if measuring the momentum spread of a bunched beam with the Schottky monitor, the
long acquisition time averages any information regarding the evolution of the momentum
spread. The tomography offers a non-invasive method to visualise the longitudinal
phase-space distribution and its evolution.

Technique | Required time Beam Non-invasive | Phase-space
Tomography 2-4ms bunched v v
Schottky 100 ms both* v
EBS 1-2s coasting / unbunched

Table 3.1: Comparison of different momentum spread measurement methods concerning the
required acquisition time in order of magnitude, the compatibility with coasting or bunched
beam, whether the beam is disturbed or not and whether the results yield transient behaviour
in phase space or an averaged value of the momentum spread. *While the Schottky frequency
analyser works with bunched and coasting beams, the method has proven to be more reliable
for unbunched beams at MedAustron [47].
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CHAPTER

Benchmarking Measurements and
Simulations

This chapter presents measurement results to benchmark the newly implemented lon-
gitudinal tomography set-up. An overview of the presented test cases is provided in
Section 4.1. As preparatory study in Section 4.2, the profiles of the two available acqui-
sition systems are compared and evaluated regarding their suitability for tomographic
reconstruction. Section |4.3 describes a suspected radio frequency (RF) voltage error,
which was observed during the presented studies, and discusses the consequent beam-
based RF voltage calibration and its implications for the implementation of longitudinal
tomography at MedAustron. In Section 4.4/ the tomography results for various test cases
are presented, including beam capture after injection, matched and mismatched beams
at flat top (FT). The reconstructed phase space distributions and common longitudinal
beam parameters, i.e.

¢ longitudinal emittance e, = mogoy
¢ root-mean-square of the relative momentum spread g

¢ bunch length, defined as [ = 40, in this thesis,

are shown. The overall performance of the tomography set-up at MedAustron is sum-
marised and discussed in Section 14.5.

4.1 Settings for Measured and Simulated Test Cases

For all measurements, the longitudinal signal was obtained by two acquisition systems:
SADS and pTCA-crate, which have been described in detail in Section [3.1.1. If not
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Figure 4.1: Comparison of normalised sum X-signal and direct plate signals acquired from
the same PU (MR-08-000-PUH).

otherwise specified the Y-signal of the horizontal pick-up (PU) MR-04-000-PUH with a
sampling rate of 1 Gs/s was used. Several test were devised to benchmark the performance
of the newly implemented tomoscope, particularly aiming at the following:

¢ Optimise the data acquisition and the pre-processing procedure.

o Evaluate the tomographic reconstruction of operational, matched beams of different
ion species at different energies and intensities.

e Benchmark the tomographic reconstruction using the developed set-up by recon-
structing non-nominal, mismatched longitudinal distributions.

4.1.1 Preparatory Measurements

First preparatory measurements for developing the data acquisition procedure were per-
formed. One aim of these measurements was to compare the raw signal of a single plate,
referred to as direct plate signal, with the sum signal of the two PU plates. The second
objective was to select a suitable input impedance of the SADS. Figure|4.1] illustrates both,
direct plate and sum signals, measured with the MR-08-000-PUH. The measurements
are taken at fflat bottom (FB) of a proton beam, directly after the capture. It should be
noted, that Fig. 4.1, aims at a purely qualitative comparison, as the individual signals are
acquired from different cycles. The overall form of the >-signal is reflected in the direct
plate signals. However the Y-signal is less noisy and was thus chosen for the tomographic
reconstruction.

The termination of the nTCA is 502, whereas the SADS allows the user to select
an input impedance of either 50 or 1 M€). As Fig. 4.2 depicts, the 50 ) termination
provides a more symmetric and clearer signal and was thus chosen in the following
measurements. This can be explained by the 50¢) termination suppressing internal
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4.1. Settings for Measured and Simulated Test Cases
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Figure 4.2: Comparison of the acquired signal with the SADS when measuring with 502 and
1 M termination. The illustrated data belongs to measurements taken at FT of a 252.7 MeV
proton cycle and are baseline corrected and normalised.

reflections [48]. The signals will be further compared in Section 4.2 for different energies
and intensities.

4.1.2 Settings for Matched Beams

The first measurement series, labelled P1-P5, aims at reconstructing the phase space of
operational proton beams with nominal RF settings, but different intensities. For each
entry shown in Table 4.1] three measurements were performed. The acquisition starts
with a trigger from the main timing systems, which was either StartEVS, i.e. triggers at
FT 23 ms before the phase jump (compare to Fig. 2.2), or StartAcceleration (StartAcc),
which triggers at FB, after the capture and before acceleration.

Label | Kinetic Energy [MeV] | Trigger | Percent of design intensity | Results in Sec.
P1 7 FB 100 Section [4.4.1] |
P2 7 FB 50 Section 4.4.1
P3 62.4 FT 100 Section 4.4.1
P4 62.4 FT 50 Section 4.4.1
P5 252.7 FT 100 Section 4.4.1

Table 4.1: Parameter overview of the benchmarking experiments for reconstructing the
longitudinal phase space distribution for matched proton beams.

A similar test series with nominal RF settings was conducted with carbon beams.
Table |4.2 shows the specifics of the applied cycle. For each cycle three measurements
were done.
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Label

Kinetic Energy [MeV /u]

Trigger

Percent of design intensity

Results in Sec.

C1
C2
C3
C4
Ch

7
7
120
120
402.8

FB
FB
FT
FT
FT

100
20
100
20
100

Section 4.4.1] |
Section 4.4.1
Section 4.4.1
Section 4.4.1
Section 4.4.1

Table 4.2: Parameter overview of the benchmarking experiments for reconstructing the
longitudinal phase space distribution for matched carbon beams.

4.1.3 Settings for Mismatched Beams

In order to test the validity of the reconstruction intentional mismatches were introduced.
The test cases included instantaneous jumps of the RF voltage, resulting in a mismatch
between bucket shape and the longitudinal phase space distribution (Section 1.1.6), as well
as instantaneous phase and energy offsets of the bunch with respect to the synchronous
particle. For these measurements the regulation loops were turned off 10 ms before the
measurements. These measurements were taken at FT of a 252.7 MeV proton cycle with
no voltage ramp to 4000V, opposed to the normal operations, see Fig. 2.2, and 100%
intensity. The parameters for each test case are listed in the Tables 4.3 to 4.5. The
results from these measurements can be found in Section 14.4.2.

Settings for Introducing Quadrupolar-Mode Oscillations: The tests concerning
the reconstruction of quadrupolar-mode oscillations were performed with a stationary
252.7MeV proton beam with nominal intensity, as listed in Table 4.3. The instantaneous
jump in the RF voltage was applied 1 ms after the trigger event. The newly set voltage
(900 or 1500V) is reached within 30-50 ps, which corresponds to approximately 1/10 of a
synchrotron period and is hence non-adiabatic. As the voltage increases, the bucket height
increases as well. For instantaneous, which means very fast compared to the synchrotron
period, voltage changes the longitudinal distribution no longer matches the bucket and
starts to oscillate. During these oscillations the beam’s centre of mass’ position in the
longitudinal phase space does not change. Instead the shape and orientation of the
longitudinal distribution in phase space oscillate. The input for BLonD simulations uses
to specified voltage jump from 663.5 to 900 or 1500 V. The radial and phase loop were
turned off 11 ms before the voltage jump.

Label | Kinetic Energy [MeV /u] | Trigger | Jump to [V] | Jump from Vyom [V]
V1 252.7 FT 1500 663.5
V2 252.7 FT 900 663.5

Table 4.3: Parameter overview of the benchmarking experiments for reconstructing the
longitudinal phase space distribution during quadrupolar-mode oscillations.
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4.1. Settings for Measured and Simulated Test Cases

Settings for Introducing Dipolar-Mode Oscillations: In dipolar-mode oscillations,
the whole bunch is off-centre and starts to rotate around the synchronous particle. This
can be caused by an energy offset, which corresponds to an offset between revolution
frequency and RF frequency, or phase offset between the bunch centroid and the syn-
chronous phase. Such a phase offset was introduced at MedAustron by applying a small
frequency offset over a limited time, according to the program shown in Fig. |4.3. The

N
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Figure 4.3: Applied short frequency offset to accumulate a phase offset between bunch
centroid and synchronous particle, inducing dipolar-mode oscillations.

frequency program jumps to the specified frequency offset, stays at that offset for 20 s
and then returns to the fixed frequency. The expected phase offset per turn in degrees is
calculated with

Af
7
The resulting phase offset was modeled in BLonD by introducing a phase jump of the

A® = 360° (4.1)

expected value at FT, by loading the beam distribution with the expected energy offset.

For test case F1, which is matched for 663.5V and a frequency of 2368143.8 Hz, an energy
offset of 143.7keV was calculated for a phase offset of 36°. Similarly, for the test case F2
an energy offset of 287.5keV was calculated for a resulting phase offset of 72°. Table |4.4
shows the test series F, which was carried out with a stationary 252.7 MeV proton beam
of 100% intensity. The LLRF loops were turned off 11 ms before the induced phase offset.

Label | Kinetic Energy [MeV /u] | Trigger | Frequency Offset [kHz| | Expected Phase Offset

F1 252.7 FT ) ~ 36°
F2 252.7 FT 10 ~T72°

Table 4.4: Parameter overview of the benchmarking experiments for reconstructing the
longitudinal phase space distribution during dipolar-mode oscillations.
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Another cause for dipolar-mode coherent bunch oscillations in longitudinal phase space is
an offset in energy. This was introduced in the MedAustron control system by applying
a constant frequency offset at F'T. The experiments were performed with a 252.7 MeV
proton beam. Compared to the operational cycle, the voltage ramp, which is operationally
applied at FT to increase the momentum spread prior to the phase jump, was removed
in the test cycle. To avoid losing the beam, it is important to assure that the introduced
energy offset is smaller than half the bucket height. The height of the separatrix was

calculated according to

applied.

qV
max — = q)s
Oma 2\/ QWBQEh|77|Y( )

and used to estimate the frequency offset needed to achieve a 45° phase offset [2]. For
252.7MeV and the nominal voltage, 663.52V, a frequency offset of 350 Hz needs to be

(4.2)

The same test, i.e. introducing an energy offset between bunch and synchronous particle,
is repeated for a larger RF voltage and hence bucket height. In this case the voltage is
adiabatically increased from 663.5 to 900V before applying a frequency offset of 416 Hz.
The parameters of both experiments are listed in Table 4.5, The LLRF loops are turned
off 11 ms before the respective changes in the RF frequency. To simulate these measure-
ments in BLonD, the frequency jump was introduced in simulation by introducing an
instantaneous path length decrease to mimic the increased driving RF frequency. The
matched beam distribution is then loaded into the new ring with an initial, calculated
energy offset.

Label

Kinetic Energy [MeV /u]

Trigger

Frequency Offset [Hz]

Nominal Voltage [V]

K1
K2

252.7
252.7

FT
FT

350
416

663.52
900

Table 4.5: Parameter overview of the benchmarking experiments for reconstructing the
longitudinal phase space distribution during dipolar-mode oscillations.

4.2 Analysis of Acquired Longitudinal Profiles

In this section the impact of the beam energy and the intensity on the measured PU-signal

will be discussed.

Comparison of SADS and nTCA-crate Acquisitions at FB

Figures [4.4 and /4.5 depict the signals obtained from SADS and nTCA-crate, when
measuring a 7MeV proton beam. These measurements were taken at FB, prior to
acceleration and related particle losses. Several differences between the SADS and the
pTCA-crate acquisition are evident. Firstly, the low-pass filtered nTCA-signal from
acquisition chain, see Section 3.1.2, is less noisy than the SADS signal. Another apparent
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Figure 4.4: Comparison of the longitudinal profile acquired with MR-04-000-PUH (baseline
corrected and normalised) acquired after capture of a 7MeV proton beam. a) X- and
A—signal acquired with the SADS, b) - and A—signal acquired with the pTCA-crate and
c) comparison of X-signal acquired with SADS and pTCA-crate.
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Figure 4.5: Comparison of the longitudinal profile acquired with MR-04-000-PUH (baseline
corrected and normalised) acquired after capture of a 7 MeV proton beam. a) - and A-signal
acquired with the SADS, b) 3- and A-signal acquired with the pyTCA-crate and c) comparison
of X-signal acquired with SADS and pTCA-crate.

difference between the two acquisition systems is the baseline and general shape of the
signal. Especially noteworthy that the no-beam-signal is the same before and after the

beam in the profile acquired with the SADS, but differs for the pTCA-crate measurement.

These differences in signal shape are also evident when regarding the side-peak in Figs. 4.4
and |4.5¢c. Directly after the capture the beam is still filamenting and unevenly distributed
over the phase space. Consequently the profile features peaks, which correspond to
particle accumulations which oscillate around the synchronous phase with a phase offset
of ®~102°. The width and the height of the peak does not change drastically within one
synchrotron period. The SADS measurements confirms this assumption. The fast rise
before, seen in Fig. |4.4c, and decline in pTCA-signal, seen in Fig. 4.5¢c, after the beam

are less reliable for tomography than the proportional peaks of the SADS acquisition.

The asymmetrical peak height in the pTCA measurements increases the discrepancy of
the reconstruction.

Figures 4.6 and 4.7 show a that s similar characteristic is observed for 7MeV /u carbon
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Figure 4.6: Comparison of the longitudinal profile acquired with MR-04-000-PUH (baseline
corrected and normalised) acquired after capture of a 7MeV/u carbon beam. a) %- and
A-signal acquired with the SADS, b) - and A-signal acquired with the pTCA-crate and c)
comparison of Y-signal acquired with SADS and pTCA-crate.
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Figure 4.7: Comparison of the longitudinal profile acquired with MR-04-000-PUH (baseline
corrected and normalised) acquired after capture of a 7MeV/u carbon beam. a) ¥- and
A-signal acquired with the SADS, b) - and A-signal acquired with the pTCA-crate and c)
comparison of Y-signal acquired with SADS and pTCA-crate.

Comparison of SADS and nTCA-crate Acquisitions at FT

For measurements at FT of a 62.4 MeV proton beam the pTCA-crate delivers a more
symmetrical signal than the SADS acquisition, see Fig. 4.8c. The signal-to-noise ratio of
sum Y- and difference A—signal of SADS and pTCA acquisition is comparable. Espe-
cially the low-pass filtered n'TCA signals in Fig. 4.8b have very similar signal-to-noise
ratios. The figure however exhibits a slight phase offset between - and A-signal. When
comparing the ¥-signal of the two acquisition systems the most noticeable difference is
the asymmetry in the SADS signal, referred to as tail. When performing a tomographic
reconstruction, this tail will cause an increase in the reconstructed momentum spread
and emittance, as can be seen in the Section 4.4.

For higher energies the bunch length is shorter and the peak signifying the beam becomes
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4.2. Analysis of Acquired Longitudinal Profiles

smaller for constant sampling rates. In Fig. 4.8a-b the difference between A- and Y-signal
is more notable in both SADS and pTCA-crate acquisition.
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Figure 4.8: Comparison of the longitudinal profile acquired with MR-04-000-PUH (baseline
corrected and normalised) acquired at FT of a 62.4 MeV proton cycle with 100% intensity: a)
Y- and A-signal acquired with the SADS, b) - and A-signal acquired with the pTCA-crate
and c) comparison of Y-signal acquired with SADS and puTCA-crate.
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Figure 4.9: Comparison of the longitudinal profile acquired with MR-04-000-PUH (baseline
corrected and normalised) acquired at FT of a 252.7 MeV proton cycle with 100% intensity: a)
Y- and A-signal acquired with the SADS, b) - and A-signal acquired with the pTCA-crate
and c¢) comparison of Y-signal acquired with SADS and pTCA-crate.

The signals from carbon beam show the same behaviour and will be discussed in the next
paragraph in regards to different intensities.

Comparison of SADS and pTCA-crate Acquisitions of Beams with Different
Intensities

These tests aimed at qualitatively comparing the acquired longitudinal profiles for beams
with different intensities, using a 120 MeV /u carbon beam of nominal intensity (100%)
and a carbon beam with reduced intensity (20%). The FT, Fig. 4.10, and FB comparison,
Fig. [4.11, show that the longitudinal profile are comparable to full intensity profiles
and can be used for the tomographic reconstruction. However, in several turns of the
20% intensity beam signal baseline distortions have been observed. Examples of this
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Figure 4.10: Comparison of the longitudinal profile acquired with MR-04-000-PUH (baseline
corrected and normalised) acquired at FT of a 120 MeV /u carbon cycle with 100% intensity
and 20% intensity: a) X-signals acquired with the SADS and b) Y-signals acquired with the
pTCA-crate.
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Figure 4.11: Comparison of the longitudinal profile acquired with MR-04-000-PUH (baseline
corrected and normalised) acquired after capture of a carbon beam with 100% intensity and
20% intensity: a) Y-signals acquired with the SADS and b) ¥-signals acquired with the
pTCA-crate.
are shown in Figs. |4.12 and |4.13, where the baseline for two profiles of the same cycle
differ. This distortion impairs the quality of the tomographic reconstruction, which is
still reasonably good for the test cases presented in this thesis. For low flux beams the
tomography set-up as it is now might need to be further improved.
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4.3. Radio Frequency Voltage Calibration
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Figure 4.12: PU profile (sum signal) recorded with the SADS after capture of a carbon beam
with 20% intensity. Signal 1 and 2 are from the same cycle, with two turns between the
signals.
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Figure 4.13: PU profile (sum signal) recorded with the SADS at FT of a 120 MeV /u carbon
cycle with 20% intensity. Signal 1 and 2 are from the same cycle, with two turns between
the signals.

4.3 Radio Frequency Voltage Calibration

Initial tests, particularly when aiming to reconstruct mismatched distributions, showed
that the reconstruction did not perform as expected when using the nominally assumed
machine and beam parameters as input parameters. The reconstructed profiles and
the measurements did not align. However, varying the assumed RF voltage, when
defining the input parameters for the tomography, lead to better reconstructions with
lower discrepancy between measured and reconstructed profiles [49]. This can be seen
in Fig. 4.14, which compares the reconstruction performance under the assumption
of different RF voltages for different test cases. The quality of the reconstruction
was evaluated via the discrepancy, as introduced in Eq. [1.49. The voltage used for
reconstruction is given in relation to the operationally assumed voltage Vyom. In each

discrepancy-voltage plot of proton cycles a minimum can be observed at ﬁ ~1.43.
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Figure 4.14: Reconstruction discrepancy for different input voltages. The input voltage for
the tomography is stated in relation to the operationally assumed voltage. The different test
cases shown are a) Voltage jump from 663.5 to 1500V at FT of a 252.7 MeV proton cycle,
b) FT of a 62.4 MeV proton cycle with 50 % intensity, c) FB of a proton cycle, d) FT of a
252.7 MeV proton cycle with an constant frequency offset of 350 Hz and e) FB of a carbon
beam. In all proton test cases the discrepancy is minimised for ﬁ%l.él?), whereas the
reconstruction of the carbon measurements is best for ﬁ ~1.46.
To ensure the voltage mismatch is not only present in the reconstruction, the waterfall
diagram of each test case is investigated in the next section, with particular focus on
extracting an estimate of the synchrotron tune from measurements and comparing it to
simulations and analytic approximations.
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4.3. Radio Frequency Voltage Calibration

4.3.1 Synchrotron Tune Investigations

The waterfall diagrams of the test cases, whose minimisation of the discrepancy with
higher input voltages was already shown in Fig. 4.14] were carefully analysed.

V1, Quadrupolar-Mode Oscillations due to a Voltage Jump of 126%: Fig-
ure [4.15| shows the measured and simulated waterfall diagram of a 252.7 MeV proton
beam, which is mismatched at F'T due to an instantaneous voltage jump from 663.52 to
1500 V. The waterfall clearly features the expected quadrupolar-mode oscillations due
to the bucket height increase by 50%, which is initiated by the applied voltage jump as
the longitudinal distribution no longer matches the bucket shape. The time intervals
corresponding to both long and short bunch lengths or small and large momentum
spread, respectively, are indicated in Fig. 4.15 with a blue and red box. The bright blue
line represents the symmetry point for each tun, calculated with Eq. |3.4. By visually
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Figure 4.15: Waterfall diagrams, when instantaneously increasing the bucket voltage from the
nominal 663V to 1500V, test case V1. The profiles are acquired with the a) SADS, the b)
puTCA-crate and c) BLonD simulations. The red box indicates a time interval, during which
the beam has a small bunch length and large momentum spread 6 . The beam subsequently
rotates in phase space, increasing the length and decreasing § (blue box).

determining the turns needed for the beam to complete one synchrotron period, the
synchrotron tune can be estimated. For quadrupolar-mode oscillations the borders of
every second high relative momentum spread region were used to estimate the middle of
this region, see Fig. 4.16. Estimating the synchrotron tune from the measurements yields
Qs = 5.2 x 1074 =1928 turns. The difference to the synchrotron tune, given as output
in BLonD simulation and computed analytically, Qs = 4.4 x 10~% = 2246 turns can be
explained by a discrepancy in the assumed cavity voltage. From the equation for the
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Figure 4.16: Waterfall diagrams of V1 zoomed in with visualisation of the synchrotron tune.
Between each BLonD simulation frame 10 turns were performed (note the different horizontal
scale).

synchrotron tune

ws _ ¢ hqV' o cos (®s))| (4.3)

QS’O - wo 27T,32E

the relation

can be derived. This observed difference in synchrotron tune can be explained by a
voltage mismatch of Vo 1.35 x V;. Lastly, in order to establish the validity of the
visual estimation of the synchrotron tune described above, the simulated tune is also
determined from the BLonD simulation waterfall, which leads to Qs = 4.3 x 1074 = 2345
turns. The difference of ~ 100 turns is attributed to errors when visually determining the
maxima and minima of the oscillations, which is enhanced by the fact that only every
10th simulated profile is saved for the waterfall diagram. Looking at the propagation of
uncertainty for the synchrotron tune (Eqs. 1.27 and 4.3)

Ny X\ 4 990

ov 0E 8ac (45)

AQ =

shows 2 8V ~1077, g—% — 10712, if p and B are expressed with E and Ey, and L ~1074,
Consequently, the energy dlfference for a discrepancy in synchrotron tune of O (10 )
has to be of O (10MeV). In a medical synchrotron the energy is well defined thus an
energy offset of several 10 MeV can be ruled out. The momentum compaction factor a.
would have to change by 47% to facilitate the synchrotron tune change from 4.4 x 1074 to
5.2 x 1074, As the momentum compaction factor is defined by the lattice, a discrepancy
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Figure 4.17: Waterfall diagrams at FT of a 62.4 MeV proton cycle with 100 (P3) and 50 %
(P4) intensity recorded by pTCA-crate. The waterfall of the lower intensity shows dipolar-
mode oscillations.

this big is improbable. The other parameters h = 1, ¢ = 1 and Ey = 938.272MeV are
also well defined. The only variable that is suspect to change is the cavity voltage.

P4, Proton Beam with 50% Intensity, measured at FT of a 62.4 MeV cycle:
The measurements at F'T of a 62.4 MeV proton cycle were performed with design intensity
(100 %) and reduced intensity of 50 %. Figure 4.17 depicts the waterfall diagrams of the
nTCA acquisition for 100 and 50 % intensity. Looking closely at Fig. 4.17b, dipolar-mode
oscillations can be observed. As the oscillations are too small to visually ascertain, no
reliable synchrotron tune estimate can be obtained from the waterfall diagram. However,
as described above, the oscillations are accurately reconstructed with Vo/~1.42 x V;.

P1, Proton Beam with 100% Intensity, measured at FB (7 MeV): At FB, before
acceleration but after capture, the beam occupies most of the bucket. This can be seen in
Fig. 4.18, where the measured longitudinal profiles (a and b) and the BLonD simulated
profiles (c) span most of the revolution period. The measured waterfall diagrams shows
off-centre particles performing oscillations. The first and second left-hand local maxima
are separated by = 1143 turns. The particles performing the oscillation have a phase offset
of A®=102°. By considering the amplitude-detuning, described in Section [1.1.4, the
synchrotron tune for the synchronous particle Qs o, called central synchrotron tune, can
be calculated. For A® ~ 102° phase offset the synchrotron tune is consequently expected
to decrease by 0.78, see Fig. [1.5. The estimated tune is Qs ~8.75 x 10~%, which yields
a small-amplitude synchrotron tune of Qsp~1.11 x 1073 =881 turns. The Q, gained
from simulations is 9.25 x 10™%. Assuming that energy and . are equal for simulation
and measurement, this tune difference can be explained by a voltage discrepancy of

o7
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Figure 4.18: Waterfall diagrams at FB of proton cycle, test case P1. Profiles are acquired
with a) the SADS, b) the pTCA-crate and obatianed from c) BlonD simulations.

K1, Dipolar-Mode Oscillations due to a Frequency Offset of 350 Hz: The
baseline corrected and normalised waterfall diagrams of the K1 measurements (dipolar-
mode oscillations introduced by frequency offset, which translate in an energy mismatch
for a stationary 252.7 MeV proton beam) and simulations are shown in Fig. 4.19. The
measured phase offset for SADS and pTCA is A® ~24 — 25° and the BLonD simulation
with the adapted circumference and a modified initial beam distribution in the longitudinal
phase space yields an offset of A®~<28°. The most extreme symmetry points were
evaluated and used to calculate the synchrotron tune of the measurements. The Q5o
obtained from measurements is Qsoa3.5 x 1074 = 2857 turns. As in the previously
presented cases, this value differs from the Qs obtained from simulations (Qs = 3.0 x
10~* = 3377 turns), which can again be attributed to a voltage difference of % ~40%.,

C1, Carbon Beam with 100% Intensity, measured at FB (7MeV /u): The
longitudinal profiles acquired at FB of a nominal carbon cycle, visualised in Fig. [4.20,
exhibit oscillations similar to the oscillations seen in Fig. |4.18, the FB of a proton cycle.
An accumulation of filamenting particles is observed, which feature a maximum phase
offset of A® ~82° = 1.43rad. This oscillation takes about 1023 turns to complete, which
leads to a synchrotron tune of Q, = 9.78 x 10~*. Using Fig. 1.5, where the relation of
% is plotted, the central synchrotron tune is calculated to be Q5o = 1.09 x 1073, Again,
the observed discrepancy between the measured and simulated synchrotron tune can be

explained by a voltage error of X—f ~ 40%.
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Figure 4.19: Waterfall diagrams after constant frequency offset of 350 Hz, test case K1,
acquired with a) the SADS, b) the pTCA and obtained from c) BLonD simulations with a
changed circumference and an initial distribution with energy offset.
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Figure 4.20: Waterfall diagrams at FB of a standard carbon cycle, test case C1, recorded
with a) the SADS, b) the pTCA-crate and c) created with BLonD simulations.

4.3.2 Summary of Implications for the Tomography Set-Up

After failed and unsatisfying reconstructions of non-operational beams, a sweep of the RF
cavity voltage used as input parameter was proposed [49]. These sweeps showed that the
reconstruction quality improved for input voltage Ve higher than the assumed operational
voltage Viom, Vrec 1.4 X Vyom. This could be seen in animations of the evolution of
the longitudinal phase space distribution within the measured synchrotron period and
the minimisation of the discrepancy, see Fig. |4.14. In Table 4.6/ the estimated voltage
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discrepancy obtained from reconstructions and from analysing the waterfall diagrams
are summarised. Due to similarity of the estimated cavity voltage present in waterfall
diagrams and the reconstruction, all further reconstruction will use Vyee = 1.42 X Vyom.

Voltage Error from Waterfall Diagram
1.35
1.42
1.43
1.40
1.40

Case | Voltage Error from Reconstruction
Vi1 1.43

P4 1.43

P1 1.43

K1 1.43

C1 1.46

Table 4.6: Summarising table of voltage discrepancy obtained from minimisation of the
discrepancy of reconstructions and from measured waterfall diagrams via visual estimation.

Effect of Voltage Error on Matched and Mismatched Beams: As shown in
Fig. [4.14] the reconstruction of mismatched beams significantly improves with a higher
voltage. This is also displayed in Fig. |4.21, where a poor reconstruction with the nominal
RF cavity voltage Vyom and a better reconstruction with 1.42 x Vo, are displayed.
Additionally a matched distribution at FT of a 62.4 MeV proton was reconstructed with
two voltage values to visualise the effect of the voltage error on the obtained beam
parameters for the most simplistic case (&5 =0, V = 0, B = 0) with a symmetric and
periodic beam signal. The resulting reconstructions are illustrated in Fig. |4.21 and the
obtained longitudinal beam parameters are summarised in Table 4.7. The averaged
longitudinal parameters gained from the phase space distribution every 100th time
instance in three separate measurements. By increasing the voltage by 42%, the dyms
increases by ~ 18%.

Acquisition
System

€L
[1072 eVs]

5rms

[107%]

1
[ns]

Voltage
[V]

SADS
SADS
pTCA
nTCA

1.49 £ 0.02
1.26 £+ 0.01
1.21 + 0.02
1.04 £ 0.01

6.59 = 0.04
5.54 + 0.04
5.99 £ 0.05
5.08 = 0.03

241 £+ 1.51
242 £ 1.45
215 £ 1.97
218 £ 01.86

923.5
652.9
923.5
652.9

Table 4.7: Longitudinal beam parameters obtained from the tomographic reconstruction of
the SADS and pTCA-crate acquisitions at FT of a 62.4 MeV proton cycle with 100% intensity,
test case P3. Reconstructions were performed with V,om = 652.9V and 1.42 X Vom. The
reconstructed relative momentum spread rises by 18%, while the bunch length stays virtually
constant, for an increase in RF cavity voltage of 42%.
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Figure 4.21: Effect of input voltage on the reconstruction of mismatched and matched
longitudinal phase space distributions. The reconstruction of the mismatch, specifically
the dipolar-mode oscillations due to a phase offset, test case F2, greatly improve for the
reconstruction with b) Viec = 1.42 x 663.5V instead of a) Viec = Vhom = 663.5V. The
matched longitudinal phase space distribution is visually less affected by the increased voltage,
as can be seen when comparing c) and d). The quantitative momentum spread increase
corresponding to the increased bucket height is discussed in Table |4.7.

Measurements of RF Cavity Voltage: In a service slot shift the combined cavity
signal (RFH-A) was recorded and a LeCroy WaveRunner 104MXi-A 1 GHz oscilloscope
was connected to the monitor signal of each of the 12 cavity cells in the synchrotron hall
for subsequent measurements. The contribution of each cell to the sum signal is unequal
but reproducible. While these measurements show a difference between the voltage of
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the cavity and the voltage, which the LLRF regulates based on, further investigations
are necessary.

4.4 Analysis of the Tomographic Reconstruction
Performance

Taking into account the presented findings above concerning the quality of the acquired
bunch profiles and the RF cavity voltage calibration, this section will present first re-
sults of the test cases listed in Section 4.1. All reconstructions were performed with
Viec = 1.42 X Vyom unless explicitly stated otherwise. To ensure the reproducibility of
these measurements at MedAustron the nominal RF cavity voltage Vyom will be provided
for each reconstruction.

All test cases were simulated with BLonD and the phase space was also reconstructed
based on simulated profiles. However, these simulations were performed with the opera-
tionally assumed voltage and synchronous phase settings and are hence only presented
for qualitative comparison.

4.4.1 Reconstruction of Matched Longitudinal Phase Space
Distributions

The test series P, Table 4.1, and C, Table 4.2, comprise measurements taken of operational,
matched proton and carbon beams with nominal and reduced intensities. In the following
subsections, the reconstructed phase spaces are illustrated and described.

P1: Proton Beam with 100% Intensity, Measured at FB (7 MeV)

—rec;
meas.

rec.

meas.

dE (MeV)
dE (MeV)

=1000 =500 0 500 =500 0 500
dt {ns) dt (ns) dt {ns)

a) SADS b) uTCA c) BLonD simulation

Figure 4.22: Reconstructed phase space at FB of a proton cycle, test case P1. Profiles taken
from the a) SADS acquisition, the b) pTCA-crate acquisition and c¢) BLonD simulation. For
this test case the nominal RF cavity voltage is Vo = 103 V.

The reconstructed phase space distributions, based on longitudinal profiles acquired with
the SADS and nTCA-crate, are illustrated in Fig. 4.22) as well as a reconstruction based
on profiles obtained from BLonD simulations. As stated above, the BLonD simulations,
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as well as their reconstructions, are performed with the assumed operational voltage
settings and are therefore only listed for qualitative comparison.

It is evident, that the discrepancy between the reconstructed and measured profiles
is larger for the nTCA-crate than for the SADS measurements. This is attributed to
the asymmetry and baseline distortion, observed in the nTCA-crate at low energies, as
discussed in Section 4.2l The reconstructed beam behaviour in the longitudinal phase
space at FB is more accurately depicted with the SADS measurements. Table [4.8]lists

Acquisition €1, Orms 1
System [10~2 eVs] [1073] [1s]
SADS 1.43 £ 0.05 | 1.08 + 0.03 | 1.20 4+ 0.04
nTCA 1.14 £ 0.01 | 1.00 £+ 0.02 | 1.04 + 0.02

Table 4.8: Longitudinal beam parameters obtained from the tomographic reconstruction of

the SADS and pTCA-crate acquisitions at FB of a 100% intensity proton cycle, test case P1.

For this test case the nominal RF cavity voltage is Vhom = 103 V.

the parameters, which are extracted from the phase space reconstruction, averaged over
every 100th profile used in the reconstructions of the three acquisitions. The longitudinal
emittance, the relative momentum spread and bunch length for SADS measurements are

larger by 25, 8 and 15% respectively, than when being acquired with the pnTCA-crate.

This might be due to the baseline correction applied in the tomography code, which takes
the first 5% of the reference profile as baseline. The higher baseline, combined with the
baseline distortion, might be the cause for the difference in the reconstructed parameters.

In 2016, during the proton beam commissioning at MedAustron, an empty bucket
scan was performed for estimating the momentum spread at FB [40]. This measurement
yielded a momentum spread of § = 9.65 x 10~ for a full intensity proton beam, which is
comparable to the momentum spreads attained by the reconstruction.

P2: Proton Beam with 50% Intensity, Measured at FB (7 MeV)

The waterfall diagrams of one of the three measurements taken at FB of an operational
proton cycle with 50% intensity is shown in Fig. 4.23. The depicted waterfall diagram
are similar to the full intensity (Fig. 4.18). This is reflected in the similar values of the
estimated longitudinal beam parameters in Table 4.9 for 50% and 100% intensity in
Table 4.8

P3: Proton Beam with 100% Intensity, Measured at FT of a 62.4 MeV Cycle

In Table 4.10 the reconstructed longitudinal beam parameters are presented, averaged
over several time instances with in the three measurements. Again, the beam parameters
computed from the SADS acquisitions are 23, 9 and 12% larger than the ones from
the nTCA-crate measurement, which is attributed to the observed tail in the acquired
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Figure 4.23: Waterfall diagrams at FB of a proton cycle with 50% intensity, test case P2,
acquired with the a) SADS and the b) pTCA-crate.
Acquisition €1, Orms 1
System [10~2 eVs] [1073] [1s]
SADS 1.44 £0.03 | 1.10 £0.04 | 1.19 +0.04
nTCA 1.33 £0.11 | 1.06 +0.05 | 1.14 +0.07
Table 4.9: Longitudinal beam parameters obtained from the tomographic reconstruction of
the SADS and pTCA-crate acquisitions at FB of a 50% intensity proton cycle, test case P2.
For this test case the nominal RF cavity voltage is Vjom = 103 V.
Acquisition €1, Orms 1
System [1072 eVs] [1074] [ns]
SADS 1.49 £ 0.02 | 6.59 £ 0.04 | 241 £+ 1.51
pTCA 1.21 £ 0.02 | 5.99 + 0.05 | 215 + 1.97
Table 4.10: Longitudinal beam parameters obtained from the tomographic reconstruction of
the SADS and pTCA-crate acquisitions at FT of a 62.4 MeV proton cycle with 100% intensity,
test case P3. The nominal voltage for this test case is V,om = 652.9V.
longitudinal profiles, as described in Section [4.2. The waterfall diagram of one P3 mea-
surement can be seen in Fig. |4.17a and the reconstructed phase space distributions are
illustrated in Fig. 4.21c and d.
The empty bucket scan of a 62.4 MeV proton beam with 10% intensity at FT dur-
ing commissioning yielded a momentum spread of § ~4.95 x 10~* [40]. The discrepancy
between the momentum spread reconstructed from PU measurements and measured with
the empty bucket scan might be due to the different intensities. To provide a current
64
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4.4. Analysis of the Tomographic Reconstruction Performance

alternative reference measurement, new momentum spread measurements were performed
with the Schottky frequency analyser. For this, the beam was debunched 1 ms prior to
the cycle time at which the tomography data was acquired. Subsequently a Schottky
spectrum was acquired over 100 ms resulting in § ~6.22 x 1074 £ 0.51 x 10~%, which is
in agreement with the values obtained with the tomography.

P4: Proton Beam with 50% Intensity, Measured at FT of a 62.4 MeV Cycle

The reconstructed phase space distribution of an operational 62.4 MeV proton beam
with 50% intensity is illustrated in Fig. 4.24. The respective beam parameters, listed
in Table 4.11, are for both acquisition systems approximately 10% larger than the
respective values obtained for a 62.4 MeV proton beam with 100% intensity (Table 4.7).
As described in Section 4.3, the waterfall diagram (Fig. 4.17) features small dipolar-
oscillations, which can be explained by a previous mismatch along the cycle, which might
still be visible at the measurement times, because of smaller decoherence rates due to
the reduced intensity and related space charge effects. The tomographic reconstruction
accurately reconstructs these coherent bunch oscillations, as visible in Fig. 4.24a and
b, which illustrates two different time instances during one synchrotron oscillation.

Acquisition €1, Orms 1
System [1072 eVs] [10-4] [ns]
SADS 1.66 = 0.06 | 6.88 £ 0.11 | 257 £ 5.29
nTCA 1.31 £0.03 | 6.23 £ 0.05 | 223 £ 2.64

Table 4.11: Longitudinal beam parameters obtained from the tomographic reconstruction of
the SADS and pTCA-crate acquisitions at FT of a 50% intensity 62.4 MeV proton cycle, test

case P4.
= reconstructed = reconstructed
— measured — measured

4, tyws: 3. 526E-08

emitiancey: [ZTOETL

dE (MeV)
JdE (MeV)

200

=200 -100

200 =200 100

0 100 0 100
dt (ns) di (ns)

Figure 4.24: Reconstructed phase space at FT of a 62.4 MeV proton cycle with 50% intensity,
test case P4. Two profiles from the pTCA-crate acquisition are depicted. For this test case
the nominal RF cavity voltage is Vpom = 652.9V.
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The estimate for the longitudinal beam parameters listed in Table |4.11) is, as described
above, based on averaging the respective values obtained from both, all reconstructed
time instances as well as from the three separate acquisitions. This is considered to be
acceptable as the slight dipolar-mode oscillation only displaces the bunch in energy and
phase, but does not alter the shape of the distribution significantly. This is also evident
when regarding the reconstructed parameters for the two time instances illustrated in
Fig. 4.24. However, it will be discussed below that, for quadrupolar-mode oscillations or
dipolar-mode oscillations with increased phase offsets, averaging the reconstructed beam
parameters over all turns within one synchrotron period is not fully representative.

P5: Proton Beam with 100% Intensity, Measured at FT of a 252.7 MeV Cycle

Figure 4.25 shows the waterfall diagrams for one measurement of an operational 252.7 MeV
proton beam with 100% intensity at FT, acquired with the SADS and the pTCA-crate,
as well as simulated with BLonD. As described in Section 2.2, the RF cavity voltage
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Figure 4.25: Waterfall diagrams at FB of a proton cycle with 100% intensity, test case P5,
acquired with the a) SADS and the b) pTCA-crate and c) simulated with BLonD.

is ramped to increase the momentum spread prior to the phase jump. This voltage
ramp has to be considered in the reconstruction, by changing the respective parameter
(Section 3.2.1). However within the 1.7 ms used in the reconstruction the voltage does not
change significantly and the reconstructed beam parameters can be averaged over several
time instances in the three separate measurements, as described before. These values can
be found in Table 4.12. As before the values obtained from the SADS measurements are
bigger than that of the n"TCA-crate acquisitions, by 26, 11 and 13% for the longitudinal
emittance, the relative momentum spread and the bunch length, respectively. The
increase of all parameters might be caused by the tail of the SADS profiles, described in
Section 4.2 (specifically Fig. 4.9). The momentum spread was also measured with the
Schottky spectrum analyser. As described in Section [4.4.1, the beam was debunched
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de(ns) dt {ns) dt (ns)

a) SADS b) pTCA c) BLonD simulation

Figure 4.26: Reconstructed phase space distribution at FT of a 252.7 MeV proton cycle with
full intensity, test case P5. Profiles taken from the a) SADS acquisition, the b) pTCA-crate
acquisition and c) BLonD simulations. For this test case the nominal RF cavity voltage is
Vinom = 663.5V and V = 33368.1 V/s.

1 ms before the reference acquisition time of the tomography. The Schottky monitor
scanned the frequency range of interest within 100 ms. The measured momentum spread
of § = 6.5 x 1074 4 0.6 x 10~ agrees with the tomography results.

Acquisition €1, Orms 1
System [1072 eVs] [1074] [ns]
SADS 2.07 £0.02 | 6.64 +0.03 | 89 £0.45
nTCA 1.63 £0.01 | 5.96 £0.02 | 78 £0.29

Table 4.12: Longitudinal beam parameters obtained from the tomographic reconstruction
of the SADS and pTCA-crate acquisitions at FT of a 100% intensity 252.7 MeV proton
cycle, test case P5. For this test case the nominal RF cavity voltage is Vyom = 663.5V and
V =33368.1V/s.

C1: Carbon Beam with 100% Intensity, Measured at FB (7 MeV /u)

In Fig. 4.27 the reconstruction of the SADS and pTCA-crate acquisitions, as well as the
reconstructed phase distribution of a BLonD simulation are illustrated. As discussed
for proton beams at FB (Section 4.4.1), the n"TCA-crate reconstruction features higher
discrepancy, due to the baseline distortion and the asymmetrical signal (see Section [4.2).
The averaged values can be found in Table 4.13, where a difference of 11, 4 and 6%
between the parameters (longitudinal emittance, relative momentum spread and bunch
length), obtained from the SADS and the pTCA-crate measurements, is found. As
mentioned before, this might be due to baseline correction within the tomography code,
in which the first 5% of the reference profile are used to calculate the baseline.
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Figure 4.27: Reconstructed phase space at FB of a carbon cycle, test case C1. Profiles taken
from the a) SADS acquisition, the b) pTCA-crate acquisition and c) BLonD simulations. For
this test case the nominal RF cavity voltage is Vhom = 200V.

Acquisition €1, Orms 1
System [10~ ! eVs] [1073] [1s]
SADS 1.69 = 0.03 | 1.08 £ 0.32 | 1.19+£ 0.03
pTCA 1.52 £0.06 | 1.03 £ 0.38 | 1.12 &+ 0.04

Table 4.13: Longitudinal beam parameters obtained from the tomographic reconstruction of
the SADS and pTCA-crate acquisitions at FB of a 100% intensity carbon cycle, test case C1.
For this test case the nominal RF cavity voltage is Vjom = 200V,

C2: Carbon Beam with 20% Intensity, Measured at FB (7 MeV /u)

Figure 4.28| displays the waterfall diagram of one measurement of a carbon beam with
20% intensity, measured at FB. The beam performs slight dipolar-mode oscillations. Addi-
tionally the baseline distortion, which was discussed in Section 4.2}, specifically Figs. 4.12
and 4.13, leads to a less well defined beam signal. However, the reconstruction with
the acquired PU signals was acceptable and the averaged longitudinal beam parameter
values in Table 4.14 differ approximately +2% to the values at full intensity for the SADS
acquisitions and -6% for the nTCA-crate measurements. Again the baseline distortion
might be the cause of this behaviour.

Acquisition €1, Orms 1
System [10~! eVs] [1074] [1s]
SADS 1.73 £0.06 | 10.83 £0.22 | 1.21 £0.03
pTCA 1.39 £0.06 | 9.96 £0.26 | 1.06 £0.03

Table 4.14: Longitudinal beam parameters obtained from the tomographic reconstruction of
the SADS and pTCA-crate acquisitions at FB of a 20% intensity carbon cycle, test case C2.
For this test case the nominal RF cavity voltage is Vom = 200V,
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Figure 4.28: Waterfall diagrams at FB of a carbon cycle with 20% intensity, test case C2,
recorded with the a) SADS and the b) pTCA-crate.

C3: Carbon Beam with 100% Intensity, Measured at FT of a 120 MeV /u
Cycle

As discussed with the profiles of 62.4 MeV proton beams (Fig. 4.8)), the nTCA-signal
exhibits more symmetry than the SADS signal. This can also be observed in the waterfall
diagram (Fig. 4.29), when comparing the left- and right-hand-side of the SADS and
the pTCA-crate measurements. At first sight, no significant impact of this asymmetry
the reconstruction performance is observed. However, evaluating potential implications
in detail goes beyond the scope of this thesis and is subject to further studies. The
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4 4
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&
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Figure 4.29: Waterfall diagram at FT of a 120 MeV /u carbon cycle, test case C3, recorded
with the a) SADS and the b) pTCA-crate and c) simulated profiles with BLonD.
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longitudinal parameter values gained from the reconstructed phase space distribution are
averaged over several time instance of the three acquisitions and summarised in Table 4.15.
Again, most likely due to the tail of the SADS profiles the obtained longitudinal emittance,
the relative momentum spread and the bunch length are 28, 12 and 15% higher for these
measurements than the values from pTCA-crate acquisitions.

Acquisition €1, Orms 1
System [10! eVs] [104] [ns]
SADS 2.37 £ 0.04 | 6.20 £ 0.05 | 180 £ 1.54
nTCA 1.85 £ 0.02 | 5.56 £ 0.02 | 157 £ 0.72

Table 4.15: Longitudinal beam parameters obtained from the tomographic reconstruction of
the SADS and pTCA-crate acquisitions at FT of a 100% intensity 120 MeV /u carbon cycle,
test case C3. For this test case the nominal RF cavity voltage is V,,om = 1872.1V.

C4: Carbon Beam with 20% Intensity, Measured at FT of a 120 MeV /u Cycle

Measurements with the beam intensity set to 20% were also performed at FT of a
120 MeV /u carbon cycle. As for the measurement at FB (Fig. 4.28), the waterfall diagram
at F'T, shown in Fig. 4.30, displays a baseline distortion. The values reconstructed with

Time (ms)
=
I~
o o ©°o =
Normalized signal

<o
S}

i
e
=1

-0.2 0.0 0.2 -0.2 0.0 0.2
Time per turn (us) Time per tum (us)

a) SADS b) 4TCA

Figure 4.30: Waterfall diagram at FT of a 120 MeV /u carbon cycle with 20% intensity, test
case C4, recorded with the a) SADS and the b) pTCA-crate.

1.42 X Vyom yield similar values to the full intensity. These values can be found in
Table 4.14, depicting the reconstructed values averaged every 100th profile over 4000
profiles in three separate measurements.
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4.4. Analysis of the Tomographic Reconstruction Performance

Acquisition €1, Orms 1
System [10~! eVs] [1074] [ns]
SADS 2.27 + 0.10 | 6.07 & 0.12 | 176 £ 4.50
pTCA 1.89 + 0.02 | 5.60 £+ 0.03 | 159 + 0.85

Table 4.16: Longitudinal beam parameters obtained from the tomographic reconstruction of
the SADS and pTCA-crate acquisitions at FT of a 20% intensity 120 MeV /u carbon cycle,
test case C4. For this test case the nominal RF cavity voltage is V,om = 1872.1V.

C5: Carbon Beam with 100% Intensity, Measured at FT of a 402.8 MeV /u
Cycle

Figure 4.31ha displays a difference in the baseline of the left-hand-side and the right-hand-
side of the shown SADS acquisition. Again, as also described for cases Section 4.4.1] these
measurements feature a slight asymmetry in the SADS acquisitions, which is attributed to
the tail observed in the profiles acquired with the SADS at FT energies (see Section [4.2).
Table 4.17 presents the average of the reconstructed values every 100th turn over 4000
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4 4 1.2 08
=
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Figure 4.31: Waterfall diagrams at FT of a 402.8 MeV/u carbon cycle, test case C5, acquired
with the a) SADS and the b) pTCA-crate and c) obtained from BLonD simulations.

turns in three separate measurements. Here the biggest differences between the values
obtained from the SADS and the pTCA-crate acquisition are found. The longitudinal
emittance is 44% bigger for SADS profiles than for pTCA-crate signals, the relative
momentum spread and bunch length are 17 and 23% bigger, respectively. The most
likely cause for this significant difference is the noticeable tail of the SADS profiles, as
described before.
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Acquisition €1, Orms 1
System [10~! eVs] [1074] [ns]
SADS 3.62 + 0.12 | 5.07 & 0.08 | 111 + 2.08
pTCA 2.54 + 0.07 | 4.36 &= 0.05 | 91 £+ 1.38

Table 4.17: Longitudinal beam parameters obtained from the tomographic reconstruction of
the SADS and pTCA-crate acquisitions at FT of a 100% intensity 402.8 MeV /u carbon cycle,
test case Cb. For this test case the nominal RF cavity voltage is V,om = 1963.6 V.

4.4.2 Reconstruction of Mismatched Beams

In this section the reconstruction and simulation of the test cases in Tables 4.3 to 4.5,
which introduce quadrupolar- and dipolar-mode oscillations at FT of a 252.7 MeV proton
beam with 100% intensity, are presented. As the longitudinal phase space distribution is
intentionally mismatched, the reconstructed longitudinal beam parameters are no longer
averaged over several time instances in one measurement.

V1: Quadrupolar-Mode Oscillations due to a Voltage Jump of 126%

Coherent quadrupolar-mode bunch oscillations are introduced by a voltage jump of the set
voltage from 663.5 to 1500V, i.e. an increase of 126%. The time intervals corresponding
to both long and short bunch lengths or small and large momentum spread, respectively,
are indicated in Fig. 4.15 with a blue and red box and are referred to as region 1 (large
0, small 1) and 2 (small §, large 1). Table 4.18 depicts the longitudinal emittance er,,

—— reconstructed —— reconstructed
—— measiréd —— measured
emitte 2 2

emitrmeens: 1.686E-02 S.602E 04, trms: 2.106E-08 A2E-04, iy : 2.7TTE-08

= =
th =

U Ve v )

50 100 -100 -50 0 50 100

-100 -50 0
dt (ns) i (ns)

Figure 4.32: Reconstructed phase space during quadrupolar-mode oscillations introduced at
FT of a 100% intensity 252.7 MeV proton cycle by an instantaneous voltage jump of 126%,
test case V1. Two profiles from the pTCA-crate acquisition are depicted to visualise the
difference between region 1 and 2. For this test case the nominal RF cavity voltage jumps
from Vpom = 663.52V to Vyom = 1500 V.

the dyms and bunch length 1 defined as 4 X t;,5 reconstructed from three measurements.
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4.4. Analysis of the Tomographic Reconstruction Performance

Additionally, the values obtained from a BLonD simulation with the nominal RF cavity
voltage settings and its reconstruction are shown for qualitative comparison between
simulation and measurement. The observed effect is bigger in the simulation and its
reconstruction with 50% difference in 0,15 from region 2 to region 1, compared to 25 and
30% with the SADS and pTCA-crate measurement, respectively. The reconstruction of
one such measurement with the nTCA-crate is shown in Fig. 4.32 for region 1 and 2.

Acquisition €L Orms 1
System [1072 eVs] [1074] [ns]
SADS 1.91 £0.02 | 5.85 = 0.01 | 93 £ 0.91
pTCA 1.67 £ 0.02 | 5.58 £ 0.06 | 85 & 1.09

rec. BlonD 1.77 5.52 91
BlonD 1.68 5.58 86

a)

Acquisition €1, Orms 1
System [1072 eVs] [1074] [ns]
SADS 1.89 + 0.02 | 4.66 £ 0.03 | 115 £ 0.17
pTCA 1.67 £ 0.02 | 4.31 £ 0.06 | 110 + 0.54

rec. BLonD 1.72 3.73 131
BLonD 1.68 3.71 129

b)

Table 4.18: Longitudinal beam parameters obtained from the tomographic reconstruction of
the SADS and pTCA-crate acquisitions during quadrupolar-mode oscillations introduced at
FT of a 100% intensity 252.7 MeV proton cycle by an instantaneous voltage jump of 126%,
test case V1. The shown values are the a) maximum and b) minimum ¢ spread recorded
within one synchrotron period averaged over three separate measurements. The BLonD
simulation and reconstruction used the nominal RF cavity voltage Vhom = 1500V, but the
reconstruction of the SADS and pTCA-crate measurements used Viec = 1.42 X Viom.

V2: Quadrupolar-Mode Oscillations due to a Voltage Jump of 35%

The same measurements were taken for a voltage jump from 663.52V to 900V, instead

of 1500V. Figure 4.33 shows the effect of the voltage jump becoming significantly lower.

This is reflected in Table 4.19, where the reconstructed longitudinal beam parameters for
region 1 and 2 of Fig. 4.33 are summarised. The difference of § between region 1 and 2 is
~15% in the simulation and ~ 10 and 14% for the SADS and pTCA reconstructions,
respectively.
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4. BENCHMARKING MEASUREMENTS AND SIMULATIONS
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Figure 4.33: Waterfall diagrams showing the quadrupolar-mode oscillations introduced by a
sudden voltage increase of 35% 1 ms after the beginning of the acquisition (a,b), test case
V2. The profiles are obtained from the a) SADS-, the b) pTCA-crate-acquisitions and c)
BLonD simulations, in which a matched beam distribution is loaded and an instantaneous
voltage jump from 663.5 to 900V is applied.
Acquisition €1, Orms 1
System [1072eVs] | [107%] | [ns]
SADS 1.85 4.71 | 111
pTCA 1.40 4.24 94
rec. BLonD 1.71 4.25 | 115
BLonD 1.68 4.29 | 112
a)
Acquisition €1, Orms 1
System [1072eVs] | [1074] | [ns]
SADS 1.83 4.27 | 122
nTCA 1.39 3.71 | 107
rec. BLonD 1.70 3.68 132
BLonD 1.68 3.71 | 129
b)
Table 4.19: Longitudinal beam parameters obtained from the tomographic reconstruction of
the SADS and pTCA-crate acquisitions during quadrupolar-mode oscillations introduced at
FT of a 100% intensity 252.7 MeV proton cycle by an instantaneous voltage jump of 35%, test
case V2. The shown values are the a) maximum and b) minimum ¢ spread recorded within one
synchrotron period. The BLonD simulation and reconstructions used the nominal RF cavity
voltage Vnom = 900V, but the reconstruction of the SADS and pTCA-crate measurements
used Viee = 1.42 X Viom.
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4.4. Analysis of the Tomographic Reconstruction Performance

F1: Dipolar-Mode Oscillations due to a Phase Offset of 36°

In this test case dipolar-mode coherent bunch oscillations were introduced by a short
but large frequency offset of 5kHz over 20 ps, during which a phase offset between RF
cavity and beam phase could accumulate. Figure |4.34] shows the waterfall diagrams

20 1.0
4 4
0.8 >
L5 g
23 3 063
g E
E 1.0 0.4 E
=2 2 °
024
1 1 He 0.0
(10.2 0.0 0.2 U—(}.2 0.0 0.2 0'0—0.2 0.0 0.2
Time per turn (us) Time per turn (4s) Time per turn (us)
a) SADS b) uTCA ¢) BLonD

Figure 4.34: Waterfall diagrams of 5 kHz frequency jump at FT of 252.7 MeV proton cycle,
which introduces dipolar-mode oscillations, test case F1, measured with the a) SADS and
the b) pTCA-crate and c) shows the BLonD simulation with a phase offset of A®32.6°. The
measured oscillations fit the expected phase offset of A® = 36°.

—— TI€C. —— TI€&C.
meas. meds.

—100 -50 0 50 100 150 —-150 —-100 —50 0 50 100
dt (ns) dt (ns)

a) yTCA b) SADS

Figure 4.35: Reconstructed phase space of frequency jump of 5kHz at FT of a 100%
intensity 252.7 MeV proton cycle, test case F1. The frequency jump allows an accumulation
of phase offset between RF cavity and beam phase. The resulting dipolar-mode oscillations
are reconstructed from a) the pTCA-crate- and b) the SADS-acquisition. For this test case
the nominal RF cavity voltage is Vpom = 663.5 V.
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measured with SADS and the pTCA-crate, where a clear start of these oscillations can
be observed at 1 ms after the start of the acquisition. The maximum phase offset of the
measured oscillations match the expected phase offset of A® = 36°. Additionally the
BLonD simulation (Fig. 4.34c), performed as described in Section 4.1.3, shows an offset
of A® = 32.6°. A snapshot of the reconstructed phase space 3600 turns after the first
recorded profile and reference point is shown in Fig. 4.35 for both acquisition systems.
The slight differences of the phase space distributions are most likely due the low-pass
filter and the higher symmetry of nTCA-crate signal.

F2: Dipolar-Mode Oscillations due to a Phase Offset of 72°

The dipolar-mode oscillations are even more pronounced in measurements with a 10 kHz
frequency jump over 20 s, whose waterfall diagram is shown in Fig. 4.36. The measured
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Figure 4.36: Waterfall diagrams of 10 kHz frequency jump at FT of 252.7 MeV proton cycle,
which introduces dipolar-mode oscillations, test case F2, measured with the a) SADS and
the b) pTCA-crate and c) shows the BLonD simulation with a phase offset of A® 68°. The
measured oscillations fit the expected phase offset of Ad = 72°.

offset is in agreement with the calculated offset of A® = 72°, Eq. 4.1, The BLonD simu-
lation, done similar to the procedure before in Section |4.4.2, shows a phase displacement
of AP ~68°. Figure 4.37 showcases snapshots of the reconstruction 3600 profiles after
the reference profile. While the reconstruction is not perfect, it still features the main
characteristics of the measured profiles correctly and is thus considered as acceptable
tool for such studies. These measurements nicely illustrate the fast decoherence rate and
consequent filamentation of the mismatched distribution due to the strong non-linearities
in the proximity of the separatrix.
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4.4. Analysis of the Tomographic Reconstruction Performance
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Figure 4.37: Reconstructed phase space of frequency jump of 10kHz at FT of a 100%
intensity 252.7 MeV proton cycle, test case F2. The frequency jump allows an accumulation
of phase offset between RF cavity and beam phase. The resulting dipolar-mode oscillations
are reconstructed from a) the pTCA-crate- and b) the SADS-acquisition. For this test case
the nominal RF cavity voltage is V,om = 663.5V.

K1: Dipolar-Mode Oscillations due to a Frequency Offset of 350 Hz

By introducing a constant frequency offset, an energy offset is created, which in turn leads
to dipolar-mode oscillations. In Fig. |4.19 the waterfall diagrams acquired by the SADS

— rec.
~—— meas.

-100 =50 0 50 100 150
dt (ns)

a)
Figure 4.38: Reconstructed phase space after frequency offset of 350 Hz at FT of a 100%
intensity 252.7 MeV proton cycle, test case K1. The dipolar-mode oscillations, resulting from

the energy offset, are reconstructed from the a) pTCA-crate- and the b) SADS-acquisition.

For this test case the nominal RF cavity voltage is V,om = 663.5V.

and pTCA-crate of a constant frequency offset applied 1 ms after the trigger StartEVS
are shown and compared to a BLonD simulation. The measured phase offset for SADS
and nTCA is Ad ~24 — 25° and the BLonD simulation with the adapted circumference
and a modified initial distribution yields an offset of A® ~28°. The reconstructed phase

7
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Figure 4.39: Reconstructed phase space after frequency offset of 350 Hz at FT of a 100%
intensity 252.7 MeV proton cycle, test case K1. The dipolar-mode oscillations, resulting from
the energy offset, are reconstructed from the a) pTCA-crate- and the b) SADS-acquisition.
For this test case the nominal RF cavity voltage is V,,om = 663.5V.

space of the two acquisition systems are remarkably similar, as can be seen in Fig. 4.38.
In the Appendix the longitudinal profiles gained from the BLonD simulation within one
synchrotron period are shown. These profiles are used in the reconstruction, which is
also depicted in the Appendix.

K2: Dipolar-Mode Oscillations in a Bucket with Increased Height and a
Frequency Offset of 416 Hz
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Figure 4.40: Waterfall diagrams showing the dipolar-mode oscillations caused by a constant
frequency offset of 416 Hz after an adiabatic increase of the nominal voltage to 900V. The
measurements were taken at FT of a 252.7 MeV proton beam with full intensity and the
aforementioned changes with the a) SADS, the b) uTCA-crate and simulated with ¢) BLonD
with changed circumference and initial distribution with energy offset.



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

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

[ 3ibliothek,
Your knowledge hub

4.5. Summary and Discussion

By increasing the bucket height, a higher constant frequency offset can be tested without
losing the beam. The waterfall diagrams of the measurements with SADS and pTCA-
crate are compared with a BLonD simulation in Fig. 4.40. The measurement show
a proton 252.7 MeV cycle where the voltage is slowly increased from 663.5 to 900V
before the trigger event and a frequency offset of 416 Hz is applied 1 ms afterwards. In
the measurements a maximal phase offset of the dipolar-mode oscillations is AP =~ 26°.
The BLonD simulation shows a phase displacement of A® = 32°. The phase space
distribution, shown in Fig. |4.41) is the reconstruction 3600 turns after the reference
profile for pTCA-crate and SADS acquisitions.

—100 —350 0 50 100 —100 -50 0 50 100
dt (ns) dt (ns)

a) pTCA b) SADS

Figure 4.41: Reconstructed phase space after frequency offset of 416 Hz at FT of a 100%
intensity 252.7 MeV proton cycle with adiabatic voltage increase to 900V, test case K2. The
dipolar-mode oscillations, resulting from the energy offset, are reconstructed from a and c)
the pTCA-crate- and b and d) the SADS-acquisition. For this test case the nominal RF cavity
voltage is Vhom = 900 V.

4.5 Summary and Discussion

The key findings of these investigations is the feasibility of longitudinal tomography at
MedAustron. For all test cases a reasonably good reconstruction was achieved for both
acquisition systems, the n"TCA-crate and the SADS, when basing the reconstruction on
an RF cavity voltage Viec = 1.42 X Vo, with Vo being the operationally set voltage.
In Fig. 4.42] the results obtained from the SADS and pTCA-crate measurements are
compared for test case of series P, C and V, featuring the discrepancy as a measure for the
quality of the tomographic reconstruction, as well as the longitudinal beam parameters
gained from the reconstructed phase space distribution. The longitudinal beam parame-

ters are shown as relative values of the SADS to the pTCA-crate reconstruction (z,s%
B

)
drms, SADS IL, saps
5rms,}1TCA lL,}lTCA
metry of the profiles: For lower energies the discrepancy from SADS reconstruction is

lower than that of the nTCA-crate. This behaviour is most likely due to the asymmetric

). The discrepancy plot affirms the discussion concerning the sym-
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nature of the n"TCA-crate profiles, discussed in Section [4.2. However, for higher energies,
where the SADS profiles show a tail and less symmetry than the pTCA-crate profiles
(Section 4.2), the discrepancy of the pnTCA-crate reconstruction is lower than that of the
SADS, most notable for P5 and C5. It is evident, that the longitudinal beam parameters
extracted from the reconstruction of SADS measurements are systematically higher than
the values obtained with the pTCA-crate. The g, saDs are in general 11-14% larger.
The most extreme difference is observed in C5 measurements with a § difference of 19%
and 23% difference in the bunch length.
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Figure 4.42: These four plots show the discrepancy of reconstructions with SADS (triangle)
and p TCA-crate (square) acquisitions in the upper plot. The emittance, the relative
momentum spread and the bunch length in the plots below are the ratio of reconstructed
parameters from SADS profiles to that of pTCA profiles. The two values for V1 and V2
represent the high and low momentum spread regions.

Using the simulation tool BLonD [9][15][16] provided by CERN showed that the simulated
profiles could be reproduced with very high accuracy, as the discrepancy was lower than
1 x 1073 for nearly all test cases. These test aimed at validating the reconstruction
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4.5. Summary and Discussion
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Figure 4.43: These four plots show the difference between the BLonD simulation and its
reconstruction for all test cases. The first (upper) pIot depicts the discrepancy of each
reconstruction. The second plot shows et’ec. diec and 'ec are depicted in the lower plots. The
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two values for V1 and V2 represent the high and Iow momentum spread regions.

independent of potential machine inaccuracies and signal distortions. All BLonD simula-
tion were performed with the nominal voltage and B-field. The longitudinal parameters
are reconstructed with high precision, even though the discrepancy is bigger than for
the measurements’ reconstructions. This is most likely due to the high binning in the
profiles from the simulated distributions, see Fig. |4.22. The reconstruction of all BLonD
simulations and their reconstructions are summarised in Fig. 4.43. The differences gsﬁ

and llqrf; are beneath 5% for all standard beams, except P1 with 7% difference of recon-
structed and simulated momentum spread. The momentum spread in BLonD is calculated
based on the distance from the synchronous particle. For mismatched longitudinal phase
space distributions with a phase offset, this calculation is not completely correct, as the
momentum and time spread should be calculated from the deviation within the projected
distribution. The longitudinal beam parameters of quadrupolar-mode oscillations are
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4. BENCHMARKING MEASUREMENTS AND SIMULATIONS
calculated correctly, as the bunch is still centred. The two values at V1 and V2 repre-
senting the high and small momentum spread regions behave in a very similar way and
nearly overlap for V2.
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Conclusion and Outlook

This thesis shows that longitudinal tomography at MedAustron is feasible. Compared
to previous methods for momentum spread measurements, Schottky frequency analyser
and empty bucket scanning, the tomography offers the opportunity to measure and
illustrate dynamic effects of bunched beams in the longitudinal phase space. Detailed
preparatory studies analysed the available options for acquiring the required turn-by-turn
longitudinal profiles at MedAustron. Using the sum >-signal of the orbit pick-up for the
reconstruction proved to be suitable and reproducible.

Subsequent studies focused on mitigating potential errors and inaccuracies in the acquisi-
tion chain or the assumed machine parameters. A key part of these efforts was dedicated
to the accurate segmentation of the acquired pick-up signals to obtain the profile of each
turn with the correct phase, as described in Section |3.1.3l This was achieved by acquiring
the RF signal in a second channel of the oscilloscope, while simultaneously measuring
the sum signal of the pick-up. This method provides two main benefits compared to
the previous attempts to segment the acquired profiles based on a revolution frequency
estimate obtained via [FF'T. Utilising the RF measurements instead of the FFT allows to
segment the profiles with higher accuracy and consequently also facilitates the selection
of any point in the cycle, including during the ramp. The necessary frequency resolutions
for a precise arranging of the profiles with FFT would require long acquisition times.
While the nTCA-crate setup enables longer recording times, the internal data storage
of the SADS does not allow long measurements with a high sampling rate (maximum
5 x 10%samples). Consequently, at the time of writing, it is more practical to use the
SADS for acquiring data for tomographic reconstructions as it enables to simultane-
ously measure the RF signal and the beam profiles. It is recommended to implement
this option for the nTCA-crate in the future. Considering the signal characteristics,
the best choice for acquisition system for any use case depends on the energy range
of interest. At low energies, the SADS system is preferable to the pnTCA-crate, as
the nTCA-crate signals feature a baseline distortion, as described in Section 4.2, For
higher energies, the SADS profiles are less symmetrical than the pTCA-crate signals,
which hold true for both proton and carbon. A detailed analysis of the respective sig-
nal distortions at different energies and intensities is subject to further studies. These
studies include the effect of low flux beams on the acquired pick-up signals. The beams
with reduced intensity (50% intensity for proton and 20% intensity for carbon beams)
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investigated in this thesis displayed baseline distortions (Section 4.2)), which could still
be used for the tomographic reconstruction with reasonably good results, see Section 4.4.1.

A key discovery, presented in Section [4.3), is the suspected RF voltage calibration error.
Both, the reconstruction performance of the longitudinal tomography, as well as estimates
of the synchrotron tune obtained from waterfall diagrams, of mismatched phase space
distributions indicate that the RF cavity voltage is in fact V{~ 1.4 X Vpom, with Vpom
being the operationally set voltage. Subsequent RF cavity voltage measurements have
been performed and provided further indications of this voltage error.

In the first implementation of longitudinal tomography at MedAustron space charge
effects were neglected, due the low beam intensities. While the reconstruction of all test
cases is in good agreement with the measurements, follow-up studies are recommended
to asses the impact of space charge.

The developed tomography set-up and the related analysis scripts will be an invaluable
diagnostic tool for the ongoing and future development of new beam manipulation tech-
niques at MedAustron, such as multi-energy extraction or RF operation with multiple
harmonics.
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A.1: BLonD Simulation and Reconstruction of Constant

Frequency Offset

Appendices

Figure |A.1.1] shows the longitudinal profiles gained from the BLonD simulation within
one synchrotron period. These profiles are used in the reconstruction, depicted in
Figure |/A.1.2. As for the measurements acquired with the SADS and nTCA-crate, which
can be found in Section 4.4.2, the reconstruction accurately depicts the beam’s behaviour

in the longitudinal phase space.
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A.2: Example of Input File for Tomography

Here an example of the structure in the input file, required by the tomography algo-
rithm [50], is given. The description of the parameters can be found in Section 3.2.1.
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This structure should not be changed, if rewrites are to be avoided.

1

2

3

4

5

6

7

8

9 ! Version 2

10 !

11 ! Data Format:

12 ! Input data file =

13 pipe

14 ! Directory in which to write all output =

15 /tmp/

16 ! Number of frames in input data =

17 400

18 ! Number of frames to ignore =

19 0

20 ! Number of bins in each frame =

21 427

22 ! Width (in s) of each frame bin =

23 1e-09

24 ! Number of machine turns between frames =

25 10

26 ! Number of frame bins before the lower profile bound to ignore =
27 80

28 ! Number of frame bins after the upper profile bound to ignore =
29 10

30 ! Number of frame bins after the lower profile bound to treat as empty
31 ! at the reconstructed time =

32 0

33 ! Number of frame bins before the upper profile bound to treat as empty
34 ! at the reconstructed time =

35 0

36 ! Number of frame bins to rebin into one profile bin =

37 1

38 ! Time (in frame bins) from the lower profile bound to the synchronous phase
39 ! (if <0, a fit is performed) in the "bunch reference" frame =
40 178

41 ! Max energy (in eV) of reconstructed phase space (if >0) =

12 —=2000000.0

43 ! Number of the first profile at which to reconstruct =

44 1

15 | Number of the last profile at which to reconstruct =

46 400

47 ! Step between reconstructions =
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.0

(in V)
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and its time derivative

.0
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(in V/s) =
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o0
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0
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of accelerated particle =
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Space Charge Parameters:
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.0

Reactive impedance

o0

(in

Ohms per mode number) over a machine turn =

Effective pick-up sensitivity (in digitizer units per instantaneous Amp)

.69
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99 -3671.0
100 —3654.0
101 =3669.0
102 —-3683.0
103 =3671.0
104 —=3682.0
105 —=3681.0

-3682.0
107 =3696.0
108 —=3690.0

106

109 + rest of frame data.

“}aylolgig uaip\ NL Te uud ul sjgejrene si sisay SIUl Jo UoisiaA [eulblio panoidde ayl
JegBnuaA Yayiolgig usipn N1 Jap ue 1si nagrewoldiq Jasaip uoisiaAjeulBlO apjonipal ausiqoidde aig

93

qny a8pajmous| JNoA

Sayloiqie



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

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

[ 3ibliothek,
Your knowledge hub

BIBLIOGRAPHY

94

A.3: Supplementary Information to the Acquisition
Systems

This is an addendum to the acquisition systems described in Section 3.1.2.
pTCA-crate: The essential components of the pnTCA-architecture are [37][47]:

o Vadatech AMCS560: The field programmable gate array (FPGA )| carrier provides
the computational power needed to connect the supervision systems and offer a
local control interface. The baseband conversion and cavity regulation is done by

the FPGA.

o Vadatech FMC231: A board providing a AD/DAC (analog-digital/ digital-
analog converter) with 16bit conversion at 1 GS/s or 2.5GS/s on 4 channels.

¢ Vadatech FMC105: The FPGA module connects to the Med Austron Control
System, which acts as the supervising system, via fibre optic links.

o Vadatech FMC155: The jgeneral purpose input/output (GPIO) on the FPGA
carrier are used for interlocks and modbus for the eigenfrequency regulation of the
RF-cavity.

e Vadatech UTC004: nTCA architecture.

SADS: Further components of the SADS [40] include the peripheral component inter-
connect extensions express (PXIe), which offers a bus system with high band to connect
the fast input signals to one oscilloscope via the timing receiver and the fast signal
multiplex. The two other oscilloscopes can connect to up to 4 slow analogue signals and
external triggers via signal matrices, which are controlled by the signal routing control
application via a LAN extensions for instrumentation (LXI) based network interface.
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