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Abstract

As part of the PRISMA++ Cluster of Excellence, a new electron accelerator is
currently being constructed at the Institute for Nuclear Physics at the Johannes
Gutenberg University. This Mainz Energy-recovering Superconducting Accelerator
(MESA) will host three experiments, whose goal it is to further our understanding
of several areas of modern particle, nuclear, hadron, and astrophysics.

The innovative part of MESA is its capability to recapture part of the energy of
the beam once it has passed an experiment. To fully utilize this capability, any
experiment has to be designed with consideration of the requirements for the recap-
ture. This has been done for the Mainz Gas Injection Target Experiment(MAGIX),
which has been designed to be operated in an energy recovery mode to support beam
recapture. MAGIX is in line to be the first experiment in the world to have a mea-
surement run using this breakthrough technology.

To achieve this MAGIX employs a gas-jet target and will be run with no additional
material in the beam or path of the scattering electron, minimising energy and preci-
sion loss by avoiding multiple scattering. Utilizing the 105 MeV beam at 1 mA beam
current MAGIX aims to reach a luminosity of up to 1 x 10** cm=2s~!. The detec-
tors for MAGIX consist of two magnetic spectrometers which can rotate around the
interaction point and which host two detector systems each: a focal plane tracking
Time Projection Chamber(TPC), and a scintillator based Trigger Veto System.

With this setup, the focus is on areas that require very high precision high lumi-
nosity low energy data, one of which is the first planned experiment to be run at
MAGIX, a measurement dedicated to the Hoyle State. The aim of this thesis is to
show that MAGIX will soon be ready to take this data, with a specific focus on two
major components, the simulation software and the focal plane detectors. As such,
it is split into three parts.

The first part will deal with MESA and MAGIX, and the varied physics programs
that will be run at them.

The second part deals with the focal plane TPCs of MAGIX by explaining the theory
behind its construction, its major components and what has already been achieved
with those components.

The third part deals with the preparation for the first measurement to be done at
MAGIX. These preparations consisted of acquiring and characterising the target,
preparing the theory, and writing simulation and analysis software.



i



Contents

1The Mainz Gas Injection larget Experiment and its |

Multitaceted Physics Program| 1
1 ysics O 3
(1.1 Dark Matter Physics| . . . . . ... ... ... ... ... ... ..., 3
(1.2 Electromagnetic Form Factors| . . . . . . . ... ... ... ... ... 6
(1.3 Astrophysics|. . . . . . . . .. 8
(1.4  Few Body Physics|. . . . . . ... ... ... ... 0. 11
2 _MAGIX and its Acceleratorl 13
I _MESAl . . . oo 14
[2.1.1 Injector Section| . . . . . . . . . . ... ... L. 15

2.1.2 Linac Sectionl . . . . . . . . ... Lo o 16

I3 P2 . . 16

.14 DarkMBESAI . . .. . . oo 17

R2 MAGIX] . . .o 19
[2.2.1  Gas-Jet Target| . . . . . ... ... ... .. L. 19

[2.2.2  Scattering Chamber| . . . . . . ... . ... ... ... ... 21

[2.2.3  Silicon Strip Detectors| . . . . . . . ... ... 0L 23

224 Beam Halo Vetdl. . . . . ... ... ... ... ... ...... 24

[2.2.5 Alternate Targets| . . . . . . . ... . ... L. 24

2.3 MAGIX - Spectrometers| . . . . . . ... ... ... ... ... .. 25
2.4 MAGIX - Time Projection Chamber| . . . . . .. ... ... ... .. 30
2.0 MAGIX - Trigger Veto System|. . . . . . ... ... ... ... .... 30

I Constructing a Time Projection Chamber for Measur- |

ing Particle Tracks in the MAGIX Focal Plane| 33
[3 "T'heory of Gaseous Detectors in General and Time Projection Cham- |
| bers in Specific] 35
3.1 Gaseous Detectors] . . . . . . .. ..o 35
BII1 Tonisationin Gas . . . ... ... ... ... . ... .. ... 35
BI2TDrftl . . . . . o 37

(3.1.3  Diffusionl . . . . . . . . .. 38

[3.1.4  Charge Multiplication| . . . . ... ... ... .. ....... 39

B2 TPC . . . 40
.21 Gas Mixturel. . . . . . ..o oL 41

322 GEM. ... 43

[3.2.3  Field Cagel. . . . . . . ... 44

il



[3.2.4  Signal Processingl . . . . . ... ... 44

[3.3 A short Interlude into Solid State Physics| . . . . . . ... .. .. .. 46
B.3.1 UV LEDS ... .. 46

[3.3.2 Photoelectric Fffectl . . . . . . .. ..o o000 48

[4 Design and Development of the Full Scale Focal Plane Time Pro- |
[ jection Chamber]| 51
4.1 Structural Framing and Support Systems| . . . . . . . . .. ... ... 52
EIT Tramd . . . . . oo 53

[4.1.2  Support Components inside the Spectrometer Housingl . . . . 62
[4.1.3  Support Components outside the Spectrometer Housingl. . . . 63

4.2  Amplification Stage| . . . . . . . .. ..o 64
4.2.1 Readout Anodel . . . . . . . . ..o 64
[4.2.2  Four Layer GEM Stack{. . . . ... ... ... .. ... ... 66

4.3 Readout Electronicsl. . . . . . . .. . ... oo 68
[4.3.1 VMM Hybrids|. . . . .. ... ... .. ... ... .. 70
432 FBECsand DVMMs . . . .. .0 o0 000000 72
[4.3.3 VMM Configuration Registers| . . . . . . ... ... ... ... 73

(4.4 Field Cagel . . . . . . . . . . 75
[4.4.1 Active Area Field Cages . . . . . . ... ... .. ... .... 76
[4.4.2  Open Field Cage Extension| . . . . ... ... ... ...... 76

[4.5 Starry Night|. . . . . . . . . ... 78
[4.5.1 Prototyping the Starry Night Concept| . . . . . . .. ... .. 79
[4.5.2  Designing a Starry Night| . . . . .. ... ... .. ... .... 86

4.6 Softwarel . . . . . . ... 89
4.6.1 Slow Controll . . . . . . . .. ... ... ... 89
[4.6.2  Data Acquisition System| . . . . . . . .. ... 89

(4.7 Analysis| . . . ... 91

6_Results| 93

[>.1 Amplification Stage| . . . . . . . . . ..o 93

[b.2  Starry Night|. . . . . ... ... ..o oo 95

b.3  Constructionl . . . . . . . . .. 97

D4 Conclusionl. . . . . . . . . . 99

III Preparing the Target, Software and Analysis for the |

first Measurement at MAGIXI 101
[6 Preparing the Experimental Infrastructure for the first Measure- |
[__ment Runl 103
6.1 Hoyle State] . . . . . . . .. 103
[6.2 Signal Rates for Electron Scattering) . . . . . . .. ... ... ... .. 104
[7 Determining the Target Areal Thickness of the Diamond Target| 107
[7.1 Choosing a Target| . . . . .. .. . .. ... ... .. ... ... 107
(.2 Mach Zehnder Interferometers . . . . . . .. ... ... ..o 108
[.3 _Continuous Wavelet Transformationl. . . . . . . . . . . ... ... .. 110
T4 Resultd . . . . . o oo 112

iv



[8  Electron Scattering Cross Sections| 115

8.1 Electron Scatteringl . . . . . . ... ..o 115
B2 Form Factors . . . . . ... ... . ... 116
[8.3  Distorted Wave Born Approximation| . . . . . . . .. ... ... ... 118

9 __Monte Carlo Simulation with MXSim| 121
9.1 Principles of Monte Carlo Simulation| . . . . . . . .. ... ... ... 121
0.2 MXSiml . . . .. . 122
9.3 MX5Sim Modules for simulating the Hoyle State and its Background| . 123
[9.3.1 Inelastic and Elastic Scattering with GenerateHoylel . . . . . . 123

[9.3.2 Generating the Beam| . . . . . . ... ... ... ........ 125

[9.3.3 Target Integration with TargetDiamond| . . . . ... ... .. 125

[9.3.4  Cross Section Calculation with ModelHoyle] . . . . . . .. .. 126

9.3.5  xfoubes and LLOSEPAl. . . . . ... .00 oo 126

[9.3.6  Detector Simulation with MagixSpectrometer| . . . . . . . .. 130

9.4 Analysis| . . . . . . e 131
10 Results| 133
(10.1 Validating the Results| . . . . .. ... .. ... ... ... ... ... 133
(10.2 Expected Reach for the MAGIX Hoyle State Measurement| . . . . . . 134
LV Conclusion 143
[Conclusionl 145



vi



Part 1

The Mainz (Gas Injection Target
Experiment and its Multifaceted
Physics Program






Chapter 1

Physics of MAGIX

MAGIX will be the first experiment to run physics experiments utilizing a beam
whose energy will be recovered after scattering on and passing through its target.
As a consequence and result of this, MAGIX will be able to reach competitive lu-
minosities while maintaining an exceptionally clean experimental environment. The
MAGIX gas-jet target is also capable of providing a variety of gases as target. This
makes MAGIX highly suitable for hosting high luminosity searches for rare particles,
mainly those of the dark sector, as well as to provide high precision measurements of
nuclear observables, ranging from the electromagnetic form factors of the proton to
cross sections predicted by various few body theories as well as those of astrophysical
relevance.

In the following chapter this multifaceted physics program will be investigated. The
details of the setup to achieve these goals will be presented in the next chapter.

1.1 Dark Matter Physics

There are numerous astronomical observations that cannot be explained with the
known interactions, provided by the Standard Model of Particle Physics and the
General Theory of Relativity, of observable baryonic matter, measured by hundreds
of observatories in different ways[1]. The most well researched disagreements of
observations with models that can be validated by experiments on earth are baryon
acoustic oscillations, rotation curves of galaxies, and gravitational lensing. Baryon
acoustic oscillations as recorded in the cosmic microwave background reveal that the
proportion of baryonic matter to the total gravitationally interacting matter is less
than one. The rotation curves of galaxies show that mass distributions in galaxies
do not correspond to observable luminous matter. Gravitational lensing of galaxies
and galaxy clusters do not yield calculated mass distributions compatible with the
observed mass distributions provided by measured emissions.

The best example of the last case is the Bullet Cluster, where two galaxy clusters
3.9 billion light years distant interpenetrated. The majority of the visible mass of
the two clusters was intergalactic gas, which collided, slowing down and creating
enough heat to radiate in the x-ray spectrum, while the stars continued without
colliding due to the large distances between them. Measurements of the actual mass
distribution of the two clusters by gravitational lensing, however, shows that the
centre of mass of both clusters appears to have stayed with the stars of the galaxies,

and not slowed down like the colliding gases did, as shown in figure [2] The best



Figure 1.1: Reconstructed image of the collision between two galazxy clusters, la-
belled as 1E 0657-56, with the smaller cluster on right given the nickname bullet
cluster for its shape. Background image of galazies by the Magellan and Hubble
Telescopes, superimposed by x-ray emission measured by the Chandra telescope in
pink and mass distribution calculated from gravitational lensing in blue. Image from

gl

theories to explain this behaviour postulate an extension of the Standard Model with
particles that interact only extremely weakly or not at all with all known particles
and each other, but do have gravitational mass. Such particles would contribute to
mass distributions on astronomical scales, but would be sufficiently hard to detect
that we have not yet done so.
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Figure 1.2: The v parameter space spanned by m., and € for the dark photon elec-
tron positron pair production, with MAGIX - in red - compared to other experiments.

Plot from .

Wide spanning searches have been conducted for signs of particles from this so-
called dark sector, and have up to now been unsuccessful. Investigating the higher
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energy reaches was promising in the past, but exceeded the energy region available
to any accelerator. After the LHC did not discover any candidates at energies of
up to 10 TeV, attention has turned back to particles of masses below 1 GeV, and
to detecting signs not only of the particles themselves, but also of the messenger
particle by which they interact with regular matter.

A simple model for this messenger particle assumes a similarity to a known force
carrier, the photon, and as such postulates an extension of the Standard Model by
an additional U(1) symmetry group, which generates a dark photon " with a mass
m.,/, which couples to a potential dark matter particle x of mass m, with a dark fine
structure constant ap and to Standard Model particles with a mixing parameter
B.

In this model the presence of a dark photon could be detected via its various decay
channels. Depending on whether it decays into Standard Model particles or not, the
decay is termed visible or invisible, and each type requires different experimental
treatment. MAGIX can contribute to searches for both scenarios. In both, a dark
photon would be produced in a process equivalent to bremsstrahlung in an electron
scattering of a heavy nucleus as the reaction e"Z — e~ Z~'. The cross section of
this process scales with Z? and so MAGIX would utilize a solid target for these
measurements.
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Figure 1.3: The 7' parameter space spanned by m, and e for the dark photon
invisible decay, with MAGIX - in purple - compared to other experiments. Plot from

[0

In the MAGIX kinematic region, the primary dark photon visible decays will be
electron pair production 7/ — e"et. A potential dark photon would thus manifest
itself as a peak on the radiative tail of the invariant mass spectrum. The parameter



space MAGIX would be able to exclude in its first runs with tantalum is shown in
figure

For the invisible decay, the decay products could not be detected, and finding evi-
dence of the dark photon would instead rely on detecting the missing mass it carried
away. For this, a detection of the recoil nucleus as well as the scattered electron is
required. To avoid complications due to nuclear excitations, hydrogen instead of a
high Z gas would be used. The parameter space MAGIX would be able to exclude
when searching for dark photon invisible decay is shown in figure [1.3

1.2 Electromagnetic Form Factors

The electric and magnetic form factors Gg and G,; of a composite particle like a
proton are the Fourier transforms of the distributions of charge and magnetization
in the particle in the non-relativistic limit. From the form factors the charge radius
rh, and magnetic radius r¥ can be extracted as:

P
(r)? = —6GL(Q* = 0). (1.1)
Pohl 2010 (uH spect.) L — Bernauer 2010 (ep scatt.)
Antognini 2013 (unH spect.) —_—— Zhan 2011 (ep scatt.)
Beyer 2017 (H spect.) —e——— ——t— CODATA-2010 (H spect.)
CODATA-2018 - —— CODATA-2010
Bezginov 2019 (H spect.) —eo—— ——a&——1 Fleurbaey 2018 (H spect.)
Xiong 2019 (ep scatt.) + -
Mihovilovic 2021

Grinin 2020 (H spect.) ——t r '+ (ep scatt)
Brandt 2021 (H spect.) —e—

078 08 082 084 086 088 08 052

Proton charge radius r: [fm]

Figure 1.4: Overview of recent experimental results of the proton radius. Plot from

18

The measurement accuracy of these form factors has significantly increased over
time since their first determination by Hofstadterﬂgﬂ, which has led to an ever more
precise determination of the charge radius of the proton. This was originally done
in two ways: electron scattering measurements of the electric form factor at low Q2,
from which the proton radius could be determined from extrapolation to Q* = 0 as
per formula and by spectroscopic measurements of atomic transitions of bound
electrons in hydrogen, which accessed the same value directly. Then, in 2010, a
spectroscopic measurement of the proton radius using not electrons but muons was
done, where a precision measurement of the lamb shift of the 2S-2P transition in
muonic hydrogen was achieved. This gave a result with 7o disagreement with the

CODATA value of the time.
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Figure 1.5: PRad data and Mainz Data, with different fits. The Mainz data can
be fitted to be in agreement with the current CODATA wvalue for the proton radius,
but are not by themselves in agreement with the data from PRad. Figure from :

Since then, new results of all three measurement types have been published, which
has led to the 2018 CODATA value of )y = 8.4075(64) x 10™'°m. An overview of
the evolution of the measurements of the charge radius is shown in figure [I.4]

Two high precision low Q? electron proton scattering experimental data series have
been released, one from PRad at JLab and one from the MAGIX predecessor ex-
periment Al at the MAinzer MIicrotron(MAMI). The same charge radius can be
extracted from these data series using new theoretical models. However, the actual
electric form factor data is not by itself in agreement between the two experiments,
as shown in figure [1.5]

Now, both JLab, with its PRad2 experiment, and Mainz, with MAGIX, are
aiming at generating new, higher precision electron proton scattering data at even
lower Q? values. In addition, several other experiments are also aiming to contribute
to resolving the electric form factor discrepancy. The MUon proton Scattering
Experiment(MUSE) at the PST 7M1 beam line plans to generate muon proton scat-
tering data as well as additional electron proton scattering data runs. Apparatus
for Meson and Baryon Experimental Research(AMBER) at CERN is planning to
start taking data for muon proton scattering in 2026.

Besides the very well known proton charge radius puzzle, there also exist some
tension in the value for the magnetic radius of the proton. This value is not as easily
accessed by spectroscopic measurements as the charge radius, but can be calculated
in Lattice QCD, which is not in full agreement with experimental results.

MAGIX will be able to contribute significantly to solving both these discrepancies
by extending the reach and increasing the precision of form factor measurements,
as shown in figure [1.6]
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Figure 1.6: Predicted precision for electric and magnetic form factor measurements
at MAGIX, compared with world data uncertainties. Plot from .

1.3 Astrophysics

One of the many subjects dealt with by astrophysicists is the question of how and
where elements are created, and what explains their relative abundances. Following
the big bang, after it was cool enough for hadrons to form, primordial nucleosyn-
thesis created hydrogen and helium isotopes, and traces of the heavier elements like
lithium and beryllium, distributed uniformly in the universe. All following nucle-
osyntheses took place heterogeneously in concentrations of matter, either steadily
or very rapidly. Stars began to fuse light elements, with more massive stars cre-
ating heavier elements, up to the limit of exothermic fusion in stars of nickel 62,
which has the highest binding energy per nucleon. Once at this point, stars reach an
equilibrium for a short time where the temperatures facilitate the rate of a-particle
production due to photodisintegration to equal the rate of a-capture. In this equi-
librium, no more net energy is produced, even if a-capture would continue to be
exothermic up to tin. Once this happens, stars quickly collapse under gravita-
tional pressure. The fusion of elements up to nickel 62 takes place in interdependent
reaction chains and cycles, which have been organized in categories depending on
their educts, such as carbon, oxygen, neon and silicon burning.

For hydrogen and helium, the two lightest and most abundant elements, being thus
also the most involved components in nuclear fusion in stars, the reactions each
happen in two distinct phases. For hydrogen, the proton-proton reaction chain is
increasingly replaced by the CNO-cycle at higher temperatures, and as such higher
masses, should the necessary catalytic component, carbon 12, be present. For he-
lium, it is the triple-ac and the a-process, where the former leads into the latter by
producing the carbon necessary for its catalytic cycle. Later generations of stars
incorporate the heavy elements of previous generations, changing their composition
and which reactions are possible.

Elements exceeding the limit of exothermic fusion require more energetic events,
such as the death of stars or the collision of neutron stars. Some rare light isotopes
not involved in stellar nucleosynthesis are believed to be created as the result of



cosmic ray impacts on non-stellar matter, and some isotopes common on earth
are the result of radioactive decay chains of the heaviest elements. The relative
abundance of chemical elements therefore depends on a multitude of reaction rates
and the history of stars and galaxies[17][18].

The rate at which fusion reactions occur depends on the abundances of the educts,
the temperature T, which determines the relative velocity v and centre of mass
energy E over the Maxwell-Boltzmann distribution, and the cross section. The cross
section increases with higher energies, but the Maxwell-Boltzmann distribution tells
us that higher energies are less common. The intersection between these two trends,
the energies where the reaction is most likely to occur, are called the Gamow Peak.
The plot in figure shows that peak for three different reactions.

10° | | | | 7
10° exp(-E/kT) exp(-2my) -
105 .
16 w— Gamow peak
1 Gamow peak o E
3 p+p mes Energy distribution
e (Maxwell-Boltzmann)
210" s Tunneling probability 3
% of interacting nuclei
-g 10—20 H
o
=]
a.
10—25 !..
10—30 T p+14N
10—35 T -!
10-40 — |
0 20 40 60 80 100

E (keV)

Figure 1.7: Reaction probability of three different nuclear fusion reactions in green,
with the two contributing factors in red and blue. The fusion of heavier elements
has its peak at higher energies. Plot from [19].

The cross section of a reaction is given by

o(E) = éexp(—QlezZO;C)S(E), (1.2)

where the 1/E factor comes from the de Broglie wavelengths of the interacting nuclei,
Z1 and Zy are the atomic numbers of the involved nuclei, « is the fine structure
constant and c is the speed of light. Z;Z,%¢ is often condensed as v, the Sommerfeld
parameter. The factor S(E) contains the nuclear physics effects of the reaction,
which are treated phenomenologically and extracted from experimental data. It is
called the astrophysical S-Factor of that reaction[19][20].

One of the reactions currently under intensive investigation for their impact on pre-
dictions of isotope abundances is the alpha capture of a carbon 12, C(a, )0,
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Figure 1.8: Projection of the reach of MAGIX for the S-Factor of the ' C(a, )% O
reaction, with existing experiments and a fit from the AZUREZ2 software into the
region of interest. Figures from [@/

as it is one of the processes responsible for the relative abundance of carbon and
oxygen, with its significant role into both stellar nucleosynthesis and biological life
on earth. The current limit for the accuracy of the prediction at which rate this
reaction occurs in stars is the accuracy of the S-Factor of the reaction in the energy
region of interest. This limit exists, because the cross section of the reaction has to
be measured at very low energies, around 300 keV and up to now, no experiment has
measured the S-Factor at centre-of-mass energies much lower than 1 MeV. For pre-
dictions of the stellar production rate, the S-Factor therefore has to be extrapolated
to lower energies.

MAGIX plans to lower the energy limit of this measurement not by measuring the
reaction directly, but instead by extracting the S-Factor from a measurement with
a much higher cross section that shares that S-Factor: the electro-disintegration of
oxygen, %0(e,e’a)?C. This reaction shares a time reversed interaction vertex with
the reaction of interest and as such has the S-Factor as part of its cross section. For
this measurement, MAGIX will use oxygen 16 as a target, and utilize its silicon strip
detectors for the measurement of the recoil a-particles and one of its spectrometers
for the scattered electron, to first reach 900 keV at higher precision than previously
achieved experimentally in Phase 1. In Phase 2, there are plans for an additional
forward spectrometer to operate as a zero degree tagger. This would measure elec-
trons scattered at extreme forward angles, allowing us to reach energies as low as
400keV. The expected reach is shown in figure [1.8|

The method of measuring the time reversed interaction vertex can also be used
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for other reactions involving «, proton or neutron capture that are of relevance in
astrophysics, such as the a-capture of deuterium, 2H(c, )%Li.

1.4 Few Body Physics

Quantum ChromoDynamics(QCD) is the theory describing the behaviour of the
strong nuclear force and as such is the foundation for calculations of the behaviour of
quarks bound into hadrons by the QCD carrier particle, the gluon. Unlike for QED, a
QCD perturbation theory cannot easily be established at energies relevant to nuclear
physics due to its coupling constant increasing with lower energies. This leads to
confinement, where the particles carrying the QCD charge equivalent, colour, cannot
be isolated. At the energy scales of bound, stable hadrons, this results in the degrees
of freedom not being the quarks and gluons themselves, but rather their bound
states, lower mass hadrons. Due to this, QCD is theoretically and computationally
complex.

-
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Figure 1.9: Transition form factor of the a-particle monopole transition 0% — 02
as a function of the squared three-momentum transfer q, from theoretical calculations
and data from inelastic electron scattering. Plot from [21).

Ab-initio calculations are capable of providing accurate predictions for simple bound
systems such as protons and neutrons|22], but fail at higher complexity. Theoretical
research in this area first led to Chiral perturbation theory, which was then gener-
alized into Chiral Effective Field theory. yEFT, as the name implies, is an effective
field theory that makes use of the chiral symmetries of low energy QCD and removes
the contributions of the high energy scales that involve quarks and gluons, thereby
reducing the degrees of freedom to hadrons in the form of pions and nucleons. From
this, an effective Lagrangian is constructed that can be used to derive multi nucleon
forces, which allows predictions of the behaviour of complex hadronic systems[23].

To calibrate and validate this theory, more high precision experimental data is re-
quired. One example of this, for which MAGIX is ideally suited to provide that
data, is the 0 — 02 monopole transition in helium 4, as shown in figure 1.9 The
ground state of four bound nucleons, two protons and two neutrons, can be de-
scribed to sub-percent accuracy. However, the first excited state 02 is still heavily
dependent on the choice of model. Recent theoretical results for this transition form
factor from Yin et al[21] agree with previous calculations[24], but exceed the latest

experimental results by more than a factor 2 at a g2 of 1.5 fm ™.
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Chapter 2

MAGIX and its Accelerator

Figure 2.1: MAGIX Spectrometers, after installation of the magnet system, but
before installation of the detectors. The red spectrometer on left is called PORT, the
green on the right STAR, referencing nautical navigations buoys.

To achieve the goals presented in the previous chapter, the MAGIX setup has to
accomplish a number of design goals. To start at the beginning, with the funda-

13



mental idea for the new accelerator, the beam that will be delivered to MAGIX is
intended to be recirculated to achieve much higher intensities than otherwise pos-
sible. This ambitious goal places numerous requirements on the instruments and
facilities of the accelerator itself, but also has major implications for MAGIX, with
the primary and most difficult being that the beam has to pass the experiment with
minimal interaction, reducing multiple scattering and preserving emittance. Only
by the experiment minimally interacting with the beam is it possible to recover its
energy.

To achieve this, MAGIX has to operate with a limit on the total areal thickness
the beam interacts with. This limit means that the only material we can allow to
enter the path of the beam is that of the target itself, and that the thickness of that
target has to be tightly controlled. This means we need a windowless target setup
and a gaseous target. However, these restraints also ensure that the experimental
environment will be free of a major source of background, allowing for much higher
precision.

The following chapter begins with an explanation of the Mainz Energy Recovering
Superconducting Accelerator(MESA), with its major components and the two other
experiments it hosts, P2 and DarkMESA. The rest of the chapter deals with MAGIX,
with its two major components, the gas-jet target and the magnetic spectrometers,
which contain the two major detector systems, the Time Projection Chamber and
the Trigger Veto System.

2.1 MESA

MESA is the low energy quasi-continuous-wave recirculating electron linear accel-
erator that is currently under construction at the Institute for Nuclear Physics on
the campus of the Johannes Gutenberg University in Mainz, Germany. The funding
for this accelerator was mainly provided by the PRISMA++ cluster of excellence.
The construction of new and refurbishment of existing halls for the facility were
completed at the end of 2023. It is currently planned to have a first beam around
June 2027. MESA’s design principles, as part of providing an energy recovering
beam, place a heavy focus on beam quality and intensity, to allow for high precision
particle and nuclear physics experiments.

The MESA halls house the two major components of the accelerator itself, the injec-
tion section and the linac section with two cryomodules housing two superconducting
accelerator cavities each, and its recirculating arcs, as well as three experiments, P2,
DarkMESA and MAGIX. A floor plan is shown in figure 2.2l For more information
about MESA see the dissertation of Daniel Simon|[25], which was used as the main
source for this section.

P2 and DarkMESA will only be operated in the first mode of MESA, the Extracted
Beam(EB) mode. For this, no energy recovery takes place, since the P2 target is
liquid hydrogen, which requires containment. The EB mode delivers a maximum
beam energy of 155MeV at a maximum current of 0.15mA. In the EB mode,
the beam will reach a polarization of over 85%. P2 will make use of this highly
polarized beam to measure the weak mixing angle and expects to reach a luminosity
of 2.38 x 103 ecm ™2 s71[26]. DarkMESA operates parasitically to P2 and will conduct
light dark matter searches|p|.

Only MAGIX will operate in the second mode, the Energy Recovery Linac(ERL)
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mode, where beam recirculation will take place. For the ERL mode, the beam passes
through MAGIX, and is reinjected into the linac section, with a phase shift of the
entry timing of the beam relative to the accelerator cavity standing electric field of
180°, meaning the electrons will lose energy to the field instead of gaining it. This
energy recovery allows for an increase in beam current to 1 mA, with plans to reach
10mA in the future. The ERL mode provides an unpolarized electron beam with a
maximum energy of 105 MeV. Depending on setup and beam current, MAGIX can
reach its intended luminosity of up to 1 x 103 cm=2s7!. MAGIX, in the beginning
and when making use of solid targets, will also be operated in the EB mode.

Figure 2.2: Schematic drawing of the MESA facility, with the injector section
coloured in orange, the accelerator cavities at the heart of the linac section in yellow,
P2 in blue, DarkMESA in green and MAGIX in red. Modified image from .

2.1.1 Injector Section

The MESA beam originates in one of two possible photoguns: either in the polar-
ized Small Thermalized Electron Source At Mainz(STEAM), or the unpolarized
MESA-Injector Source Two(MIST). In both of these, a pulsed laser beam triggers
the photoeffect in a photocathode, causing it to emit electrons. STEAM uses a
gallium arsenide based superlattice to achieve a beam current of up to 1 mA with
a polarisation of up to 85%. MIST is planned for a higher beam intensity of up to
10mA, but does not require the beam to be polarized and so uses a more robust
caesium potassium antimonide photocathode.

The created electrons are accelerated to 100 keV and directed into the beam prepa-
ration system MESA Low-energy Beam Apparatus(MELBA). MELBA utilizes two
Wien-filters combined with a solenoid magnet to freely decide the beam polarization
direction, and a chopper-buncher system. The pulsed laser already creates parti-
cle bunches with the intended operation frequency of 1.3 GHz, the chopper-buncher
system increases the quality and tightness of the bunches. After this, the beam is
guided into the normal-conducting booster linac MilliAMpere BOoster(MAMBO).
MAMBO accelerates the electrons to 5MeV, at which energy further acceleration
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no longer meaningfully increases their speed. With this boost, the beam enters the
linac section.

2.1.2 Linac Section

After reaching near light speed, accelerator cavities no longer need to account for a
change of speed. As such, a beam can pass through the same cavity multiple times.
At MAMI, the prior generation accelerator in Mainz, this is utilized extensively in
a racetrack microtron setup, where the beam would pass through the same cavity
several dozen times. MESA instead uses superconducting cavities, which allow for
much higher electric field gradients and so greater acceleration per pass. In total four
Superconducting Radio Frequency(SRF) cavities of the Teraelectronvolt Energy
Superconducting Linear Accelerator(TESLA) type are installed, in two Electron
Linac for Beam with High Brilliance and Low Emittance(ELBE) cryomodules, two
in each, called the MESA Enhanced ELBE Cryomodules( MEEC).

Each SRF cavity provides up to 12.5MeV acceleration or deceleration for passing
electrons, with the fields oscillating at the same operation frequency as bunches are
created by MELBA, 1.3 GHz. A single pass through a module means a change in
energy of up to 25 MeV and a complete circulation through both modules up to
50 MeV. Connecting the MEECs are the recirculation arcs. Each energy requires its
own arc, with lower energy beams running in higher arcs.

Adjusting the energy gains in the MEECs and the number of circulations allows for
some control of the beam energy, with EB mode operation ranging from an as to
now undefined energy somewhere below 30 MeV to the full 155 MeV. After the beam
passes the P2 experiment, it terminates in the P2 beam dump.

ERL operation is limited to two circulations and a minimum energy of 30 MeV by the
specific injection-extraction-chicane in use for it. Decelerated electrons with their
remaining 5 MeV that cannot be regained will terminate in the ERL beam-dump.
To operate MAGIX in the EB mode a separate beam dump in the MAGIX hall is
required, since the beam cannot be reinjected into the accelerator.

2.1.3 P2

The P2 experiment aims to measure the parity-violating cross section asymmetry
APV of elastic electron-proton scattering. This asymmetry arises from the weak
charge of the proton Qy (p) and is in the order of 1078, Tt will be the smallest asym-
metry measured so far in electron scattering experiments. From the weak charge of
the proton, the weak mixing angle sin?Ow can be extracted. If the measurement
goals are reached, this value will be determined to a precision of 0.15% at a four-
momentum transfer value of Q* = 4.5 x 1073GeV 2. This precise determination
serves as another test for the Standard Model and a potential hint for physics going
beyond it[26].

P2 will operate in the EB mode and requires both a maximally high polarization
and a precise measurement of that polarization. To achieve this, a total of three
polarimeters will be employed: a double Mott polarimeter as part of the electron
source STEAM, a single Mott polarimeter at the end of MAMBO, and a Mgller
polarimeter after the last beam line arc aligned to the target.

Said target consists of a 60 cm tube filled with liquid hydrogen, which is surrounded
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Integrating Cherenkov-

Figure 2.3: Construction Model of the P2 setup. Figure from [@/

by a scattering chamber under vacuum, which is in turn surrounded by a super-
conducting solenoid spectrometer. Forward scattered electrons leave the scattering
chamber through a carbon fibre window and enter the tracking section, which is filled
with liquid helium for detector cooling purposes and equipped with High Voltage -
Monolithic Active Pixel(HV-MAP) detectors to determine Q. Behind the tracking
section, protected by a lead shield except where elastically scattered electrons under
forward direction are expected, lie the integrating Cherenkov detectors, which are
used to measure the electron asymmetry. Most electrons leave the scattering cham-
ber through the exit beam line, along which the luminosity monitoring section are
placed. An overview of the P2 components is shown in figure [2.3]

Finally, after leaving the exit beam line, the beam terminates in the P2 beam dump,
which can also be considered the target of DarkMESA, as it operates in tandem with
P2.

2.1.4 DarkMESA

DarkMESA is intended to search for indications of a potential dark sector, the theory
of which isexplained in section 1.1

Should exchange particles of that dark sector, like the dark photon, exist, they
could be created in bremsstrahlung-like processes in the beam dump of P2. After
that, they could potentially create a pair of dark matter particles, which could in
turn interact with regular matter, either electrons or nucleons. The recoil of that
interaction can the be detected. A visualization of the idea behind DarkMESA is
shown in figure 2.5

The rate at which these particles would be created and detected in this setup, which
depends on the mass of the dark sector particles and the dark photon, as well as
its interaction strength, is constrained by existing experiments. To set new limits
the number of expected events is extremely low, requiring a very tight control of
potential background.

As such, DarkMESA is separated from the beam dump, the biggest source of Stan-
dard Model background noise, by 15 m of air and 8 m concrete, and by 10 m of earth
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Figure 2.5: A visualization of the idea behind DarkMESA with Feynman diagrams
of production and detection of dark matter particles. Figure from [E‘Sl/

and concrete from the second-biggest source, cosmic background. Any potential
dark sector particles would not be stopped in this material.

Construction of DarkMESA will take place in multiple phases, with a prototype
Phase A already finished. The principal design consideration is increasing the signal-
to-noise ratio, by first increasing the probability of dark matter detection by utilizing
a high Z material in the form of high-density Cherenkov crystals, and second using
multiple layers of vetoes and shielding to reduce Standard Model background. Figure
shows a concept drawing of the first two phases.

Phase B intends to multiply the existing prototype and supplement it with an ad-
ditional wall of a second type of Cherenkov crystal. There are currently multiple
ideas for a potential Phase C, ranging from several methods to reduce background by
improving veto capability to increasing signal background discrimination capacity
by increasing signal height with the addition of new types of detector crystals. For
more information, see the dissertations of Matteo Lauss[30] and Mirco Christman([5].
Now that the accelerator MESA and the other two experiments hosted at it have
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(a) (b)

Figure 2.6: Concept drawings of DarkMESA Phase A (a) and Phase B (b). Phase
A will utilize 25 PbFy crystals, Phase B expands that to 900 PbF, and 1024 SF5
crystals in two sections. Images from E]/

been explained, we turn to MAGIX and its major components.

2.2 MAGIX

MAGIX intends to measure electron scattering reactions utilizing a gas-jet as its
target, two high resolution magnetic spectrometers as its instruments, a Time
Projection Chamber(TPC) as its focal plane detector, and an assembly of plas-
tic scintillators as combined trigger and veto system. Electrons from the MESA
beam will scatter of its target and some of them will be within the acceptance of our
spectrometers. Accepted electrons enter the magnetic fields of the spectrometers,
where they are bent and focused onto a focal plane. The tracks of the particles
within that focal plane are measured by the TPC, allowing event-wise reconstruc-
tion of the scattering event. After passing through the TPC, the scattered electrons
enter the trigger veto system, where their precise arrival times are determined, and
optionally used to detect coincidences between the spectrometers. Potential back-
ground, from the accelerator, beam dumps, or of cosmic origin, is vetoed by means
of particle type, energy, and travel direction.

These components of MAGIX will now be explained, beginning with the one at its
physical centre, the gas-jet target.

2.2.1 Gas-Jet Target

MAGIX supports operations with an energy recovering accelerator by using a coher-
ent stream of particles as target. In other words, a beam of molecules that does not
require any material to contain it. To achieve acceptable target densities, neither
so high as to impede energy recovery of the beam electrons, nor so low as not make
experiments infeasible due to lacking luminosity, this requires cooling the gases. The
MAGIX target based on this technology was developed by the AG Khoukaz of the
University of Minster and is called a cryogenic supersonic gas-jet target. A sketch
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of the principal of its operation is shown in figure 2.7, and a CAD model of the
apparatus generating this gas-jet in figure 2.8

At its core lies the idea of cooling a gas close to its condensation point and then
sending it at high pressures through a Laval nozzle. As the gas is forced through
the narrow opening of the nozzle the shape of that Laval nozzle causes some of the
thermal energy of the gas to turn into kinetic energy, simultaneously condensing the
gas and accelerating it to supersonic speeds. The thus produced particle stream is
then ejected into the scattering chamber, where it crosses the electron beam in the
interaction point. After that, it reaches a catcher, where the gas beam is extracted
using a pumping cascade setup.

A
I I 1430 mm
Cluster-jet
target
Nozzle
Gas jet

Electron beam

insulation
warm stage
Catcher
transfer part
cold stage
v

Figure 2.7: Principal of operation of a gas- Figure 2.8: CAD Model of the
jet target with a Laval nozzle. MAGIX gas-jet target apparatus.
Figure from .

This setup is usable with a variety of gases, with the main ones currently planned
to be used being hydrogen, helium, argon, oxygen, nitrogen and xenon. Each gas
requires individual consideration and variation in operation due to variance in phase
diagrams and chemical inertness.

A test of this gas-jet target at Al has shown that using hydrogen while oper-
ating at 40K and 15bar with a flow of 40 Lmin~! creates a particle density of
1.6 x 10atoms/cm? while reducing the vacuum in the scattering chamber from
around 10~® mbar to 107! mbar. With a beam current of 1 mA, corresponding to
a particle rate of I/e = 6.2 - 10'°atoms second ', this equates to a luminosity of
around 1 x 103 cm—2 sfl. For this, it is assumed that the MESA beam spot at
the interaction of MAGIX will have a Gaussian profile with a standard deviation in
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both directions of 100 pm.

Besides this more generally applicable type of operation, recently a prototype for
a droplet type target intended for operation specifically with hydrogen has been
completed. Hydrogen can be brought close to its triple point and liquefied, such
that slight cooling is sufficient to freeze it. When the stream of liquid is periodically
interrupted with a piezo actuator, this creates solid pellets of hydrogen that can
travel considerable distance. One such target has been prototyped for operation at
PANDA, where these pellets have to cross more than 2 meters until they reach the
interaction point[33].

Further development of the droplet target has created the concept of a filament
target, where the actuator is tuned such that the stream of liquid hydrogen is
no longer disrupted sufficiently to form droplets and instead generates a solid fil-
ament. This would allow an order of magnitude increase of particle density to
4.5 x 10atoms/cm?. However, as this also reduces the absolute size of the parti-
cle stream in the interaction point and so the overlap with the electron, this only
means an increase in luminosity of a factor 4. Additionally, it reduces gas flow to
160 mL min~! and decreases the vacuum pressure by three order of magnitude due to
much tighter containment and less loss of gas from the solid surface of the filament,
compared to the liquid surface of the clusters|34].

The operation of the gas-jet target, and indeed MAGIX’s other targets, requires a
place for the interaction with the electron beam to take place in a vacuum, which
is provided by the scattering chamber.

2.2.2 Scattering Chamber

The interaction point is surrounded by a vacuum containment vessel, the scattering
chamber, that besides the nozzle of the gas-jet target also houses two auxiliary
detector systems and an alternate target ladder. The scattering chamber also has
to be connected to the two spectrometers of MAGIX, the main detector systems for
scattered electrons.

This connection has to be windowless, to maintain the advantage of a low material
budget given by the gas-jet target design. These connections present the biggest
challenge with the construction of the scattering chamber, because they are intended
to be freely rotatable around the interaction point.

To maintain a shared vacuum while moving the spectrometers will require a sliding
seal, where the walls of the chamber and the flange of spectrometer would slide rela-
tive to each other, for instance on polytetrafluoroethylene surfaces. As an additional
complication, this sliding seal will have to operate without the use of lubricating or
sealing liquids, which would escape into the vacuum and degrade the performance
of high performance turbo pumps necessary to maintain a beam quality vacuum.
Until the completion of a technical implementation of this design, a preliminary
fixed angle multi-flange design will be used, where each spectrometer repositioning
requires breaking vacuum and reconnection of the spectrometer connection.

The jet target catcher, directly under the interaction point, is connected to a high
power pumping cascade to keep the vacuum contamination, caused by surface evap-
oration of jet target molecules, contained to the scattering chamber as much as
possible. In line with the interaction point are also the electron beam ingress and
egress pipes, along which are mounted additional differential pumping systems, to
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Interaction module

Feed-through module

Pump module

Figure 2.9: Design sketch of the MAGIX scattering chamber, with the jet target
from figure[2.§ at the top, followed by the interaction module, showing the beam entry
pipe in the middle, with an opening to the left and the flanges of the preliminary
fized angle design to the left. The feed-through module below that is intended for
the electrical and signal connections to the components in the chamber. At the very
bottom, the pumping stage is visible. Figure from .

aid and ideally eliminate the drift of target molecules from the contaminated scat-
tering chamber into the rest of the accelerator beam line. With all these measures,
we are aiming for a maximum of 10~%mbar at the beam entry and exit points into
the differential pumping systems.

Further along in both directions are also sets of five focusing quadrupoles and in
forward direction the first bending dipole will also be used as a forward spectrometer,
to extend to possible energy range and to serve as luminosity monitor.

A current design sketch is shown in figure 2.9} It consists of three separate modules,
due to the differing requirement and increasing difficulty and risk of constructing a
single shared vacuum chamber. The interaction module is supported by the feed-
through module below, which contains the openings for bringing signal and power
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lines out of and into the interaction chamber, and the pump module, which connects
to the catcher.

The connection to the accelerator beam line both forwards and backwards hosts
additional differential pumping systems, as a further measure to reduce any drift of
target gas molecules into the vacuum of the accelerator.

2.2.3 Silicon Strip Detectors

The first auxiliary detector system housed in the scattering chamber itself is in-
tended for the measurement of nuclear recoil particles. In its current iteration, the
system utilizes the X1 chip by Micron Semiconductor, which has a 50x50 mm?
active area segmented into 16 strips. Energetic particles depositing energy create
electron-hole pairs, which are split by an applied voltage. The thus created charge
is detectable on both ends of the strip, allowing two-dimensional coordinate recon-
struction from the charge asymmetry and strip position.

APV-based
readout

Figure 2.10: Current design sketch of the silicon strip detector and its readout.

Figure from .

The silicon strip detectors will be mounted on a chandelier in the scattering chamber,
30cm away from the interaction point. They will be supplemented by a plastic
scintillator mounted directly behind the strips to serve as electron veto and for
particle discrimination.

The silicon strip detector’s primary purpose is the detection and energy measurement
of nuclear recoil particles, which is a requirement for measurements of the electro
disintegration of oxygen 16, where a low energy a-particle is produced. A design
sketch for the silicon strip detector is shown in figure 2.10]
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2.2.4 Beam Halo Veto

The planned beam path of MESA only intersects with molecules of the gas-jet. In
reality, however, the beam will have a component that is spread out from its ideal
size, the beam halo, from interactions between beam electrons and residual gas.
These beam halo electrons are not confined to the interaction point and may scatter
off nozzle or catcher. This presents a significant source of background for MAGIX,
in absence of other sources of scattered background.

To eliminate this, the second auxiliary detector system in the scattering chamber
is the beam halo veto, which consists of two scintillators, which are mounted on
movable platforms to move them into or out of the beam as required. With this
mobility the detectors can be placed such that any beam electrons that hit the nozzle
or catcher create a signal that can be used as a background veto. A sketch is

shown in figure [2.11
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Figure 2.11: Sketch of the beam halo veto from .

2.2.5 Alternate Targets

To provide beam position information using a beam monitor and due to the expected
complexity of the commissioning of the gas-jet target and the desire to test the other
components of MAGIX independently, it is currently planned to also install a target
ladder in the MAGIX scattering chamber. Included in that target ladder will be
an aluminium oxide screen, a tantalum target, and a thin diamond plate. The
aluminium oxide screen serves as a means to determine beam position.

The latter two are intended as commissioning and testing targets. Both will be
used to generate calibration data and to confirm the particle optics derived from the
measured magnetic fields. Besides this, the tantalum target will also be used for the
dark photon investigations. The diamond target will be used for the first physics
experiment at MAGIX, a measurement of the Hoyle State Transition Form Factor,
which will be explained in much more detail in Part III.

The target ladder in which these targets are installed will be mounted such that
during gas-jet operation no part provides a scattering surface that could interfere
with measurement, and rotates into position as required. When the target ladder
is in position and a solid target is in the beam, no ERL mode operation is possible.
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This means that the beam cannot re-enter the MESA beam line and instead has to
be dumped close to the experiment, for which a beam dump will be installed.

2.3 MAGIX - Spectrometers

The main instruments of MAGIX will be its high resolution magnetic spectrometers.
The purpose of these spectrometers is to enable us to measure the position, angles
and momentum of the scattered particles in the target frame with high precision.
To achieve this, the spectrometers use magnetic fields to bend the tracks of the
particles. The magnetic fields generating that bending are designed so that mo-
mentum information in the target frame is translated, in the first order, to position
information in the focal plane, while angle information is preserved. This position
measurement is easier and more precise than a direct measurement of the particle
momentum.

The translation between target angles and vertex resolution into focal plane angles
and position is shown in figures and

=
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Figure 2.12: Visualisation of one spectrometer in the target coordinate system,
with the z-axis corresponding to the beam direction. The spectrometer is positioned
at 90° to the beam line. The spectrometer is shown from three directions in A,B,
and C. The interaction point is shown with a black cross and is the origin of the
target frame coordinate system. The purple lines show particle tracks. V¢ and ¢; are
the scattering angles in the target frame, and Uy and @y are those angles translated
into the focal plane. Figure from [@/

A construction sketch of the spectrometers with all components installed is shown
in figure 2.14]

The MAGIX spectrometers consist of magnets built out of coils and yokes. The
design of how these coils and yokes are arranged into magnets is informed by the
desired translation between target frame and focal plane. To calculate the fields that
are required for this translation and to later calculate translation matrices, particles
have to be tracked through a given field by solving the following first order linear
differential equation:
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Figure 2.13: Coordinate translation between target frame and focal plane. z; is the

scattering vertex position in the target frame, zy is the translation of that coordinate
into the focal plane. Figure from [38].
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In the simplest case, a single dipole magnet is enough to separate particles by their
momentum. Such a simple dipole has a dispersive direction, in which the particles
are split up according to their momenta, and a non-dispersive direction, in which
particle trajectories are not significantly impacted by its magnetic fields. To increase
resolving power by doubling the number of edges and to better align the focal plane
with the horizontal, the MAGIX spectrometers will use two dipoles|39].

The acceptance of such a double dipole setup is limited by the maximum size of
the magnets and their vacuum chamber, and especially by the magnetic fields and
chamber size at the exit, where the particle tracks have dispersed the most. The
dipole magnets’ field is strongest and most uniform along the centre, but unavoidably
the areas along the edges in direction of the scattered electrons include portions in
which undesirable bending would take place.

The spectrometer acceptance is therefore enforced by a collimator at the very begin-
ning of the spectrometer vacuum chamber. This collimator ensures that no particle
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Figure 2.14: A construction sketch of the spectrometers with all detectors installed
and an overlay of magnetic fields and particle tracks on PORT, on the left. The
cutout of the design of PORT additionally show the two detector systems, and how
the detector is positioned such that the beginning of its active area corresponds to
the focal plane, shown by the focusing of the particle tracks and the red line. The
cutout on STAR, on the right, shows the quadrupole-dipole-dipole configuration of
the spectrometer magnets. In the middle a stand-in for the scattering chamber is
shown.
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Figure 2.15: Sketch showing the effect of the quadrupole on particle tracks. Image

from [@/

that would traverse those undesirable area enters the spectrometer, and thus aren’t
detected in the focal plane.

To achieve a higher angular acceptance and greater momentum resolution, an addi-
tional quadrupole is used. It does so by focusing the particle in the non-dispersive
direction, thereby allowing a larger spread of particles to fit through the dipole exit,
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and defocusing in the dispersive direction, increasing the momentum dispersion, as
shown in figure

The MAGIX design was therefore chosen to consist of a double-focusing quadrupole-
dipole-dipole configuration. The magnetic fields of these magnets and an explana-
tory sketch are shown in figure [2.16]

The design goals for the spectrometers were a relative momentum resolution of better
than 10~%, an angular resolution of better than 0.05°, a central momentum range
of 3-282MeV/c, a relative momentum acceptance of 15% and a circular angular
acceptance of 4.35°|39], which later had to be reduced to 2.75°, due to restrictions
arising from the necessities of mechanical and vacuum chamber construction.
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Figure 2.16: Particle tracks defining the behaviour of the magnetic fields of the
MAGIX spectrometers, showing that particle position in dispersive direction corre-
sponds to particle momentum, and in non-dispersive direction with target coordi-
nates. Also wvisible is the focusing effect of the quadrupole, which enables a higher
angular acceptance. Figure from 1@/

To determine if a given configuration of the magnetic field fulfils these requirements,
a number of particle tracks at different energies and angles are generated, sent
through a simulation of the magnetic fields from the target frame into the focal
frame, and a matrix representation of that translation is formed. The inverse of the
matrix can be used to translate a position in the focal plane back into the target
frame.

To calculate the resolution of the spectrometers, it is now necessary to choose a
desired resolution of the detectors and an expected size of the beam spot, corrected
for spectrometer magnification, to calculate an expected spread of a particle track in
the focal plane. Given that spread and with the particle tracks and their associated
translation matrices, the spectrometer resolution can then be calculated by varying
all particle track representations in the focal plane by the spread expected due to
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detector error and beam spot size, translating them back into the target frame and
measuring their standard deviation. For more information about the design process
for these spectrometers see Julian Miiller’s Diploma Thesis.

To generalize the translation between target and focal plane for all possible particle
tracks instead of being restricted to only those for which the full tracking through
the magnetic fields was done, an multi-variable fit was performed. This was done by
utilizing the already generated tracks and their forward and backward translation
matrices. Based on this fit, two algorithms were implemented, one for each direction
of translation between target and focal plane frames. For more information, see Felix
Hoéwelberend’s Bachelor’s Thesis[38].

To achieve the desired spectrometer resolution, the position and angles of the particle
tracks in the focal plane have to be measured with the position resolution of 100 pm
and the angular resolution of 3.5 mrad that were assumed in the spectrometer design
process.

Figure 2.17: MAGIX Spectrometer after installation of the energy chain system
on the 6.2.2026. In the foreground, the myriad of cables and pipes that will be used
to connect the spectrometers are still visible.

The two spectrometers are not constructed identically, and are instead mirror sym-
metric with the vertical plane along the beam. The spectrometers are each mounted
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on their own steel platform, which run on two ring rails, on opposite sides of the
beam line. Each platform can be positioned between 15° and 165° off the forward
beam direction. The rails and platform are calibrated so that these rotations share a
vertical axis, which runs through the interaction point. To provide the spectrometer
magnets and detector systems with power, cooling, and data connection, an energy
chain system is installed. This system runs inside the inner perimeter and carries
power, water and data lines to the rotating spectrometers.

The spectrometer magnets, manufactured by Danfysik, sit on shielding houses,
which contain detectors and electronic equipment. For their protection and to reduce
beam-induced background they will be surrounded by 100 mm thick lead bricks, for
electromagnetic shielding, and 70 mm thick borated polyethylene plates, for neutron
shielding.

A picture of the in construction spectrometers is shown in figure 2.17]

2.4 MAGIX - Time Projection Chamber

Mounted directly onto the vacuum chamber of the spectrometers is the focal plane
tracking detector system for MAGIX, our TPC. With an extension of the vacuum
chamber to bridge the gap between the end of the spectrometer and the focal plane,
it is positioned so that scattered electrons leave the shared beam and spectrometer
vacuum, pass through a 75 pm thick polyimide foil, and enter the TPC. Additionally,
the position of the TPC, and thus the entry of the particles into the active area, is
optimised so that it coincides with the focal plane of the spectrometer optics.

The TPC uses ionisation in a counting gas to detect the particle tracks. In the setup
employed by MAGIX, an electric field is used to separate the ions and electrons, and
drift them to anode and cathode. The anode is equipped with Gaseous Electron
Multiplier(GEM) foils to increase the deposited electron charge that gets detected
by a segmented pad layout. Combined with the timing of the charge deposition, it is
possible to reconstruct all three dimensions of a particle track, if precise information
about the time when the particle entered the detector is provided.

The theory, design and construction of this detector will be discussed in much greater
detail in Part 3 of this thesis.

2.5 MAGIX - Trigger Veto System

By choosing a time projection chamber as focal plane detector it became necessary
to add another detector to provide precise timing information. Additionally, the ar-
rangement of the spectrometers means that cosmic muons cannot be distinguished
from scattered electrons by information about the particle’s track alone, which also
necessitates some manner of muon veto. Additional sources of radioactive back-
ground, such as beam induced neutrons, strengthen that necessity. MAGIX has
chosen to answer these two requirements with two closely related detectors, which
are thus combined into a trigger veto system.

The trigger layer is mounted directly below the TPC and provides trigger and timing
information for that detector. This trigger layer consists of 22 fast-rise plastic scin-
tillators, which are read out on both sides by photo multiplier tubes to provide both
timing and rough position information. The scintillator bars are wrapped first in a
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Figure 2.18: Design scheme behind the MAGIX trigger veto system. Different
particles create different response patterns, allowing particle identification. Figure

from .

white polytetrafluorethylene foil for internal reflection and then in a light isolating
black polyethylene foil.

The trigger layer is followed by the veto system. This veto system consists of eighteen
layers, stored in nine drawers. Of the eighteen layers, fifteen are passive lead plates
and three active scintillator layers. The scintillator layers of the veto system have a
larger segmentation of just 3 bars each. These scintillators are read out with silicon
photomultipliers, and serve to identify particle penetration depth and thus provide
particle identification[35].

With the background of the physics program and experimental setup explained, the

following part will deal with the theory, design and construction of the MAGIX focal
plane tracking detector.
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Part 11

Constructing a Time Projection
Chamber for Measuring Particle

Tracks in the MAGIX Focal Plane
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Chapter 3

Theory of Gaseous Detectors in
General and Time Projection
Chambers in Specific

As previously mentioned in section 2.4] the focal plane detector of MAGIX is a Time
Projection Chamber(TPC), which functions by detecting the ionisation products of
high energy particles passing through the gas in its active volume. As background
for the design and construction that will be described in the following chapter,
this chapter will first deal with gaseous detectors and their operating principles in
general. The second section details the function of a TPC and its components as
we use them, the counting gas, amplifier stage, field cage and signal processing
electronics.

In the third section a short interlude into solid state physics is required as background
for the calibration system of the TPC, specifically UV-LEDs and the transmissive
photo effect.

3.1 Gaseous Detectors

All gaseous detectors function according to the same principle: the particle to be
observed passes through a gas, where it triggers ionisation. Based on the amount,
position and timing of the ionisation products, information about the ionising parti-
cle can be collected. The following section details how these ionisations occur, how
charges travel in the gas, what conditions are necessary for the information to be
collected, and how the information is processed. The explanation is based on the
book Particle Detectors by Herman Kolanoski and Norbert Wermes[41].

3.1.1 Ionisation in Gas

When a charged, highly energetic particle passes through matter, it collides with
the electrons in that matter. It also collides with the nuclei, of course, but for our
purposes those interaction are rare enough to be disregarded. In each of the electron
collisions, the colliding particle loses a random fraction of its kinetic energy to the
electron it collides with. The maximum energy transfer in this process is:
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where m, is the mass of an electron and mg the mass, p the momentum, and F
the energy of the colliding particle. When the energy transferred to the electron
is greater than its ionisation energy Ej, the electron is completely separated from
the nucleus and the atom becomes ionised. Some of the ionised electrons have
sufficient energy to themselves cause additional ionisations, so called d-electrons, and
recombinations of high energy electrons with recently produced ions leads to high
energy photons also being produced. These high energy photons, called streamers,
can smear out the signal left by the primary ionisations when they create more
ionisations some distance off the track if the medium is optically transparent to
their passage.
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Figure 3.1: Principle of operation of gaseous detectors. Figure from [42].

The average energy per created electron-ion pair W depends on the material and
the energy and type of incident particle, and is proportional to Ej.

The total number of ionisations ng is therefore proportional to the ratio between
the energy loss AE and W:

_Ap

w

In the case of electrons, the most significant energetic particle at MAGIX, the energy
loss of the particle dE per distance travelled dx is given by the Bethe-Bloch formula:

dE 4mn e\’ 2mec? 32
Tdr Mec232 (47?5()) . lln <]- (1 —52)> B ﬁﬂ ’ (3.3)

with 8 = 7 the speed relative to the speed of light, n the electron density of the
material and I a medium excitation energy specific to the material. The formula
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predicts a rapid decrease in energy loss with increasing electron energy, reaching a
minimum at approximately 1 MeV, followed by a logarithmic increase.

In the absence of an electric field, the particles produced recombine and no drifting
charges are created, making detection difficult. By applying an electric field to the
ionised material, the ionisation products can be separated and more easily measured,
as long as electrons and ions can travel through the material, which is the case in
most gases. This general case of a gaseous radiation detector can be seen in figure
B.11

The electrons and ions are not only separated by the electric field, they continue to
be accelerated by it. While drifting through the gas, they will, like the initiating
particle, collide with the electrons of the gas atoms. Due to these collisions, the
electrons and ions diffuse away from each other and spread throughout the gas. In
the two following subsections we deal with a mathematical description of first the
drift and the diffusion.

3.1.2 Drift

The motion of ionised particles along the direction of the electric field consists of a
series of accelerations and decelerations— the former due to the field, the latter due
to collisions with electrons of the gas. The overall motion is chaotic, but an average
drift velocity, denoted as vj, can be determined as the mean of all movements.

vg can be calculated using the Boltzmann Transport equation, which describes the
absolute temporal derivative of the distribution density f(Z,,t) as an integral of
collisions. f contains the information about the velocity v and location & of the
drifting, charged particle at time t. With these, the transport equation can be
expressed as:

(3.4)

ot ot

(a+U~V§+ F‘Vﬁ) f(f,U,t) = g
m coll
The first term on the left side, the partial derivative with respect to time, is equal
to 0 in a closed system. The second term describes diffusion, which can and will
be treated differently for our purposes and as such will be detailed in section [3.1.3]
The third term describes external forces and for our case of a purely electrical field
is equal to %E_” - V.
The collision integral % |con o0 the right contains all information about what happens
during the collisions of all particles, and as such can become arbitrarily complex.
Under the assumption that a closed system will return to its equilibrium state f;
after a relaxation time 7 following an excitation, the collision integral can be rewrit-
ten as @ The relaxation time corresponds to the mean time between collisions
and as such can be defined using A, the mean free path, as 7 = % The medium free
path for these collisions is inversely proportional to the number of gas particles per
volume N,,, and the energy dependent cross section of the collisions o(€): A = Nmi—(s)'
With that the transport equation can be simplified to:
q f—=J
mE Vi = v (3.5)

With this solution of the distribution density the drift velocity can be calculated as
the mean of the velocity vector[41], which reduces it to:
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In this simplification the mobility p contains all information about the drifting
particle and the medium, while being independent on the electric field, and can
be easily measured and predicted. Due to its inverse dependence on the mass,
electrons in general have a drift velocity three order of magnitude higher than ions,
which makes them the better choice for multiplication and fast readout.

However, while the assumption that underlies this simplified collision integral holds
true for ions up to very high field strength, electrons are light enough that they
gain enough energy between collisions to invalidate the assumption that they return
to the equilibrium state, even at low field strengths. There is no derivation of the
drift velocity of electrons in this case, and it is instead extracted from numerical
simulations.

One further complication for drifting electrons is that with each collision with a gas
atom, there is a risk that instead of continuing their path, the electron recombines.
This effect depends on both the energy of the colliding electron, and so the electric
field, and the shell configuration of the gas atom. The probability of attachment is
negligible for noble gases, but for gases with high electronegativity like oxygen, the
mean lifetime of a thermal electron is 200ns|43|. Even small inclusions of such a
high electronegativity contaminant can therefore ruin a measurement.

3.1.3 Diffusion

Free electrons and ions will distribute in a gas following the concentration gradient
of the charge density. How and how fast they do this is described by the particle
flow j of the particle density p.

Electric Field E——>»

O\
Electron Cloud

shortly after
primary ionisation Electron Cloud

after drifting for At
in an electric field

Transversal

Longitudinal—y,

Cathode Anode

Figure 3.2: Schematic picture of an electron cloud produced by a primary ionisation
event drifting through the electric field of a detector.

;can be determined as a solution to Fick’s law, in our case modified with an addi-
tional term due to the drift in one direction as:
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T
with the diffusion constant D. This diffusion constant is then separated into two
cases: movements in direction of drift, called the longitudinal diffusion constant Dy,
and orthogonal to the direction of drift, called the transverse diffusion constant Dr.
With that separation, a generalized solution for the flow j is given by:

7 1 2y (2= |vdlt)?
o(Z,t) = - eXp (— — : (3.8)
(47 Drt) - (4nDyt)? 4Dp -t 4Dy -t

= DV?o(Z,t) — o(Z, 1)V - up, (3.7)

The diffusion coefficients for the different directions can be extracted from the dis-
tribution density of the gas molecules. However, just like with the drift velocity of
electrons at high fields, this cannot be done analytically, and is most often deter-
mined experimentally or in simulation.

From equation 3.8, the standard deviation of the particle distribution can be ex-
tracted as:

UT/L = 1/2DT/L't- (39)

An electron cloud drifting through an electric field is shown in figure [3.2]

3.1.4 Charge Multiplication

In addition to drift velocity, the strength of the electric field in gas detectors has
a second important effect: charge multiplication. When ionised particles are suffi-
ciently accelerated, they can ionise gas molecules upon collision. Figure shows
the relationship between voltage and the number of electron-ion pairs. At very
low field strengths, the field is not strong enough to separate all created charges
before they recombine, corresponding to region A, which is not used for any detec-
tors. When the electric field is strong enough to completely prevent recombination,
the detector is operated in the saturation regime, corresponding to region B. Here,
the number of detected electrons matches the number of primary ionisations and is
proportional to the energy loss of the ionising particles.

Once the field is strong enough that the drifting particles are sufficiently energetic
to lead to ionisations on collision, the number of ionising particles increases geomet-

rically. This process is called a Townsend discharge. The multiplication is described
by:

N(z) = Ny - e, (3.10)

where N(z) is the number of particle at = from start of the field, depending on
the starting number Ny and the first Townsend coefficient «, which depends on
medium and applied field. For a finite field, the number of new particles remains
proportional to the number of starting particles, corresponding to region C, thus
called the proportional region.

At some point this proportionality is no longer given, as the number of ionisations
is limited by the available gas particles. This corresponds to region D and is not
typically used in particle detectors.
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Figure 3.3: Plot showing detector response in dependence on electric field strength
for three different radiation types. Figure from )

Applied Voltage

When the voltage is high enough, each incoming particle causes a full ionisation
of the counting gas. This corresponds to region E, called the Geiger region for its
use in the original particle detector, the Geiger counter. Eventually, the field is
strong enough so that a discharge occurs even without ionising particles, meaning
no further information about possible particles can be obtained from the discharges,
corresponding to region F. Additionally, it is likely that constant discharge of voltage
across the gas causes damage to the detector’s surfaces.

3.2 TPC

A TPC consists of an active ionisation region, a multiplication region, and a readout
system. An exemplary structure and its functional principle are illustrated in figure

3.4

Cathode
Anode .

ty Trigger

Figure 3.4: General function of a TPC with GEMs in their multiplication region.

Figure from .

The special property of a TPC is its capacity to perform a three-dimensional recon-
struction of a particle’s track by using not only the two-dimensional signal given by
the projection of the ionisation product onto the readout structure but also its tim-
ing. When combined with information about the entry time of the primary particle
into the drift volume, such as from a trigger detector, and a known drift velocity,
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the third dimension of the track can be determined. Since multiple position mea-
surements are taken along the TPC, the reconstruction is both robust and precise.
Additionally, by summing the measured charges, the TPC allows conclusions to be
drawn about a particle’s energy loss and thus its energy.

In this arrangement, the readout of the generated signal occurs outside the expected
path of the particle, meaning the particle does not need to pass through the material
of the readout system. As a result, the particle’s trajectory is only minimally affected
by interaction with the detector. When using electrons as signal, the readout and
multiplication happen on and above the anode, with the cathode bordering the other
side of the active region.

A TPC as such consists of the active region, filled with a gas mixture, which has a
charge multiplying system in front of its anode, and is surrounded by a field cage
to generate a homogenous drift field. Its anode is equipped with signal processing
electronics.

3.2.1 Gas Mixture

The choice of the gaseous medium defines most properties of a gas detector. In
general, no gas by itself fulfils all the requirements. Experience from previous appli-
cations has shown that a combination of two or more gases, each playing different
roles, can significantly improve detector performance. These two roles are those of
the counting gas and the quenching gas. The counting gas is the main component of
the gas mixture and defines the bulk of its behaviour, while the quenching gas and
further possible additives are used to compensate for deficiencies of the counting
gas.

The counting gas needs to provide both a high primary ionisation density and a
high charge amplification, but without transitioning too quickly into discharges.
This requires a start of amplification at low electric field strengths. Specifically for
our TPC, the heavy noble gases of krypton and xenon would be suitable in this
regard, but will not be used because their high radiation lengths would run counter
to our desire to reduce multiple scattering as much as possible. Helium and neon, on
the other hand, have insufficient ionisation densities. Argon is suitable, but suffers
from instabilities in its amplification behaviour.

Of equal importance to its ionisation properties are the transport properties of the
gas, its ion and electron mobility and diffusion constants, as well as its attachment
rate. Here the halogens and oxygen disqualify themselves from use in our TPC
because of their high attachment rates, as mentioned above.

An unavoidable aspect of gases with high ionisation densities is that they are easily
ionised, which indicates a low propensity towards energy dissipation in other ways.
This in turn implicates a low probability for these gases to absorb or attenuate pho-
tons. Indeed, the gases with the lowest ionisation threshold are the mono-atomic, ie
noble, gases, since they don’t have any energy dissipation pathways before ionisa-
tion. This is a concern for gaseous detectors because this means that good counting
gases cannot be good at suppressing streamers. The addition of at least a quenching
gas for this purpose is therefore evident.

The quenching gas is mainly responsible for lowering the absorption threshold of
photons with energies above the ionisation threshold of any material inside the
active volume, to prevent streamers from causing correlated secondary ionisation
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events following the primary. This absorption has to happen without causing an
ionisation, corresponding to a high ionisation threshold, which is provided by organic
gases, which have a multitude of rotational and vibrational states to accept and
dissipate energy. Correspondingly, they make ideal quenching gases.

In addition to all these conditions for ideal detectors, they must also meet the
demands of experimental reality, enabling safe operation at low cost and causing no
damage through potential chemical processes, and ideally also low environmental
impact.

Of the remaining candidates for a counting gas, neon is precluded due to its high
cost, owing to its relative scarcity in air compared and high industrial demand.
Argon, like neon, is produced as a by product from liquid air distillation and with
its abundance remains affordable.

For the quenching gas, a number of complex and high performing additives have
been discovered. Unfortunately, most of them have significant global warming im-
pacts, either in production or by themselves when released into the atmosphere, due
to containing fluor. Most alternatives suffer from high cost or chemical instabil-
ity[46]. However, a low cost, comparatively low environmental impact alternative
with sufficient chemical inertness exists, in the form of carbon dioxide|47].

A mixture of argon and carbon dioxide has been tested and found to satisfy all
our requirements, at a volumetric mixing ratio of 90 to 10. The drift speed and
transversal and longitudinal diffusion constants of this gas mixture as a function of
applied electric field are shown in figure [3.5]
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Figure 3.5: Electron drift properties of the MAGIX argon CO2 90:10 gas mixture.
The two green dotted lines show the intended range of the electric field to be applied
across the drift region, between which drift velocity is approximately linear. Figure
from [35].

Besides these primary, desired, components, a gas system will also include impuri-
ties. These impurities are brought into the system both from the gas bottle, as no
commercially available source of gas is entirely pure, and from infiltration into the
system from the surrounding atmosphere, as no gas system is entirely airtight. The
most worrisome impurity for our gas detector is oxygen, as it has a high electron
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attachment rate. Over long drift distances, high oxygen impurities can cause a cloud
of drifting electrons to thin out enough to drop below detection threshold. As such,
high purity, 99.9999%, gases are employed, and all source of atmosphere infiltration
have to be minimised.

3.2.2 GEM

For the MAGIX TPC we will use Gas Electron Multiplier(GEM) foils. Such foils
consist of a non-conductive material coated on both sides with a conductive material.
The foil contains holes with a regular hexagonal pattern. When a voltage is applied
between the two conductive layers, an electric field is created, whose field line shape
is shown in figure |3.6| with very large field strength in the hole region.

A voltage is also applied between the surface of the GEM foil and the cathode of a
gas detector. The electric field above and below the foil, in the drift and induction
regions, operates in the saturation range of charge multiplication. The electric field
lines which the electrons follow are desired to be as straight as possible in the drift
region, to allow precise location reconstruction. Directly above and below the foils,
the field lines bunch together as they are funnelled into the comparatively conductive
holes in the isolating foil. In this collection region, the electrons, still following the
field lines, are concentrated in the holes. Inside those holes, in the amplification
region, the field lines are concentrated and thereby sufficient to trigger electron
avalanches, multiplying the measurable charge by a factor on the order of 10 and
10%.

Drift

Col_lecﬁon

140 pe A

Induction

Figure 3.6: Schematic drawing of a GEM foil. The red lines are electric field lines,
the blue lines show equipotential. Figure from 1@/

At the same time, however, undesired ions are also created. Due to the difference in
mass, most of the electrons leave the vicinity of the hole, while the opposite happens
for the ions: most of them recombine with electrons from the foil on the top surface.
Until this recombination occurs, the hole has a dead time during which new primary
electrons cannot trigger avalanches. The remaining free ions, known as ion backflow,
carry a field charge that distorts the electric field on their way back to the cathode.
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The multiplication and ion backflow properties of a GEM foil depend on the thick-
nesses of the conducting and non-conducting layers and on the geometry and distri-
bution of the holes, as well as the configuration of its electrical field.

The biggest restrictions on the operation of a GEM foil are the ion backflow and
the limit on the maximum voltage difference that can be applied across a single foil.
While higher voltages correspond to higher multiplication, a too strong field reaches
the breakdown region, and constant discharges, sparks, can melt the conducting
layers together, ruining the foil. To prevent both of these, multiple foils are operated
on top of each other, with a lower voltage applied to each[48].

3.2.3 Field Cage

Since a TPC obtains information about one dimension of a particle’s position through
the arrival time of the charge at the readout elements, the measurement of this co-
ordinate is sensitive to the homogeneity of the drift velocity within the active region
of the TPC. Because the drift velocity is directly proportional to the electric field,
a classic capacitor setup is unsuitable for the electric field, as the field lines distort
at the edges, as can be seen in figure (a). This makes a field cage a necessity for
a TPC. This cage consists of conductive elements that surround the active region
at multiple heights and maintain height-proportional gradations of the total voltage
between the cathode and anode, see figure (b). This straightens the field at the
edges.
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Figure 3.7: Principle of operation of a field cage. Figure from [49].

3.2.4 Signal Processing

The readout of the signal can be done in various ways. The moving charges induce a
current in conductive surfaces by changing the electrostatic field lines. The current
begins as soon as the electron avalanches have passed through the last GEM foil and
ends once the charges have fully reached the surface. The sum of the induced charge
is equal to the sum of the inducing charges. The instantaneous induced current of
a charge ¢ with drift velocity vp,s: is given by the Shockley-Ramo law:

i=FEy,-q Vprift. (3.11)

In this context, F, is the electric sample field, which depends on the geometry of
the readout surface.
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There are various ways to segment the anode, where the electrons to be measured
induce their current. The segmentation consists of conductive surfaces that are
separated from each other, so each surface has its own channel for readout. The
geometry of the anode is defined by whether one uses strips or pads, and what the
dimensions of the strips or pads should be. The difference between strips and pads
is illustrated in figure [3.§

y_1
>,
>
v_3 rén
X1 x2 x3 x4
a) Strips b) Pads

Figure 3.8: Channels of strips and pads. Their number rises linearly with the
dimensions of the chamber for strips, quadratically for pads.

Using strips, fewer channels are required for the same resolution, which means less
electronics and thus lower costs. However, simultaneously arriving signals generate
complementary ghost hits. The effort required to exclude such ghost hits more than
offsets the reduced number of necessary channels in most TPCs so pads are generally
preferred.

The choice of pad dimensions is based on two factors. First, the spatial resolution
of the readout elements is better the smaller the dimensions of the strips or pads.
Second, the electrical charge arriving on the elements, even with charge multiplica-
tion, is on the order of only 10 fC. If the area is too small, it may not receive enough
charge to produce a signal distinguishable from electronic noise. This trade-off also
considers that a single avalanche can affect multiple neighbouring elements.

The number of elements per row responding to an avalanche is called multiplicity.
A multiplicity greater than one allows the position of the primary ionisation to be
determined by a weighted average based on the charge per element. In this case, the
resolution is limited more by the diffusion of the avalanche than by the size of the
readout elements, which can be quantified by the width of the charge distribution.
The induced current of the pads that flows from the channels of the anode has to
be brought into a suitable form to be analysed. For this the analogue charge signal
is generally first amplified, then turned into a more easily measurable voltage and
finally digitized. This is achieved using an integrating amplifier, which takes the
charge @) arriving over a defined period and simultaneously amplifies it and converts
it into a voltage Uy, depending on its capacity C4:

Q

Uy =——2.
A CA

(3.12)
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This integrated signal is brought into an approximate Gaussian shape, whose am-
plitude corresponds to the original charge, and thereby, through the chain of am-
plification in electronic and gas, to the original number of ionised particles that
reached the anode. The height and timing of this Gaussian can now be measured to
determine charge and signal time. This chain of signal processing is shown in figure

B350
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Electron Pad Amplifier Shaper Converter

Avalanche

Figure 3.9: Symbolic representation of the chain of transformation of the signal.
Figure from [50].

3.3 A short Interlude into Solid State Physics

The MAGIX calibration system is required to determine the actual drift conditions
within the active area of our detector. Without a precise knowledge of on what
paths and with what velocity the ionised electrons drift, we cannot reconstruct the
particle track that created them. As explained in the beginning of this chapter, the
drift conditions are influenced by both the gas and the electric field. Both of these
conditions can have local and temporal varience that would not be apparent without
a known signal to calibrate against. For this known signal, we require a timed
release of electrons at a known position. To achieve this, an electron recombines
with a electron hole in a semiconductor to create a high energy photon, in an Ultra
Violet(UV) Light Emitting Diode(LED). This UV photon kicks an electron out of
the conduction band of a thin film of aluminium, which leaves out of the surface of
the film, by the photoelectric effect. These two elements will be explained in the
following two sections.

3.3.1 UV LEDs

A simple LED consists of pn-junction in a semiconductor that has been tuned such
that the energy of an electron-hole-recombination is released in the form of a photon,
a light emitting diode. The pn-junction of the simplest possible LED consists of a
semiconductor material that has been doped such that an excess of holes is present
on one side and an excess of electrons on the other side. Hole excess, p-doping, is
achieved by adding in atoms with three valence electrons, electron excess, n-doping,
by adding atoms with five electrons. At the plane where the dopants switch, an
applied voltage drives electrons and holes together, and recombination of the two
creates photons, the energy of which depends on the band gap energy, as can be

seen in figure [3.10]52].
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Figure 3.10: Sketch of the principal of operation of an LED. Image from [51].

To enable this, the geometry of the energy bands of the pn-junction requires that
a direct emission of photons is kinematically possible, without requiring interme-
diate states or involvement of phonons for momentum conservation, which would
mean other energy dissipation pathways, like Shockley-Read-Hall-recombinations,
are favoured. For these reasons most diodes are based on an alloy of gallium, like
gallium arsenide, and not the more common semiconductor material silicon, as can

be seen in figure [3.11]
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Figure 3.11: Difference of energy band structure between gallium arsenide and
silicon, with its conduction band and valence band plotted in dependence of the crystal
momentum k. In the gallium arsenide, the valley of the conduction band and the peak
of the valence band align, unlike in silicon, so that a transition is directly possible.
Figure from [55].

To tune the wavelength the band gap energy has to be modified, which is done
by changing the substrate material, adding in different dopants, and changing the
geometry of the pn-junction. Lower energies are easier to achieve, meaning that
near infrared LEDs based on gallium arsenide became available first[54].

Following the development of a blue LED based on gallium nitride by Shuji Naka-
mura[b5], more complex architectures have enabled the production of LEDs with
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wavelength down to 255 nm.

3.3.2 Photoelectric Effect

The photoelectric effect as originally described by Einstein[56] is the emission of an
electron from the surface of a material induced by an impinging photon that carries
sufficient energy to overcome the work function W of the material. The maximum
kinetic energy of the electron is then

B = 25—, (3.13)
A

with the photon wavelength A. In the century since, this process has been analysed
further, and new descriptions are now available, one of which is the three step
process. With this, the photon striking the surface of a material is not immediately
followed by an electron leaving it. Instead, the photon first penetrates some depth
into the material, depending on the absorption coefficient o of the material. The

penetration depth 4, for a given material and photon wave length is given by[57]:

1 A

0p = o " dmk(V) (3.14)
with k(A) the imaginary part of the index of reflection of the material for that
wavelength. After J,, the number of photons has been reduced by a factor of e. The
energy of the lost photons has been transferred to the electrons of the material, some
of which have received more than the binding energy E,, and are now free electrons
with a kinetic energy no larger than % — E,. Some of these free electrons will
reach the surface of the material without colliding at all with still bound electrons
of the material, or only losing some of their energy in those collisions. If the energy
they have when reaching the surface is greater than the energy needed to escape
that surface, which is that material’s work function, they leave the material with a
maximum kinetic energy of[58]

h
Bin = TC By - W. (3.15)

The proportion of liberated electrons to number of incident photons is the photo-
electric yield of a surface. This yield is 0 when the energy of the incident photons
is below the energy needed to overcome the binding energy of an electron and the
work function of the surface. The work function of a surface is not solely dependent
on its material, and both surface geometry and applied electric fields can impact it.
Rising photon energies lead to higher kinetic energies of the ionised electrons, and
with that a higher chance that the electrons leave the surface. However, the processes
of absorption, scattering of electrons in the material and surface exiting each heavily
depend on the crystal structure and surface geometry of the material. Furthermore,
the process is influenced by environmental conditions like temperature and electric
field. A theory predicting the photoelectric yields can be found in Berglund[5§],
though for practical purposes it is most often determined experimentally.

With this view on the photoelectric effect we can explain the process in which the
electron that is liberated from the material exits it from the opposite surface from
which the photon entered the material. In the case of a thin film deposited on a
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substrate transparent to photons of the wavelength used, those photons can enter
the undeposited side of the substrate, travel through it and enter the deposited film.
At that point the three step process takes place, and ionised electrons exit the film.
With the theoretical background explored, the following chapter will deal with how
this theory is turned into practical application by detailing the design and construc-
tion of all components of the MAGIX TPC.
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Chapter 4

Design and Development of the
Full Scale Focal Plane Time
Projection Chamber

With the theory of gas detectors summarized, this chapter will deal with how this
theory is implemented for MAGIX. MAGIX requires a tracking detector in the focal
plane of its spectrometers. The detector will have to reach the resolution goals chosen
for the spectrometer design, a spatial precision of particle track reconstruction better
than 0.1 mm and angular precision better than 3.5mrad, to achieve the desired
relative momentum resolution of better than 10~* and angular resolution of better
than 0.05°. The acceptance of our spectrometers in turn also defines acceptance of
our detectors. For a relative momentum acceptance of 15% and a circular angular
acceptance of 2.75°, the plane of the active area facing the scattered electrons has
to have an area of 140 mm x 760 mm.

To achieve the resolution goal, this detector has to be constructed with the minimum
possible material in the path of the scattered electrons until they are detected, owing
to the low energy of the experiment and the desired precision.

MAGIX plans to build three of these detectors, with two to be installed in its
spectrometers and one to remain in the laboratory for tests and as a replacement if
needed.

The final design of our TPCs follows up from lessons learned from the construc-
tion[49] and characterization|59] of a prototype TPC, which served as a test plat-
form for operation of the amplification system, the electronics, their processing and
data acquisition, and for the Starry Night calibration system.

The following chapter will provide an overview of the detector systems by grouping
them into five hardware component groups, which will be explained in detail, along
with the software.

The heart of the detector and first group of components is the amplification stage,
which contains the amplifying elements in the form of the four-layer GEM stack and
the readout anode.

The second is the readout electronics connected to the readout anode and their
associated hardware.

The third group contains the field cage elements, both the standard field cage sur-
rounding the active area as well as the non-standard open field cage design.

The fourth is the cathode and the Starry Night calibration system integrated into
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The final group is what binds all the previous ones together: the structural framing
and support systems, primarily the gas mixture and high-voltage supply systems.
The software consists of two main pieces: the integration of the TPC into the
experiment wide slow control system, and the custom data acquisition and readout
electronics configuration software called MiniDAQ).

For spatial orientation in the following, consider figure [4.1 and the coordinate sys-
tem drawn therein. Due to the rotatability of the spectrometers around the central
axis of our experiment, directions in an absolute coordinate system are unhelpful,
and instead a co-rotating one is used.

'-.-}F'. &

Figure 4.1: CAD rendering of the TPC active area, rendering cut in half in viewing
plane to show an overlay of simulated particle tracks, with each bundle showing par-
ticles of equal momentum that fully illuminate the momentum-defining collimator.
In the top left is the coordinate system most useful in describing the components of
the TPC. The top component is the field cage extension and the bottom is the actual
detector. The two are separated by the yellow line, a not-to-scale representation of
the vacuum separation foil. The active area of the detector begins directly below this
line, aligned with the focal plane, minimising the loss of angular resolution due to
interactions of the scattered particles with the material of the foil.

The horizontal directions perpendicular to the vertical ideal particle track are split
into dispersive and non-dispersive. The dispersive direction is outwards along the
radius from the centre of rotation, and the position of scattered electrons along
this direction correlates to their momentum. The non-dispersive direction is along
the direction of rotation and position here relates to the target coordinates of the
scattering, as explained in more detail in section [2.3

4.1 Structural Framing and Support Systems

The structural frame and position-defining elements, which hold the detector at the
correct point so that the focal plane lies directly beneath the vacuum separation
foil and above the first row of the readout plane, are provided by three aluminium
frames. In addition to this structural support, the detector also requires further
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supporting elements, dealing with counting gas and power supply, as well as data
handling. These support elements are partly situated in the spectrometer housing
and partly outside the spectrometer, either in the shielded area inside the MAGIX
hall or in the counting and server rooms located above.

Space inside the spectrometer shielding house is highly restricted, and components
located there are exposed to an increased level of radiation, despite the shielding
provided by the shielding house. As such, any components that do not necessarily
have to be in close vicinity of the detectors are not installed inside the shielding
house. Those that do need to be are the power supplies and the first stage data
processing infrastructure.

The MAGIX hall is equipped with a shielded area for components that have connec-
tions to the detector systems sensitive to distance, but for which there is no space
in the shielding house. The shielded area is connected to the spectrometers over the
energy chain system. One example of such a component is the counting gas supply.
All components that are not distance sensitive are installed in the above ground
counting and server rooms.

4.1.1 Frame

The detector system requires three aluminium frames in total, two under vacuum,
and one with the gas-filled active area and active detector components inside, all
of which can be seen in figures [4.2] and The two frames under vacuum are
the spectrometer connection frame and the field cage extension. The spectrometer
connection frame connects directly to the spectrometer vacuum chamber. The field
cage extension hosts the components of the open field cage, explained in more detail
in section .42

All of these frames are constructed out of solid aluminium plates machined into the
desired shape. This material was chosen as a compromise between four competing
requirements: weight, stability, machinability and cost.

If the mass of detector systems connected to the vacuum chamber inside the spec-
trometer magnets exceeds the design specifications, the deformations of the chamber
may reach problematic levels. The manufacturer has certified the flange to which
our detectors connect to have a maximum permissible attachment weight of 120 kg.
The calculated weight of the detectors, which primarily consists of the weight of
their aluminium frames, has to be below this.

Simultaneously, the two upper frames under vacuum have to withstand atmospheric
pressure, which places a lower limit on the mechanical strength of the frame, as
well as on its construction. The large size of the vacuum chamber created by the
frames and the fact that its manufacturing required welding, additionally meant
that a certain degree of over-sizing was necessary. A welded connection introduces
a potential structural weakness that has to be compensated for to ensure that the
chamber maintains its vacuum tightness.

To fulfil these two requirements for the final product arising purely from its intended
use, a material like titanium would be ideal. However, there is a step between design
and finished product that gives rise to our two other requirements: construction.
The frames of our detector were manufactured by our in-house mechanical workshop
and were not the main focus of financial expenditure. As such the material had to
be reasonably affordable and machinable. The only material that fulfils all four of
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Figure 4.2: The three frame elements of the TPC, separated for visibility. The two
upper elements share the spectrometer vacuum, the lowest holds the actual detector
and is filled with an argon-carbon dioxide mixture at 1 bar. The top element is
the spectrometer connection frame, which contains no detector components and only
serves to position the TPC at the correct position. The slanted walls of this frame
ensure that the centre of the spectrometer vacuum chamber’s flange’s opening and
the centre of the focal plane aligned. The middle element is the field cage extension,
which contains the electrical components that enable our open field cage. The lowest
element is the active area of the TPC, which hosts the amplification stage, the Starry
Night calibration system, and the high-voltage and gas connectors.

these requirements is aluminium: Aluminium can be easily machined by the CNC
machines of our workshop, is inexpensive and has an acceptable strength-to-weight
ratio.

After the choice of material, the choice of thickness and method of construction of
the frames remained. Fach of the three frames requires flanges with nuts for O-rings
and screws to ensure vacuum tightness and walls of sufficient thickness to reduce
the buckling caused by vacuum decompression below 1 mm at the point of highest
displacement. To create this design a Computer Aided Design(CAD) software called
Autodesk Inventor was used, in which all parts of the final detector were modelled.
The frame surrounding the active area has to support the amplification stage with
its electronics, the cathode with the Starry Night system, and two interface plates,
which host the openings to bring electricity and gas into the detector. The active
area is the rectangular prism within which particle tracks are detected, defined by
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Figure 4.3: The three components of the TPC, cut along the same plane as in figure
[4£.1. Not shown here is the vacuum separation foil between the field cage extension
and the active area. The spectrometer connection frame is shown as empty as it will
be in the final construction.

the dimensions and position of our readout anode, the cathode above that anode
and the field cage elements surrounding it. The amplification stage is stepped back
5cm from the opening through which the particles enter the active area, to ensure
that no primary particles travel through it.

The position of that active area in relation to the focal plane of the spectrometer
magnets and the vacuum separation foil is crucial for both resolution and acceptance
of the detector. The resolution is impacted as a higher distance of the active area
from the focal plane and from the vacuum separation foil reduces the resolution of
the angle and position of the particle track in that focal plane, which defines the
resolution of our particle reconstruction (see section . The acceptance is more
obviously influenced, as any scattered particles that do not pass through the active
area cannot have their tracks reconstructed.

To optimise the position of the active area relative to the focal plane a fully parametrised
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CAD model of all detector components was created, meaning that the position of
each component is defined relative to the flange of the spectrometer vacuum cham-
ber. With those models of the active components, a model of the structural frame
surrounding the active area was created, which initially consisted of only a single
part, as shown in figure[4.4, With this, the position of the active area was optimised
until the position in figure [4.1] was found. This was mainly done by varying the
dimensions of the spectrometer connection frame, which contains no active compo-
nents. Due to the curving of the particle tracks created by the spectrometer magnets,
the centre of the focal plane is not situated in a vertical line with the centre of the
opening in the flange of the spectrometer vacuum chamber. This means that the
two flanges of the spectrometer connection frame are not aligned.

Figure 4.4: Active area frame filling the space between the active components,
before being sectioned into constructable parts.

After the optimal position of the frame was determined, the thicknesses and con-
struction of the vacuum containing frames was then varied and a finite element
analysis performed to determine how the forces acting on the parts deform them.
After several design iterations and consultation with our mechanical workshop, a
design and construction method was found that fulfilled all our requirements. As
a result of this iteration, it was determined that the walls of the frames had to be
machined out of 10 mm thick aluminium plates, while the flanges required 20 to
30mm to withstand the forces created by the vacuum.

As part of this iterative process, the single solid part of the active area frame was
turned into five individual parts, each of which hosts a connection to one other
component. The two walls in the dispersive direction are flanges to which the two
interface plates connect, and the non-dispersive direction has the cathode with the
Starry Night system on one side and the amplification stage on the other. These four
flanges are screwed and glued to each other and into the fifth and final flange, which
connects the frame to the field cage extension. The CAD model of the final design
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Figure 4.5: CAD Model of the active area frame, now consisting of five separate
parts.

of this frame is shown in figure and the constructed frame with the interface
plates leaning on the sides in figure [4.6]

Figure 4.6: Picture of the active area frame after component parts were screwed
and then glued together.

How the amplification stage and cathode are constructed is detailed in their respec-
tive sections [£.2) and [£.5] The interface plates can be seen in figure [£.7] and consist
only of a plate with the requisite number of holes for the intended feed-throughs,
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two gas connectors on both sides, four high-voltage power plugs on one side and the
O-ring nut. The gas connection is split into two to enter the detector on both sides.
This improves the ventilation and minimises the risk of creating areas within the
detector that are insufficiently ventilated. For the same reason, the gas inputs are
on the upper edge of the plate and the output on the lower, increasing turbulent
flow as the heavy gas enters the chamber.

Figure 4.7: Outside view (left) and inside view (right) of the two interface plates
with four high-voltage feed-throughs on top and two gas connectors on the bottom of
the left plate, and with two gas connectors on the top of the right plate.

The spectrometer connection frame is made out of four aluminium plates and the
two flanges. The plates are machined into trapezoidal shapes to accommodate the
required offset. The flanges are also machined and bored with screw holes, to connect
to the elements above and below.

These six elements were then welded together. One of the two spectrometer connec-
tion frames required can be seen in figure [4.8] The lower flange of the spectrometer
connection is machined out of 30 mm aluminium, in excess of what was needed for
mechanical considerations, to create a 10 mm buffer in case the position of the ac-
tive area has to be corrected upwards in the future. A correction downwards can
be achieved with a correction flange inserted between the spectrometer connection
frame and the field cage extension. The spectrometer connection frame has no
interface openings in its walls, as this reduces the structural integrity.

The field cage extension consists of two individual components, since the part hosting
the interface between vacuum and gas filled detector requires a piece machined out
of a single piece of cast aluminium, instead of an assembly of multiple parts, as is
done for the spectrometer connection frame and the other component of the field
cage extension. This piece has a height of 70 mm, with the flange making up 20 mm.
The 50 mm elevation on top of the flange, onto which the vacuum separation foil
will be glued, is needed to offset the position of the foil from the position at which
the flanges meet. This offset ensures that the foil is in position directly before the
first row of the readout.

The second part of the field cage extension is created out of plates like the spectrom-
eter connection flange, without the need for trapezoids, since no horizontal offset is
required or desired at this point. The pieces will be permanently fused with screws
and glue. One of the two pairs is shown in figure [£.9] Like the spectrometer con-
nection frame, the field cage extension has no interface openings in its walls, as it
also contains a vacuum. Unlike the spectrometer connection frame, the field cage
extension does host active components, which have to be connected to the rest of
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Figure 4.8: Spectrometer connection frame, assembled out of siz parts that were
welded together.

Figure 4.9: The two components of the field cage extension frame.

the detector.

After the design of these CAD models was completed, they were turned into con-
struction drawings, which were then realised by our mechanical workshop. The two
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vacuum frames were additionally tested for deformation and the vacuum tightness
of their welded connection by the vacuum workshop of the institute.

Glue

Figure 4.10: Trovidur elements of the frame being kept in place by screw clamps
while the glue is hardening.

To connect those components that are not intended to be separated again, a two
component epoxy resin called Araldite 2011 was used as glue. In the following,
the term glue will refer to Araldite 2011. Araldite 2011 is liquid after the two
components are mixed and can be easily applied to join surfaces. It is suitable
for all materials in use in our detector. It hardens at room temperature within 24
hours after application, though a temperature of 60 °C decreases hardening time and
increases bond strength. The glue was chosen due to prior experience with both its
radiation hardness and safety of its outgassing when combined with sensitive GEM
foils[61].

Surfaces to be joined first have to be cleaned of any dust or chemical contamination
that could interfere with the bonding process. After that the surface is chemically
roughened to increase epoxy adhesion. With the surfaces prepared, the pieces to be
joined are aligned according to the construction plans, and then fixed in place using
either screw clamps for smaller pieces or small screws for large aluminium elements.
Those screws exist only to ensure precision in position of the pieces during the gluing
process and are not structural. With the pieces in place and their relative position
confirmed, the epoxy resin is then applied by means of plastic scrapers and rubber
rollers.

While the epoxy is hardening, any fixing elements remain in place to ensure no
shifting while the glue settles. Figure shows on such gluing process in progress.
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Vacuum Separation Foil

The vacuum separation foil is a crucial interface. It separates the vacuum of the
spectrometer from the active detector volume, in which there is a gas volume under
slightly above atmospheric pressure. On the one hand, any insufficiencies in the foil
or its application could lead to an implosion of the spectrometer vacuum. On the
other hand, every micrometer of material decreases our detector resolution due to
multiple scattering. This is complicated by the fact that thinner foils would have
a larger displacement into the vacuum. This increased displacement also increases
the distance between the point of scattering and detection, which worsens angular
resolution. The result of this consideration was the choice of a 75 pm thick polyimide

foil[62].

To ensure that our intended method of stretching the foil would not introduce any
failure points, a test with such a foil was performed. The test showed that the
chosen foil with our method of application could withstand atmospheric pressure,
and was thus deemed suitable. An image of this test is shown in figure

)
. .
\

Figure 4.11: Test setup to for the polyimide vacuum separation foil. The curvature
of the elevation of this test piece is not reproduced in the final part, as it did not bring
about any desired improvements, and presented a complication in foil application.
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4.1.2 Support Components inside the Spectrometer Hous-
ing

The detector also needs a gas connection to provide the counting gas mixture. The
computers and electronics providing the data readout and slow control also require
power, and the data they produce has to be passed out of the spectrometer. The
gas moving out of the detector also has to be removed from the spectrometer, both
for safety and monitoring reasons. The fans providing the cooling of the detector
electronics also require a low voltage high current supply, meaning three categories of
power are needed: 12V direct current, 230 V main electricity, and a highly monitored
20kV direct current.

As an additional consideration, all connections to the spectrometers have to reach
the rotating spectrometers and must neither impede nor be impeded by that rotation
for which the energy chain system of the spectrometers is essential.

High-voltage supply

The detector system and the field cage require voltages of up to 20kV, at currents
not exceeding 10 mA, with a requirement of a high-voltage stability, to reduce fluc-
tuations of the electric field. For this, a high-voltage supply crate is installed inside
the spectrometer housing.

Our high-voltage system is the EHS 40 200n[63] from ISEG, combined with a
CC24[64] control board for slow control and monitoring, mounted in an ECH 242[65|
crate, as shown in figure[d.12] The EHS 40 200n provides four channels of up to 20 kV
and 0.4mA, with ripple and noise below 10mV. The output current and voltage
are monitored with a relative accuracy of 0.01%, allowing for the detection of any
changes of detector resistance, indicating potential damage. The CC24 board hosts
a server for manual control and provides an interface for our slow control software.
The managing software allows for the setting of ramp up and ramp down speeds,
important for the charge up and down of the electric fields of our amplification stage,
and the trip conditions in terms of threshold and time over threshold. The ECH242
crate houses one control board and up to two primary boards, manages the AC-DC
transformation, providing the EHS 40 with a 24 V DC supply, and isolates the more
vulnerable high-voltage boards from power surges.

Computing

To perform live filtering and trigger integration, and to reduce the number of data
links needed to the outside by collating data from all detector electronics, a server is
mounted inside the spectrometer housing. This server is connected to the detector
readout electronics over a switch, on a Small Formfactor Plugable+(SFP+) port
that has a maximum throughput of 10 Gbits™'. The detectors are connected to
SFP ports that have a maximum throughput of 1 Gbits™!. The switch itself has a
maximum processing capability of 128 Gbits™!. This infrastructure was chosen as
10 Gbit s is the maximum data rate produced by our data taking equipment and

thus avoids presenting a choke point.
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Figure 4.12: 2 FHS 40 200n voltage supply boards and CC24 control board mounted
in an ECH 242 crate.

4.1.3 Support Components outside the Spectrometer Hous-
ing

All support components not situated inside the spectrometer housing are located
either in the radiation protection bunker in the MAGIX hall or the counting and
servers rooms.

Gas Supply and Mixing

The MAGIX TPC is intended to operate at a 9:1 by volume Argon : Carbon Dioxide
gas mixture (see section . The mixing is done on site from high-purity gases.
Flow for both gases is controlled by thermal mass flow controllers and they are
combined in a gas mixing cell before being pushed out. The construction of the
gas mixing and monitoring system is detailed in Constantin Szyszka’s Bachelor’s

Thesis[47].

The gas mixture then flows by pipes into the energy chain, which runs around the
interior of the spectrometer rings, bringing the gas mixture into the spectrometer
shielding house. There, the gas enters the detector through the two gas connectors
on the upper part of one of the two interface plates, and leaves it on the lower end
of the interface on the other side.

The gas is then returned to the gas mixing system, where it is monitored continuously
for its oxygen and water content.
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Data storage and processing

After any potentially occurring live filtering, the data streams of the detectors are
collated and have to be moved from the servers housed in the spectrometer hall
to the servers that will store and process them. These are housed in the shared
server room of the institute and the counting room of MAGIX, respectively. The
connection between bunker and counting room is provided by ten RG5H8 screened
cables, for diagnostic signals, twenty CAT.7a, and 5 OMb duplex glass fibre cables,
and between counting room and server by ten CAT.7a, and 5 OM5 duplex glass
fibre cables. Bunker, counting room and server room are all equipped with the same
switches that are installed in the spectrometers, which enables a single CAT.7a
or glass fibre cable to carry 10 Gbits™!. This amount of connection exceeds the
currently expected data production rates and is designed for network and damage
redundancy as well as for possible future expansion.

4.2 Amplification Stage

On both spectrometers, the amplification and readout of our signals is done by a
system we call an amplification stage. The amplification stage is mounted on the
side of the TPC frame in direction of the incoming beam. This orientation was
chosen to maximise the shielding of the sensitive electronics from beam induced
background.The amplification stage consists of a GEM stack and a readout anode
glued into an aluminium frame. The aluminium frame also has a nut milled into it
to host a 4 cm O-ring for gas tightness.

The active detector elements of the amplification stage consist of a GEM stack above
a readout anode. The amplification stage shortly before installation into the TPC
is shown in figure [4.13] The amplification stage requires three total voltage levels
to be supplied: ground level, supplied from the frame ground at the same interface
plate the voltage feed-throughs are mounted on, the voltage of the highest GEM foil,
and the voltage of the copper ring on top of the GEM supply board, which defines
the lower edge of the field cage. The latter two voltages are supplied externally.
Figure [4.14] shows a CAD rendering of the amplification stage, where the voltage
supply board is green instead of yellow, and the GEM foils are hidden, showing the
surface of the readout anode.

4.2.1 Readout Anode

The readout of our electron signals is done by a pad-segmented readout anode. This
readout anode is a multi-layered Printed Circuit Board (PCB). The backside of this
readout anode is facing the outside of the TPC. 72 HRS connectors are located on
this face of the PCB outside the TPC. The connectors connect the channels of the
readout anode to the readout electronics. The readout electronics will be explained
in the following section.

The face of the anode inside the TPC is segmented into 384 x 24 pads with a size
of 2mm x 8 mm, each of which is connected to an individual readout channel for
a total of 9216 channels, with an active readout area of 768 mm x 192mm. The
9216 channels are distributed over three PCBs, owing to the limits of the maximum
manufacturing size of PCBs by our supplier.

64



s
A 4N

Figure 4.13: Amplification Stage(on the left) shortly before being mounted onto the
TPC frame, showing the aluminium frame, the black O-ring around its outer edge
and the GEM stack in the centre. The yellow PCB wvisible at the top is the voltage
supply board that also hosts the copper ring defining the voltage of the lower edge of
the field cage. In the front, three white cables supply the three voltages required by
the GEM stack to the voltage divider board. Not visible is the readout anode, being
completely covered by the GEM stack.

The design of this readout area arises from the competing desire to minimise the
cost and complexity and improving signal to noise ratio with larger pads. This
would minimise the number of channels required, while simultaneously achieving the
desired resolution, which depends on the number of data points, requiring a high
number of pads. The final choice was based on simulations[66] and compromises
by choosing a rectangular pad, with the longer side running in the direction of the
incoming electrons, as the resolution is more impacted by higher data point density
in the focal plane, which lies perpendicular to said electrons. As an additional
consideration to maximize the number of data points the rows are staggered with a
periodicity of 3, to avoid regularities reducing the number of pads a track crosses.
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Figure 4.14: CAD Render of detector side of the amplification stage. GEM foils
and pad pattern are not included for increased visibility. The copper-coloured area in
the middle is the surface of the readout anode PCBs facing the inside of the TPC.
Rising above that is the NS2 stretching system, topped by the voltage supply board.
On the front right edge, partly below the voltage supply board, lies the voltage divider
board. The tops of the readout electronics PCBs are wvisible below the aluminium
frame.

Figures .15 to show the readout anode PCBs, first as they are being glued into
the frame, and then the finished surface of all three PCBs.
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Figure 4.15: The frame during the Figure 4.16: Top view of a single

gluing process. The aluminium sur- readout PCB as it is being glued into

Jace has to be prepared for bonding.  the frame, the yellow tape holds it in
place while the glue hardens.

4.2.2 Four Layer GEM Stack

Mounted above the readout anode, four layers of GEM foils provide the electron
amplification system. The MAGIX GEM foils have an area of 770 mm x 200 mm.
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Figure 4.17: A single readout PCB glued into their aluminium frame, with the glue
being applied for the next one. The yellow tape fixes the PCB in place.

All four foils per stack consist of 50 pm thick polyimide foil with 5pm of copper
deposited on each side. All foils have the same conical hole dimensions: an inner
diameter of 50 pm and an outer diameter of 70 pm, arranged in a hexagonal pattern.
The top and bottom foils have a distance of 140 pm between neighbouring holes,
the middle foils 280 pm, and each foil has its hole pattern 90° rotated with regard
to the previous foil. Varying hole pitch and pattern arrangement optimizes charge
distribution and minimises the possibility of a single discharge affecting multiple
foils by preventing line of sight between anode and cathode through the holes.

The GEM foils are stretched to ensure their planarity using the NS2 system devel-
oped by CERN. The foils are tightly screwed into a plastic frame, which is then
tensioned by screws pulling the frame against brass blocks set around the circumfer-
ence of the frame. By adjusting screw tightness, foil tension can be calibrated until
the desired flatness is achieved. A schematic of this system is shown in figure [4.18|
while figures [£.19 and [£.20] show these two steps. This frame is then fastened by
screws to the aluminium flange to which the readout anode was glued beforehand.
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The screws will be glued over to achieve gas tightness of the final system.

-
>
GEMs —>

Figure 4.18: NS2 Stretching Systems, as developed by CERN for the new genera-
tion of CMS GEM foils. Image from 1@/

Figure 4.19: MAGIX GEM foils
screwed into the plastic frame. The
visible foil surface shows rippling in-
dicating insufficient tension. At the
front of the stack the holes for the ten-
ston screws are visible, to the side lies
the aluminium frame with readout an-
ode and brass blocks visible.

Figure 4.20: Tensioning of the 40
screws against the brass blocks is done
by a careful and experienced hand.

The voltages are supplied to the GEM foils using spring-loaded contacts of different
lengths to reach the contacts on the GEM foils at their varying depths. The spring-
loaded contacts for the GEM foil receive their voltages from the voltage supply
board, which tops the GEM stack and the SN2 system. This voltage supply board
receives its voltages in turn from a voltage divider board, to which the externally
supplied voltages are delivered. Both are shown in figure

Each GEM foil receives a top and bottom voltage to drive amplification across
it. The readout anode serves as ground, since it is electrically connected to the
readout electronics. Between the top of one foil and the bottom of the next an
induction voltage is applied to drive electrons across the gap. Tuning these voltages
can significantly change the amplification and discharge behaviour of the stack.
One additional potential level lies above the highest GEM foil, which is applied
to a copper surface on the voltage supply board. This potential is the highest
voltage supplied to the voltage divider board and is the first of the voltages supplied
externally. One possible choice of voltage settings can be seen in table [£.1] For
more information about fine-tuning the voltages, see the Bachelor’s Thesis by Lucie
Bister. For more information about the GEM foils in general, see the dissertation

of Pepe Giilker[69)].

4.3 Readout Electronics

The 9216 pads of the readout anode each require a dedicated processing channel.
The electronics that process each channel must meet these requirements: the large
number of channels must be affordable, the time resolution must be 1ns or better
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Position Voltage
relative  absolute
GEM Foil 4 320 3325
Induction 3-4 400 3005
GEM Foil 3 310 2605
Induction 2-3 400 2295
GEM Foil 2 200 1895
Induction 1-2 400 1695
GEM Foil 1 295 1295
Induction Anode-1 1000 1000

Table 4.1: Lowest level of voltages used in operation tests for the amplification
stage[08].

and the detector must sustain at least a 1 MHz rate of particle tracks. For this,
we use a type of Application Specific Integrated Circuits(ASICs) with the name of
Vinnie’s Micro Megagas(VMM), named after their original developer and intended
use case.

A schematic drawing of the architecture for this ASIC can be seen in figure [£.21]

SETT SETB &

| 64 channels : E}

d—p Cuslom
bi-dir LVDS

Figure 4.21: Schematic drawing of the architecture of a VMM ASIC. The signal
undergoes the signal processing chain as described in section beginning with
the integrating amplifier, labelled CA here, which can be configured for a variety of
different gains for both positive and negative signals. The shaped signal is compared
with a global threshold, with per channel offsets, to see whether a readout is triggered,
which can also happen when the logic unit receives a neighbouring signal. This
neighbouring signal is sent by a triggering channel to its neighbours, to trigger a
readout even if these channels are below the threshold. If the logic triggers a readout,
the peak height and precise time of the signal are digitised with the Analog Digital
Converters(ADC). The precise time is generated by measuring the height of a ramped
signal, in a Time to Analog Conversion(TAC). Image from [70)].

A single VMM ASIC produced according to this architecture has the following ca-
pabilities|[70]:

o Self-triggering with rates per channel up to 4 MHz
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o Globally and per channel configurable triggering threshold

o Neighbouring logic that allows neighbour channels of self-triggering primary
to also be read out

 Time resolution of O(<1ns)

« 8 different pre-amplifier settings 0.5-16 mV fC™! for positive and negative sig-
nals

e Requires one 2.9V and one 3.9V power supply.

4.3.1 VMM Hybrids

Two of these ASICs are then combined into a VMM hybrid, which additionally hosts
a Field Programmable Gate Array(FPGA) responsible for digital data transmis-
sion, ASIC configuration and time keeping. The hybrid connects to the readout
anode over 140 pin HRS connectors, 128 of which are signal channels. The data
transmission, slow control and configuration of the hybrids is done with an HDMI
cable, which in our application also carries the 2.9V and 3.9V levels to the hybrids.
To avoid ground return distorting our signal voltage levels, the hybrids have an ad-
ditional ground connection to their AUX port, which could alternatively also receive
the power supply.

HDMI

DVMM FEC
Signal Readout chain for VMMs

Figure 4.22: Schematic of the VMM hybrid readout chain for two hybrids. Figure
from .

For more information about VMM hybrids, see L. Scharenberg et al. and my
Master’s Thesis[59].

The 9216 channels of the readout anode require 72 VMM hybrids in total. Conse-
quently, each of the three readout anodes hosts 24 connectors. Since each row has a
vertical height of 8 mm, which is less than the height taken up by one of the hybrids,
the connectors are staggered in sets of three.

Cooling the Hybrids

A single VMM hybrid produces up to 3.5 W of waste heat, which has to be removed
to keep the ASICs’ temperature below 60°C for proper operation. Operational
constraints prohibit the use of liquid cooling, as supplying the cooling liquid without
possible leaks damaging the electronics was deemed prohibitively complex. With
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regard to air cooling, the standard cooling blocks intended for use with VMM hybrids
raise their thickness to 45 mm, which exceeds the maximum height per row of 24 mm.
This maximum height corresponds to three readout rows, which are read out by one
row of hybrids.

A custom cooling and support solution was designed and implemented to deal with
this and to provide structural support for the three-dimensional arrangement of the
hybrids. This structural support consists of extruded aluminium profiles, which
were cut into a shape that leaves the connector elements at the back and front of
the hybrid open, covers all active components producing heat and has a total stack
height of 2.3 mm, fitting into the maximum height and providing adequate cooling
capacity when combined with high static pressure fans.

The three hybrids of one row are mounted between these aluminium profiles, with
thermal paste serving as interface and electrical insulation above the ASICs and the
FPGAs. The remaining aluminium surface oriented towards the hybrids are covered
with plastic to prevent a short circuit between components on the hybrid and the
electrically conductive aluminium. One of these sandwiches is shown in figure [£.23]

Figure 4.23: One VMM hybrid sandwich, with three VMM hybrids. Top left image
shows a sandwich opened up, showing the electrically isolating, thermally conductive
pads covering the high components on the hybrid. Also visible are the white Aux
connector bozxes, which are used to connect the ground connection. Top right image
shows a side view demonstrating the air channels and low total height of the sand-
wich. The bottom image shows the HRS connectors for connecting to the readout
anode at the top, and the HDMI connector at the bottom of each of the hybrids.
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4.3.2 FECs and DVMMs

The hybrids are connected in groups of eight by combined data and power HDMI
cables to a Digital VMM(DVMM) card, which combines their data streams and
sends the power supply and control and configuration signals back to the hybrids.
To reduce distortions of the data signal carried by the HDMI cable due to ground
return caused by simultaneous power transmissions, each hybrid is also grounded to
a separate port on the DVMM card. Each of the nine DVMM cards is connected to
a Front End Concentrator(FEC) card, which hosts an FPGA responsible for UDP
communication with the control and data acquisition server.

The communication between FEC and server is done with UDP jumbo packets, with
an oversized packet size of 9216 bits. These 9216 bits are divided into 192 48 bit
hits containing the information of the measured events. The format for one hit is
shown in image [4.24]

Off-|Chip| - \pc BCID Chan-l nq
set| ID nel
10 12 8
SIS Bit Bit 6 | Bi
Bit | Bit Bit
Flag JLThreshold
1 Bit 1 Bit

Figure 4.24: Bit format of the communication between FECs and server. Offset
and BCID combine into a 17-bit global time, chip ID and channel identifying the
ASIC, connected to the FEC, from which the hit originated, and from which channel
on said ASIC. ADC'is the output of the digitisation of signal height and TDC' of the
digitisation of the time ramp, which serves as fine time. The threshold bit identifies
whether readout was triggered on the channel or from a neighbouring signal, and the
flag differentiates the packet as belonging to a detector event, as opposed to packets
responsible for timing coordination.

Each of the nine FECs is connected to the switch, which transfers their data to the
server in the spectrometer shielding house. The distribution of hybrids to FECs is

shown in [4.25]

VMM Hybrid physical position:

I e 25 2
HETITITTL -] | 26 50
LTI R 27 31
INARRIR I | 28 .| | s2
3 29 53
6 30 54
7 31 55
8 - 32| 56| | ¢
e ) : e E R E |57
FEC: 0 1 2 s o4 s 6 1 s

Figure 4.25: Schematic drawing of the position of the SRS connectors for the VMM
hybrids on the outward side of the three readout anode PCBs, displaying the 24 rows
per PCB, 8 hybrids per FEC and the staggering of the connectors. Figure from [45].
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A fully equipped amplification stage with the FECs connected can be seen in figure
426

Figure 4.26: Fully equipped amplification stage, with all 72 hybrids, in 24 hybrid
sandwiches, with the SRS crate hosting the FECs visible below.

4.3.3 VMM Configuration Registers

The FECs and the VMMs they are connected to have to be configured. For this,
they have to receive UDP packets that contain an assignment of each configuration
register. Tables [4.2] and show a list of all relevant registers that have to be set
for each application.

The global registers match the behaviour of our signal processing chain to the shape
of the incoming signal. By adjusting the self triggering threshold, electronic noise
below the level of our signals is cut off. The TAC rise time defines the rate at
which the ramp signal rises. Since this signal is being digitised with eight bits, see
figure an increase in the signal rise time here increases the duration each bit
of the digitisation encodes, and so decreases timing resolution. The rise time has to
be adjustable to account for differing clock frequencies, which might have periods
longer than the shortest rise time, and so might lose timing information for some
part of their clock cycle. The neighbouring logic can be turned off for cases in which
adjacent channels on the VMM are not expected to trigger each other. The gain sets
the conversion rate between charge and signal height of the integrating amplifier.
The peak times determine the time period over which the amplifier integrates.
ADC offsets (bits 1-12 in the local register) and trigger thresholds (bits 13-17) have
to be set separately for each channel to compensate for the specific characteristics
of each channel due to limitations in manufacturing. The structures of the elec-
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Register Name Value | Bits

31 30 29 28 27 26
0x44 Threshold L 0 0 0O 0 0 0 0

1 0 0o 0 0 0 1

63 1 1

1 1 1 1
5 4 3 2 1 0
0x45 Threshold R 0 0O 0 0 O
64 0O 0 0 1
960 1 1 1 1
0x45 TAC [ns] 60 0 0
100 0 1
350 1 0
600 1 1

15 14 12 11 10 9

o

0x45 Neighbouring Logic  off
on 1
0x45 Gain[mV /{C] 0.5

N
ot

— === O O OO

—_—_— 0 O = = OO

_ O = O M= O = O

16
0x45 Peak Times[ns] 200
100
50
25

_—_= o O
—_ o = O

Table 4.2: Global registers for one VMM. All register bits of 0x44 and 0x45 not
listed here are not read by the VMM FPGA. The choice of which bits code for infor-
mation and which don’t is historic. The threshold register, which sets the triggering
threshold globally for all channels, is split between two registers due to its size. The
threshold applied to the triggering logic is the sum of the values of Threshold L and
Threshold R listed here. Peak Times determines the length of integration of the am-

plifier.

tronics implementing the ADCs and the triggering logic are not perfectly identical
between the different channels on a board, or between different boards, and generate
slightly different results from identical signals. To correct for these differences and
ensure equal signals from different channels correspond to equal signal heights, the
ADCs and trigger threshold have to be calibrated separately. Each channel has the
capability to generate test pulses for calibration.

These test pulses have two options related to the individual channel settings: first, if
test pulses are generated (bit 21), second, which one of the two on-board capacitors
per channel is used (bit 20). The test pulses are created by charging one of those
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Name Explanation Bits

SZ06b Offset for the 6 Bit ADC, between 0 and 7mV 1-3
SZ08b Offset for the 6 Bit ADC, between 0 and 15 mV 4-7
SZ010b Offset for the 10 Bit ADC, between 0 and 31 mV 8-12
SD Per Channel trigger threshold, between 0 and 31 mV 13-17

SMX Output-Mode, irrelevant for our application 18

SM Channel mask, 1 deactivates the trigger logic for the channels 19
STH Test pulse-Capacitor, 1 increases test capacity by a factor 10 20

ST Test pulses, 1 activates 21
SL Leakage current shielding, 0 activates 22
SC Large sensor capacity, 1 activates 23

Table 4.3: Local Register of one VMM channel, on register positions 0x03-0x42.

two capacitors, with a known and identical capacitance, and discharging them on
receiving the time signal from the hybrid FPGA. In this way, signals of known
height are created at known times. These signal can then be used to calibrate the
per channel offsets of the electronics.

Leakage current shielding(bit 22) and large sensor capacity(bit 23) are options to
activate when the problem they were designed to deal with arise. A leakage current
could arise due to device defects or damage, and can be somewhat compensated for
by activating the shielding against it. The large sensor capacity increases sensor
capacity to deal with high amplitude signals.

4.4 Field Cage

The remaining four sides of the active area of the detector, that are not covered by
either the anode or the cathode have to ensure that the electric field lines inside
the active area are as straight as possible. Deviations from a straight line reduce
resolution significantly. Deviations would occur, for example, if cathode and anode
were to act as a parallel plate capacitor, where exterior field lines bow out from
straight, reduce resolution significantly. The field lines get regularized by placing
active elements on all sides, so that these elements step down the voltage between
cathode and top GEM foil.

For the MAGIX TPC, the two sides in the non-dispersive direction host the anode
and cathode, and the two sides in the dispersive direction are equipped with stan-
dard active field cage PCBs. Along the particle entrance direction, however, such
material would reduce resolution via multiple scattering. To reduce the material
budget, MAGIX developed the open field cage concept. With this, the only mate-
rial scattered electrons interact with after the target is the 75pm thick polyimide
foil at the vacuum interface.

The field cage requires a total of three voltage inputs: First, the lower active area
field cage voltage, which it receives from the top of the amplification stage. Second,
the anode analogue voltage, which is one of four voltages passed in externally. Third,
the cathode voltage.
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Figure 4.27: One example of a field cage PCB, this one covering one of the dis-
persive side of the active area. The open field cage will be on the left when this
PCB is installed. The potential lines, shown by the exposed copper and separated by
the grey lines of isolator, are uniform here, as they have to provide a uniform field.
The wvisible dots are the vias that carry the voltage from the voltage divider on the
backside.

4.4.1 Active Area Field Cages

The open field cage, the anode and the cathode leave three sides in the TPC that
require field cages. The two non-dispersive sides are covered with PCBs, with linear
potential lines exposed on the surface: one of these can be seen in figure [£.27] The
voltage dividers for these field cage elements receive the top voltage from the cathode
and the bottom voltage as the second externally supplied voltage, at a value identical
to the voltage at the top of the amplification stage, to keep them and the field cage
electrically separated.

To isolate the aluminium of the frame from the high voltages of the active area,
these field cage elements are mounted on polyvinyl chloride blocks, which are in
turn glued to the aluminium frame.

The exit of the TPC in direction of the scattered electrons is covered by another
polyimide foil, this one with conducting strips defining the potential lines printed
on. This exit foil receives its voltages from the previous two field cage elements.

4.4.2 Open Field Cage Extension

The purpose of the open field cage at MAGIX is to move the active components
necessary to create a homogenous electric field outside the path of the scattered
electrons. An analytic solution for the field lines was derived by Harald Merkel[72],
from which a charge distribution can be calculated that produces the necessary field
homogeneity by expanding the field cage elements on the four sides surrounding the
scattered electrons significantly above the focal plane.
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Figure 4.28: Cualculated solution for electric field and potential lines of an open
field cage. The black line separating the gas volume on the left and spectrometer
vacuum on the right is the gas-tight foil. The GEM foils are at the lower end of the
gas volume, lowered by a step to keep the GEM foils outside the direct path of the
scattered electrons. The right side shows a saddle point in the field, and at the end,
the distortion that arises from having no potential-defining elements along its path,
which is moved forward from the focal plane. Figure from ,@/

Four of the six field cage elements required for this are mounted in the vacuum side
field cage extension, covering all sides. One of these elements is shown in figure

The remaining two are inside the active area and cover the step-down to the GEM
foils.

Figure 4.29: Open field cage extension PCB, covering the dispersive side. The
active area will be on the right, when this is PCB installed, and as such the potential
lines are uniformly distributed on that end.

The former four require three voltages to define their potentials: the voltage of the
cathode, the voltage of the anode analogue, and a ground. The anode analogue
of the field cage extension is the third externally supplied voltage. These three
voltages are passed through the vacuum separation foil using spring-loaded contacts,
as mentioned above. The latter two receive their voltages directly from the field cage
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elements mounted on the non-dispersive sides of the active area.

Figure 4.30: CAD rendering of the field cage extension, showing the interface sur-
face onto which the polyimide foil is glued. The visible field cage element shows the
saddle point in the potential lines. The polyvinyl chloride isolation blocks here ren-
dered in three colours, blue, red and purple, are all red in reality. The blue elements
show the depressions in which the contact plates for the spring-loaded contacts will
be glued, and host the cable guides to connect all electronics. The red elements are
the top and bottom isolation, and the purple elements the side isolation.

To maintain vacuum tightness, and to avoid openings in the walls of the field cage
extension frame weakening its structural integrity, these voltages are passed through
the vacuum separation foil by use of spring-loaded contacts mounted on the TPC,
instead of using dedicated high voltage vacuum feed-throughs. The spring-loaded
contacts connect to receptacles glued into holes in the field cage extension when the
TPC is mounted under the spectrometer.

A CAD rendering of this field cage extension is shown in figure 4.30|

4.5 Starry Night

To achieve the desired precision in track reconstruction, it is necessary to diagnose
and correct potential deviations in the electric field lines. These can be caused
by charging up of isolating materials in the detector, with the greatest potential
for concern lying in the thin polyimide vacuum separation foil, where the highly
energetic scattered electrons may knock out electrons. At high rates, this might
lead to a significant charge, which has to be measured and accounted for when
calculating particle trajectories.

At those same high rates, even highly suppressed ion backflow can lead to a build-up
of space charges in the drift volume. This also leads to changes in the drift behaviour
of primary electrons, which have to be measured and corrected. Those changes in
the drift behaviour can be measured using electrons traversing the detector with
precisely known position and time of creation. This allows constant monitoring of
the actual drift field during a measurement. The calibration system for MAGIX is
called Starry Night.
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Starry Night works with an application of the photo effect as explained in section
B:3:2] UV light is created in very short pulses and directed onto the cathode, where
it causes some electrons to be released from some spatially restrained points. These
electrons are then liberated from the surface by an electric field. The design of this
photoelectron calibration system was informed by research done for a similar system
for the T2K TPC|73] and the dissertation of Dimitri Schaab|74].

The T2K TPC uses a 266 nm-laser and fibre optic cables to direct the light from
the anode onto the surface of the cathode, which consists of a copper plate with
aluminium patterns deposited on it. As can be seen in figure [£.31] while 266 nm
wavelength light has sufficient energy to liberate electrons from aluminium, it lies
below the threshold for copper, thus the spatial localisation of the creation of the
electrons is given by the position of the aluminium on the surface of the cathode.

Aluminium
~ = — = = Stainless steel
10 ¢ = ‘= =-Gold

Copper

Photoelectric yield (el./phot.)

5‘0 1(I)0 1 éO 2(I)0 2\;)0 ’ 3(IJO
Wavelength (nm)

Figure 4.31: Photoelectric yield of different materials as a function of the wave-

length[75].

4.5.1 Prototyping the Starry Night Concept

The design principle of the T2K TPC calibration system is applicable to MAGIX,
but implementation requires major alterations. The primary reason for this is that
MAGIX does not have the space for the fibre optic cables on the anode or around
the rest of the detector. However, an initial test using a mercury vapour lamp, which
has a peak at 254 nm, shining on aluminised Mylar showed promise. In this setup,
which can be seen in figures [£.32] and [£.33], the lamp was mounted on the outside of
the detector and a small fused quartz window provided localized light access. Below
that laid a cathode made out of a single sheet of aluminised Mylar stretched on top
of a GEM stack as a detector.

In this setup, light passes through a transparent material before interacting with
the opaque material from which the electrons are generated, in this case, Mylar foil
deposited on one side with aluminium. With this, a signal was generated below the
window when the lamp was turned on, indicating that some electrons produced by
the photo effect were leaving the surface and hitting our detector[76].

To introduce the ability to trigger the light to generate electrons at precise times, a
setup roughly equal to the one in figure was constructed, replacing the mercury
vapour discharge lamp with a 275nm LED. The LED was connected to electronics
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Figure 4.32: Schematic drawing of
the setup of the initial tests of the then

not yet named Starry Night. Image Figure 4.33:  Photograph of the
from z@/ setup constructed according to the
schematic in figure[{.33, contained in
the aluminium frame, with only the
mercury vapour lamp and the fused
quartz windows visible. Image from

[76].

designed to discharge a capacity when a transistor gate was opened, allowing us to
generate 10 ns pulses. Using this setup, it was not possible to generate a clear signal
of detector events correlated to the triggering of the LED. The best result, for a
ten-minute measurement, is shown in figure [£.34]

Further research revealed that Mylar has negligible optical transparency below
310 nm, meaning the primary peak of the mercury vapour discharge lamp would
be absorbed by the material. Also noticed was that the mercury vapour discharge
lamp had another peak at 184.9 nm. The previously seen signal is therefore
assumed to be either only possible with a sufficiently high intensity to penetrate
through the Mylar and still reach the aluminium, as generated by the discharge of
mercury vapour, or with the much higher energies of the second peak.

To proceed, a new, actually optically transparent, carrier material for the aluminium
was needed, which, fortunately, was easily available in the form of the fused quartz
window used previously. This fused quartz plate had a thin aluminium layer de-
posited on its surface using an old vapour deposition machine available at the In-
stitute of Nuclear Physics, with a non-determinable thickness due to age and mal-
function of the deposition machine. The plate can be seen in figure 4.35

To enable serialization and control of the timing of the electron production, which
is needed to calibrate drift times, a new setup was built with this fused quartz plate
and an LED. A PCB powering the LED was mounted on top of a two-layer cathode,
so that the fused quartz plate could be positioned between the LED and a hole in
the cathode, through which the produced electrons could enter the detector. This
assembly was then placed inside a prototype TPC, replacing its cathode, which
can be seen in figures [4.36] and [4.37[77].

This more complicated setup, replacing the simple stretched aluminised Mylar foil,
was necessary since the fused quartz plate itself could not serve as the cathode sur-
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Figure 4.34: Coincidence plot between readout of the pad positioned below the LED,
and the trigger signal for the light, normalised to the number of times the LED was
triggered. The visible peak would imply a probability of less than 107° for each LED
pulse to generate a detectable electron. Image from .

Figure 4.35: Fused quartz plate, deposited with an unknown thickness of alu-
minium, giving it the appearance of a mirror, attached to a copper plate with orange

Kapton tape. Image from .

face, due to its limited size and extreme physical fragility. Simultaneously, however,
the light intensity of the LED, which is directly correlated to the number of electrons
produced and as such has to be preserved as much as possible, drops with the square
of the distance between source and target. Unlike the high intensity light provided
by the mercury vapour discharge lamp, the LED therefore has to be placed as close
as possible to our cathode.

These two constraints introduce significant additional complexity. The PCB pow-
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Figure 4.36: Schematic drawing of the basic Starry Night Concept, with a single
LED.

Figure 4.37: Photograph of the prototype TPC hosting the cathode and LED PCBs
realising the concept of the image on the left, with the top ground plane of the LED
PCB with the power and triggering cables visible.

ering the LED has to be kept at ground potential, while the cathode is intended
to have a voltage of up to 20kV applied. The fused quartz is therefore needed not
just as an optically transparent substrate, but also as an electrical insulator. At the
same time, the element supporting the fused quartz has to be a two-layered PCB,
since a simple copper sheet, which has a uniform voltage applied, would create no
potential difference at the surface of the aluminium, potentially reducing the ex-
traction of photo-produced electrons from it. Also, without a drift field accelerating
the produced electrons away, they have a high chance to recombine with the now
positively charged surface, and would not be suitable for a drift time calibration.
It is therefore necessary to apply a suction voltage between the two layers of the
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cathode.

In this setup, it was possible to generate a signal for a couple of weeks after the
deposition, an example of which can be seen in figure [£.38] Unfortunately, after
those two weeks, the signal disappeared|[77].
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Figure 4.38: Coincidence plot between readout of the pad positioned below the LED,
and the trigger signal for the light, normalised to the number of times the LED was
triggered. The wvisible peak only appears with an active LED and would give us an
efficiency of about 1072 for each LED pulse to generate a detectable electron. Image
from [77].

The reason for the disappearance of the signal is presumed to be the formation of
a passivating layer of aluminium oxides and aluminium hydroxides, which occurs
inevitably when aluminium is exposed to oxygen. The precise chemical makeup,
crystal structure and thickness of the passivating layer cannot be easily determined.
The passivating layer forms at the first contact of unoxidised aluminium with oxygen,
but continues to grow after this point, in a complex chemical process involving the
diffusion of oxidising agents through the existing crystal of oxides and hydroxides[80)].
The diffusion of oxidisers into and thus thickening of the passivating layer is impacted
by the environmental conditions of the surface - heat, pressure, oxygen and water
presence - and the thickness and structure of the already present crystals. For
aluminium, a critical point is reached at a thickness of 2-10 nm, depending on the
previously mentioned parameters|81]. At this point, further diffusion is significantly
hindered, halting further oxidation of the underlying substrate. This preservation
of the underlying material is the origin of the denotation.

The optical and electrical properties of the passivating layer could not be determined
with the tools available, but were presumed to be similar to that of amorphous
alumina. Alumina, pure aluminium oxide AlyOg3, is transparent for the available
wavelengths. However, the transmittance of a 5 nm thick layer exceeded 99.9%, only
an insignificant amount of photons was absorbed and thus no electron production
took place[82]. Simultaneously, alumina is also an often used electrical insulator,
with a volume resistivity of 1 x 10 Qcm, which could play a role in suppressing
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the effect of surface electric fields assisting in electron extraction.
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Figure 4.40: Measurement of the effi-
ciency dependent on the LED wvoltage of
a fused quartz plate deposited with 10 nm
of titanium, two weeks after deposition.
This image is scale by a factor of 10000.

Figure 4.39: Measurement of the effi-
ciency dependent on the LED voltage of
a fused quartz plate deposited with 10 nm
of tantalum, two weeks after deposition.
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Figure 4.41: Measurement of the effi-
ciency dependent on the LED voltage of
a fused quartz plate deposited with 5nm
of titanium diozide, two weeks after de-
position. This image is scale by a factor
of 10000.

Figure 4.42: Measurement of the effi-
ciency dependent on the LED wvoltage of
a fused quartz plate deposited with 11 nm
of aluminium, two weeks after deposi-
tion.

Constructing a well-functioning calibration system required finding the best config-
uration of material, LED and cathode construction, as well as a determination of
the optimal level of both the suction voltage and LED voltage.

For the fused quartz plates, we tested two different thicknesses, 1 mm and 0.5 mm,
limited above by the desire to have the smallest possible distance between LED
and aluminium to maximise photon conversion, and limited below by mechanical
tolerances. Fused quartz plates thinner than 0.5 mm cannot be manufactured with
a sufficient tolerance to fit into our concept for electrical insulation and might leave
gaps[83]. Plates of both thicknesses are fragile enough to be destroyed by careless
handling, but 0.5 mm is robust enough to be deposited and installed, and such is
the material chosen.

It was decided not to proceed with deposition in-house, since control of layer thick-
ness was determined to be critical and could not be ensured with the existing de-
position machine. Instead, deposition was outsourced to magtec coating solutions,
which could deliver depositions with a thickness variation below 0.5 nm[84].
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A variety of aluminium thicknesses, between 5nm and 50 nm, and three alternative
materials, titanium, titanium dioxide and tantalum, were tested.

The performance of the three alternate materials is shown in figures to [£.42]
which show the efficiency, the number of signals detected by our readout divided by
the number of times the LED triggered, dependent on the voltage supplied to the
LED. Both titanium and tantalum form a passivating layer and have work functions
that lie around the 4.51eV carried by 275nm light, depending on their crystallo-
graphic orientation[85]. Titanium dioxide has a polymorph, rutile, with a work
function of potentially as low as 4.3eV. Unfortunately, none of these alternatives
gave us better results than aluminium. Also important to note is the overall incon-
sistent behaviour, with higher LED voltages generally expected to always result in
higher efficiencies due to generating a higher number of photons per pulse, which
was not always the case during our measurements. The figures presented here are
the highest stability achieved during tests.
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Figure 4.43: Impact of LED Voltage on the efficiency of 11nm aluminium, six
months after deposition.

The aluminium samples with thicknesses between 7nm and 11nm all performed
similarly freshly after delivery, as shown in figure 4.42, while the 5nm sample never
delivered a signal and anything above 15nm showed a signal during the first test,
but not after a month.

Comparing equal thicknesses between two deliveries showed a significant degrada-
tion, as observed by comparing figure 11nm two weeks after deposition, and
figure [4.43] the same thickness after six months. However, even this thickness, cho-
sen because it performed best, still did not meet the requirements, especially due
to still ongoing struggles to find conditions under which the aluminium performed
predictably.

Attempts were made to remove the passivating layer that formed during transport,
and then maintain the plates in a low oxygen environment, under the assump-
tion that the then forming passivating layer would be thinner and therefore more
conducive towards stability. To remove the first passivating layer formed during
transport, the fused quartz plate was placed in a solution of nitric acid and iron-II
nitrate, which only attacks aluminium oxide. While this succeeded in removing the
aluminium oxide, the new passivating layer that formed immediately upon removal
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Figure 4.44: Fused quartz plate after acid treatment. The white, non-reflective
spots on the mirror surface are areas where the deposited material was removed
entirely.

from the solution reached all the way to the substrate, as shown by the white spots
of pure alumina in figure [4.44]
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Figure 4.45: Measurement of 11 nm thick aluminium, eight months after deposi-
tion, with constant LED voltage, over three days.

After these methods failed, we chose to switch to a 255 nm wavelength LED[36].
This wavelength corresponds to a photon energy of 4.86eV, which is potentially
above the work function of the copper present in our TPC, which can be as low as
4.6 eV, depending on surface structure. With this lower wavelength, we were able
to generate a long-term measurement, shown in figure [4.45] which demonstrated a
varying but consistently high efficiency.

With the cathode construction now clear in principle, we could finish the design of
Starry Night, which will be detailed in the following.

4.5.2 Designing a Starry Night

Based on the design developed in the previous section, of a single spot with one
LED, a design for the whole active area to be illuminated with electrons was then
developed. For this, the requirements on the calibration system and the physical
and electrical limits of our LEDs and fused quartz had to be brought into alignment.
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The number and position of the LEDs are determined by the competing interests of
maximising the precision of the evaluation of the drift field and the cost and effort
of trying to cover the whole area. All LEDs are placed so that they lie above an
intersection between two readout pads on our anode. The edges of the cathode are
equipped with LEDs with a dense interval of one LED on every fourth gap between
pads, corresponding to 8 mm. This was not extended to the edge along the exit foil,
where distortions are not as relevant or expected. That edge shares the same pattern
as the interior, with one LED on every eighth gap between pads, corresponding to
16 mm. This pattern can be seen in figure

Figure 4.46: CAD drawing of the Starry Night cathode, oriented with the top
towards the spectrometer magnets, with blue showing the exposed copper on active
area side and red that on the other. Visible in this red area as white dots is the hole
pattern, with each hole having an LED positioned above it. Image from .

To power the LEDs in such a way that they release a short burst of light, a transistor-
mediated discharging of three capacitors is employed. With a total of 1223 LEDs,
a two-layered segmented control board is required to distribute power and control
inputs to all of them individually. With this, a 3ns pulse of sufficient intensity can
be created at a rate of up to 1kHz. Figures[£.47]and show one individual stack
and all 16 of them combined, respectively.

Figure 4.47: CAD dmwingof the Figure 4.48: CAD drawing of the
stacked LED and control PCB' full 2 x 8 pattern of boards for Starry

Night .
The LEDs directly touch the surface of the fused quartz plates, which in turn are

in electrical contact with the upper layer of the cathode PCB. The cathode must
be a two layered PCB instead of a copper plate with holes in it. A copper sheet of
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sufficient thickness so it does not sag while spanning a distance of 800 mm would be
too thick, even if supported along the span. No electric field of sufficient strength
to extract free electrons from the aluminium surface could exist in the holes of such
a copper plate. Instead, two layers of copper separated by an isolator allow the
creation of a suction voltage above the voltage level of the cathode. This voltage at
the top of the cathode is the fourth externally supplied voltage.

The electrically grounded LEDs are kept isolated from the high voltages of the
cathode by the electrical impermeability of fused quartz. It is however complicated
by the rigidity of the fused quartz and its low threshold for splintering when under
tension. A light sacking, as might happen during installation of the 800 mm wide
cathode, might put sufficient stress on some of the plates to damage them, if they
were to be installed in such a way as to provide a continuous electrical isolation.
This necessitates gaps between the plates to compensate for any potential mechanical
action.

The scheme for the final design of Starry Night is shown in figure [1.49] evolved from
the original design shown in figure 4.36| above.

Active volume

-

FPGA

Fuded silica

Figure 4.49: Schematic drawing of the concept for Starry Night. The two layers
of the LED PCBs are externally supplied with a voltage of up to 48V, charging
up a bank of capacitors, and a trigger signal that opens a transistor allowing the
charge from those capacitors to flow through the LED. The right-hand of the two
boards (Pulser PCB part 2) hosts the orange LEDs. The fused silica, deposited
with aluminium, on which these LEDs rest are separated by black spacer to prevent
damage. Image from [88].

The gaps between fused quartz plates are now filled by a 3D-printed frame that
covers the whole upper side of the cathode. Into this frame, individual fused quartz
plates are placed, which are connected by electrically conductive tape along the
areas of the plates that are not in line between LEDs and holes.

For more information about the design of the electronics and mounting structure
see the Master’s Thesis of Daniel Steger[88].
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4.6 Software

For future use of this detector, it is necessary to both control the operation of the de-
tector and its component systems, and to receive the information sent by the FECs.
For these purposes, two pieces of software exist that are closely intertwined. All
systems of MAGIX will be controlled with the Experimental Physics and Industrial
Control System(EPICS)[89], and all detectors will send their information to an
instance of the MiniDAQ.

4.6.1 Slow Control

EPICS is based on only two elements, the Input Output Controllers(IOC) and
the Channel Accces Client(CAC). IOCs manage communication with connected
devices, keep the record of Process Variables (PV) associated with control and
measurement values of those devices and participate in the channel access protocol.
The channel access protocol is connecting the IOCs to the CACs, which receive in-
put from automated processes or human operators, in such a way that any number
of IOCs and CACs can be connected to a single EPICS network and any CACs can
control a PV using only its name, without having to specify its host.

All experiments and the accelerator group at MESA use this system. It allows for
easy communication of important information between the different parts of the
facility.

4.6.2 Data Acquisition System

The Data Acquisition(DAQ) system in use at MAGIX is, unlike its Slow Control
system, a wholly custom piece of software, currently still called by its prototype name
MiniDAQ. MiniDAQ’s main three functions are receiving, managing data files, and
synchronizing initialisation and termination of data transmission from the detectors.
For this, MiniDAQ is connected as a CAC to the EPICS system. MiniDAQ receives
PVs telling it to send start and stop information to the detector systems, and makes
information about file names and sizes of currently active data runs available to the
channel access protocol.

MiniDAQ was independently developed for the Trigger Veto System and the TPC,
and unified once the TVS and a prototype of the full TPC electronics could be
installed together in the spectrometer hall. The development for the TPC extended
MiniDAQ with the functionality of sending the VMM configuration data as well as
the start and stop signal. This was required as it is both necessary to maintain a
record of the configuration of the electronics associated with any measurement run,
which is done using EPICS, and to send said configuration to the FECs faster than
it is possible when extracting the full set of configuration information from EPICS
when it is to be sent, since this requires several minutes.

For this, each configuration register, see tables and available to be managed
for each of the 9 FECs and 72 hybrids per spectrometer, was assigned a PV, utiliz-
ing the MultiChannel Access extension to EPICS[20] to make it scalable. Each of
these PVs informs MiniDAQ every time it is changed, and MiniDA(Q maintains a
dictionary of all PVs, which is loaded once on startup of MiniDAQ), shortening the
time to configure and start all VMMs from two minutes to ten seconds.
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Figure 4.50: Phoebus interface showing selection of available FECs at the top left,
control and current run information for MiniDAQ at the top right. At the bottom of
the top image are shown the registers for each VMM channel of the selected VMM,
with options to view the other 15 at the very bottom. The second image shows global
configuration options per FEC.

The standard interface for human operators to EPICS is Phoebus, a CAC software
for providing an easily accessible and modifiable graphical user interface. One exam-
ple of such an interface, showing the screens for setting the calibration and managing
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the DAQ), is given in figure

4.7 Analysis

The data sent by the FECs, collated on the spectrometer servers and stored on
the storage server, is analysed on the counting room PCs. This is done by first
converting the raw binary file format into a ROOT tree|90], and then analysed with
the help of multiple ROOT macros.

The program to convert a packet dump, as saved by MiniDAQ), into a ROOT tree,
is named vmm2root. vmm2root first dissects the packet file into individual events
and converts bit strings into information according to the structure shown in figure
[4.24] Then the information is written into a ROOT tree and a global timestamp
is assembled for each event. vmm2root is written to accept a live analysis script,
which enables online monitoring of data as it is received.

This concludes the explanation of all individual components of the MAGIX TPC.
The third and final chapter of this part will deal with the results that have already
been achieved.
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Chapter 5

Results

The first full scale MAGIX TPC has been completed, after a two year delay in the
design, construction and delivery of the field cage PCBs. The two major modules,
the amplification stage and Starry Night, were tested, and found to be performing
as desired.

5.1 Amplification Stage

The amplification stage was tested in its transport container, shown in figure [5.1}
which was originally to safely transport the GEM foils from the CERN workshop to
Mainz. To turn it into a functioning particle detector, a copper sheet was glued into
the box coplanar with the surface of the GEMs to form a TPC. With this setup,
the full electronics setup was tested and minor problems eliminated.

With this setup, we were able to take cosmic data, measuring muon tracks. Figure
shows the best result of these initial measurements.

Figure 5.1: The amplification stage connected to the red polyvinyl chloride transport
box containing a copper sheet as cathode for testing purposes. Yellow tape is placed
over the NS2 screws to achieve temporary gas tightness. In the front the 24 VMM
hybrids and their cabling can be seen, as well as a temporary laboratory fan setup.

These initial functional tests of the amplification stage were done without any
field cage elements. Extending the view from the two-dimensional to the three-
dimensional, as done in figure [5.3| with the inclusion of not just the hit map but also
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Figure 5.2: Hitmap of a single cosmic muon on our readout plane, with signal
intensity, corresponding to charge deposition, indicated by colour depth. A regression
fit of the pads was performed and the resulting track over-layed. QOver the 13 rows
of the track, a multiplicity of five is reached in three. The top six and bottom five
rows of the TPC did not generate a signal for this track.

N

Figure 5.3: Hit map of x and y-direction on the left and arrival time to y-direction
plot on the right. Reducing the field strength on the outsides of the cathode led to
increased drift time, distorting the arrival time plot.

yyyyy

the arrival time to y-position plot, shows that the electric field distortions due to
these missing elements increase the drift speed of electrons with increasing distance
from the centre.

Looking at all identified tracks, shown in figure it becomes apparent that the top
and bottom five rows of the readout do not receive any signal that can be identified
as belonging to a particle track. With this, the restricted length of the track in
figure becomes clear, where 13 out of an expected 24 rows created data.

The reason for this can be intuited from figure 5.3} the drift time over the ten
most outlying rows is increased significantly, and reaches the point that the drift
electrons become completely lost due to electron attachment. Nevertheless, the full
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Figure 5.4: All particle tracks captured during one run of the preliminary measure-
ment, overlaying all pads contributing to those tracks. The black box containing the
pads indicates the total size of the readout anode. The active pads are surrounded
by a border of pads that do not receive a signal.

illumination figure shows that the amplification stage is fully functioning. However,
the identified deficiencies mean that no proper calibration or tuning of readout
or amplification parameters is possible with this setup, and instead requires the
construction of the full scale TPC, with both active area and field cage extension.

5.2 Starry Night

Figure 5.5: LEDs on the surface of the first level PCB. Image from .

The full version of the Starry Night calibration system is the only major module not
yet completed, but is expected to be before the detectors are planned to be installed
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in the spectrometers.

Figure 5.6: 3d printed black frame, with the large top right quadrant showing the
fused quartz plate fixed in place with conductive tape in between rows of holes. Image

from .

One of the Starry Night cells was tested and found to perform as required. For this
test the PCBs of one module was equipped with a full set of LEDs, as seen in figure
[5.5] and a one-off frame for the fused quartz plate was 3d-printed, shown in figure
m. This setup was then mounted in a prototype TPC and its function tested.
The LEDs were operated at 1kHz with a pulse width of 10 ns.
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Figure 5.7: Hit map of the readout of the prototype TPC with the Starry Night
module as cathode.

Figure[5.7]shows all LEDs are visible in the readout and figure[5.§ shows the temporal
separation of the individual pulses.

With this demonstration of a fully functioning module, it only remains to construct
the full 14 module Starry Night system, which is in progress and expected to com-
plete before initial tests of the full detector system in the spectrometers.
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Figure 5.8: Three-dimensional hit map, with the z axis showing the time of the
readout event, and clear layers corresponding to LED pulses visible.

5.3 Construction

After all components for the construction of the TPC active area had arrived, con-
struction began in December 2025. At the end of January 2026, the first TPC active
area was assembled, missing only the not yet arrived bridge PCBs.

Figure 5.9: FEuxit foil after being glued in and stretched by tape along its circumfer-
ence. The tape is not applying a significant amount force, merely enough to ensure
the foil is fully stretched along its length and width and no folds that might cause
problems in the future remain.

The assembly began by installing the polyvinyl chloride elements holding the exit
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foil. Then, the exit foil was glued in and stretched, as shown in figure [5.9] This
stretching while being glued increases tension and thereby reduces the chance of
plastic deformations under changes of mechanical load. Any such deformation im-
pact the electrical properties of the exit foil.

Following that, the field cage PCBs were glued to the polyvinyl chloride isolator
blocks, which were then mounted in the chamber, as shown in figure .10, With
the field cage PCBs in place, the cables for their voltage dividers were connected
to the high-voltage feed-throughs of the interface plates. During this process, the
electrical properties of the PCBs and the ability of the assembled setup to maintain
20kV were continuously tested. Points at which the voltage stability was being
endangered, such as where isolated cables touched the bare metal of the frame, were
corrected.

In place of the completed Starry Night system, an unequipped cathode PCB was
mounted. The Starry Night frame was covered with a Kapton foil to achieve chamber
closure in the absence of the components that would ordinarily rest there.

Figure 5.10: Interior view from the direction of amplification stage into the interior
of the active area. The two field cage PCBs on the side are glued onto the red
polyvinyl chloride blocks behind them. The large vertical plate in the middle is the
cathode, with the holes for Starry Night visible, though the Starry Night modules
themselves are not yet installed. The horizontal surface is the exit foil, stretched
and glued into the polyvinyl chloride frame.

The completed frame, before the mounting of the amplification area, is shown in
figure [5.10] The completed active area, after the mounting of the amplification area
and in the process of being re-equipped with the readout electronics, is shown in
figure [5.11]

The chamber will shortly begin operations and start taking cosmic ray measurements
to test and optimise its performance.

For more information about the assembly of the first MAGIX TPC and for the
results of its first tests, see the Master’s Thesis of Lucie Bister.
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Figure 5.11: Front view of the completed TPC. The field cage extension it is
connected to consists of only the frame, with no components installed. This is done
to achieve gas tightness until the components of the extension can be installed. The
yellow tape covering the NS2 screws from figure has been removed, as those
screws have been topped with glue.

5.4 Conclusion

The initial tests of the amplification stage showed that our readout chain was fully
functioning, but not yet reaching its full capability due to deficiencies of the tempo-
rary setup to test this amplification stage. No calibration or characterization could
be done on it.

Starry Night has shown full functionality of a single module, meaning the full Starry
Night setup requires only the work to complete 14 of them.

The first MAGIX TPC has been assembled and will soon begin its testing and
calibration phase.
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Part 111

Preparing the Target, Software
and Analysis for the first
Measurement at MAGIX
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Chapter 6

Preparing the Experimental
Infrastructure for the first
Measurement Run

Before MAGIX in general can begin taking data, all detectors need to be finished.
Before a specific experiment can be run, a number of preparations have to be dealt
with. In this part of my thesis I will detail some of the specific preparations that
are necessary to run MAGIX’s first measurement with an electron beam.

MAGIX will have to operate in the EB mode for this run, due the accelerator not
being fully online yet. In EB mode, there is no need for a gas-jet target, and so, to
spare the complexities of operating that target and to achieve a higher rate of data
that can be used to calibrate our detectors, MAGIX will use a solid state target at
first. During this initial operation, plentiful data will have to be taken to characterise
and calibrate the detectors. It will also be used to perform a measurement of data
relevant to few body and astrophysics, specifically the transition from factor from
the ground state of carbon 12 into the excited Hoyle State.

6.1 Hoyle State

The formation of carbon 12 in stars takes place through the triple-a-process. During
this process, two helium 4 nuclei combine to form the highly unstable beryllium
8, with a lifetime of 8.19 x 107'"s. Before this isotope decays, a third helium
nucleus has to be captured to form carbon 12. This only happens at extremely high
temperatures, in excess of 108 K. Even then the observed amount of carbon 12 in the
universe can only be explained if both capture reactions are favoured by having cross
sections in excess of what would normally be expected of nuclear fusion reactions.
Indeed, the mass of two helium 4 nuclei closely matches the mass of beryllium 8§,
but no such obvious correlation exists for the ground states of the participants of
the second capture reaction. This lack led to the postulation|93] of the excited
Hoyle State, shortly followed by its discovery four years later[94], with an excitation
energy of 7.654MeV. With this excitation energy, which lies only about 300 keV
above the sum of the masses of beryllium 8 and an a-particle, the probability for
that a-particle to fuse with a beryllium 8 nucleus is boosted by several orders of
magnitude[95].

The Hoyle State has three decay end states. The first and most common is its
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disintegration back into 3 a-particles. The other two are a transmission into the
ground state carbon 12, by sequential emission of either two gamma particles, or an
electron positron pair. To determine relative abundances, the combined decay width
of these two radiative transmissions, I'.q, is crucial, as, at relevant temperatures,
the reaction rate rs, is influenced by it and two further factors:

T30 = L'rad * €XP (—%F) ) (6.1)

The temperature T is given by the environment, and s, is the energy released by
the reaction. I'y.q cannot be measured directly, and instead is determined as the
product of three factors as:

FW + 1_‘7r . 1—‘total T

Fra =T P7r = T
d K * Ftotal FT('

(6.2)

One of those factors, I';, the decay width of the pair emission decay, is the value
of interest for MAGIX. Its more precise measurement is useful both for improving
the precision of the r3, value, as detailed above, and as a test of various few body
physics theories.

['; can be extracted from the cross section of inelastic electron scattering off carbon
12. For this, electron scattering data of the reaction 2C(e, ¢’)'*C* has to be taken
and its cross section extracted[96].

Before running any experiment to take such data the expected rate of signal events,
and thus statistical error for a given run length, and signal-to-noise ratios, which
are crucial for determining at which experimental settings it even makes sense to
run, have to be determined.

6.2 Signal Rates for Electron Scattering

When accelerated electrons hit a nuclear target of mass Mt and scatter, they do so
with an initial energy E;, a final energy E; and under an angle Q = (®,0). The
number of electrons n subsequently detected during an experiment of duration T
under a solid angle AS2 depends on multiple factors and can be expressed as:

n= /AQ/T%@,@) - A (6,E;, t) L(t)dQt. (6.3)

The three major variables here are the acceptance A, which depends on the particu-
larity of the detector setup, the luminosity L, which is determined by the properties
of the beam and target, and the cross section 9% (&, ©), which contains all informa-
tion about the nuclear interaction.

The detector acceptance in our case is given by the spectrometer angular and mo-
mentum acceptance. Since our spectrometers can be rotated and have their central
momentum varied, the acceptance has to be calculated for a given experimental
setting.

The luminosity L for a fixed target experiment is defined as:
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L = Particles of Beam per unit of time x Target Particles per Area

I(t,z,y) - 0-1(x,y) - Na
pr— .4
e- A, ’ (64)

with the beam current I(¢, x,y), which is a distribution of electrons arriving across
the surface of the target varying with time, the target density o(z,y), the length
of the target in direction of beam 1(z,y), which is not uniform across the target’s
surface, Avogardo’s number N, , the elementary charge e and A, the atomic weight
of the target molecules. ¢ and | are often combined into the areal density g4.

The cross sections, which contain the desired information about the physics of the
investigated target, are often known approximately and can be inferred from existing
data, but vary with scattering angle.

The complexity and interrelatedness of these factors means that an analytical solu-
tion to equation [6.3| cannot be found, and instead a numerical solution method for
solving the integral has to be employed.

The following three chapters will detail how the luminosity of our experiment and
the cross section of our interaction will be calculated and how these elements are
combined to produce our rate expectations. The final chapter will then show the
results of these calculations and give initial values for the experimental settings to
be used.
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Chapter 7

Determining the Target Areal
Thickness of the Diamond Target

The luminosity of our experiment, as given by equation [6.4] depends on two vari-
ables, the beam intensity and the target areal density. Of these two variables, beam
intensity is determined by the accelerator and measured along the path of the elec-
tron through it, while the areal density is determined and has to be measured by
the experiment itself.

The alternative to determining the luminosity from these component variables is
running two simultaneous measurements, one observing the reaction of interest,
with a cross section to be determined, and the other a reaction with a well known
cross section. For the case of a measurement of the Hoyle State, the luminosity
monitor would be the elastic scattering of the ground state. With our momentum
acceptance and at our energies, we can measure the scattering off the ground and
excited state with one spectrometer. However, an absolute determination of the
luminosity remains desirable and is intended for our experiment.

7.1 Choosing a Target

Looking again at equation some difficulties with an absolute luminosity deter-
mination become apparent. A beam of accelerated electrons is not a static object,
always running along the same lines with a homogeneous intensity. A real electron
beam has, when viewed in slices along its path, a constantly varying distribution
of velocities and positions orthogonal to that path. Only its volume in the four
dimensional phase space spanned by those variables remains constant|[25)].

On average, the beam intensity can be described by a time-dependent electron den-
sity distribution that has to be measured and whose variance has to be taken into
account when calculating the luminosity. The design goal for MAGIX is, as men-
tioned in section [2.1] for the beam spot to be Gaussian distributed in both directions,
with a standard deviation of 100 pm, and with a beam current that will be measured
to a precision of 0.1%

Turning to the factor that is in the hand of MAGIX, the target areal density, the
product of ¢ and 1, has to be measured with a precision of around 1%. The design
areal density of this target is restricted from below by the runtime allotted to the
experiment. An insufficient areal density leads to unfeasibly low luminosities. The
design areal density is restricted from above by multiple scattering induced back-
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ground and resolution loss. For this experiment at MAGIX we aim for an areal
density of 6.5mgcm™2, based on past experiments[97].

Indeed, MAGIX has already some experience with measuring the areal density of
its gas-jet target|31].

However, a problem arises now, as carbon cannot be used as a pure gas in the gas-jet
target, as it is a solid at the required temperatures, and in any case, a calibration run
ideally uses a solid target to minimise potential issues and minimise the variance
of the produced calibration data. Therefore, the Hoyle State measurement will
alternatively utilize a solid target, as mentioned in section and at the beginning
of this part.

Pure carbon is, due to its malleable nature, available in a number of possible al-
lotropes, ranging from the familiar graphite to the exotic Buckminsterfullerene. In
the interest of both cost and feasibility, a reasonable choice for nuclear scattering
experiments is pyrolytic graphite. Pyrolytic graphite achieves purities in excess of
99.999%, though not isotopically pure, and has sufficient material strength to be
shaped into thin foils|98], which are an ideal shape when planning to use it as a
target for electron scattering. The target has to be thin by necessity, to achieve
our desired areal density, and flat enough to provide a sufficiently large area for the
beam spot to be situated entirely on it, without any part of the beam having to
interact with the support structure for the target.

Pyrolytic graphite sheets are not available with a native thickness variability below
our requirements and are therefore not immediately useable. Measuring the average
thickness of a foil by determining its weight and surface dimensions is possible to
sufficient precision, but the surface roughness of pyrolytic graphite means that it is
not given that the area hit by the beam spot has the average thickness of the whole
foil.

A carbon allotrope with superior surface roughness, greater mechanical stability
and affordable price has recently become available in the form of diamond created
through chemical vapour deposition. Additionally, as diamond is optically transpar-
ent, it is possible to use Mach Zehnder Interferometry to determine the thickness
of a diamond plate across its whole surface. With such a measurement and with
a precise determination of the position of the beam spot, it becomes possible to
determine the absolute luminosity of our experiment with sufficient precision.

In the rest of this chapter Mach Zehnder Interferometers will be discussed. It will
be explained how to use a continuous wavelet transform using Morlet Wavelets to
extract thickness information from the fringe pattern delivered by this Interferometer
and the results of this extraction will be presented.

7.2 Mach Zehnder Interferometers

Mach Zehnder Interferometers were developed independently by Ludwig Zehnder
in 1891]99] and Ludwig Mach in 1892[100]. They consist of a light source that
creates coherent light takes two different paths to a detector, where it generates an
interference pattern based on the phase shift between the two paths. For this, the
original beam is first split in two and each of the two new beams gets reflected by a
mirror. One of the beams travels through a sample of interest and then both beams
are merged again, with the combined output being measured. A schematic drawing
of this concept is shown in figure
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Figure 7.1: Schematic drawing of a Mach Zehnder Interferometer, with the laser
source on the bottom left, two beam splitters - mirrors with a 50% reflectivity, so
that the incoming beam is half reflected and half transmitted - two mirrors and a
detector on the upper right. Slightly modified image from [101]].

The phase difference § creating the interference pattern is determined only from the
difference in optical path lengths between the two paths, d; —ds and the wavelength
A of the light used and is given by

dy —d
5:2n1A2. (7.1)

To determine the thickness of a sample, the interferometer is calibrated by moving
the beam splitters and mirrors so that without a sample a regular interference pat-
tern is created. A measurement of this interference pattern of the empty path is then
taken. After that, the sample is introduced into the beam and another measurement
of the new interference pattern thus created is taken. With that the thickness 1 of a
sample with refractive index n can be determined for any point at which the phase
is known as:

5sam e 5em )\
] — ( pl o pty) . (7.2)

Diamond is an optically transparent material, with a refractive index of 2.4105 at a
wavelength of 632.8 nm|[102], the centre wavelength of a helium-neon laser.

Such an interferometer was set up, which can be seen in figure [7.2 Measured was
a diamond plate of 12mm by 12 mm, where 1 mm on all four sides of the diamond
plate is glued onto a silicon substrate as mechanical support, which can be seen in
figure [7.4] Also visible in that image is a measurement of the thickness. According
to that measurement, the plate had a thickness varying between 12.1 and 12.8 pm.
This manufacturer provided measurement has insufficient accuracy and point res-
olution to achieve our desired areal thickness resolution, since only this image is
available and most information about the measurement setup is not.

As detector for our interferometry, we used a DCMC900, a high resolution camera
with a pixel count of 3488 x 2616. One such image is shown in figure [7.5]

These images now have to be digitally processed to extract the phase information at
each location corresponding to a pixel. To do this, the information has to be moved
from the space domain into the frequency domain, utilizing a more complex version
of a Fourier transformation, the continuos wavelet transformation.
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Figure 7.2: An image of our interferometer setup. To the very left we have our
632.8 nm wavelength laser, with a defocusing assembly, labelled Laser. To the right
is the interferometry setup, with two beam splitter labelled B, two mirrors labelled M
and our diamond target to be tested labelled T. The diamond target can be seen in
more detail in figure[7.5. In place of the detector of figure[7.1) we have a focusing lens
labelled F, which has a high resolution camera, labelled C, in its focus. The spread
of the beam by the defocusing assembly is calibrated so that the target is illuminated
by a beam spot of equal intensity across its surface.

7.3 Continuous Wavelet Transformation

A continuos wavelet transformation functions like a Fourier transformation which
does not compare the input function to complex exponents to extract frequency
information for the entire input at once. Instead, a continuos wavelet transformation
compares the input sequence with a series of wavelet packets of varying frequency,
transforming the one dimensional input into an overdetermined two-dimensional
output. With this over-determination the extraction of the phase corresponding to
the correct frequency is trivialised.

A continuos wavelet transformation is defined as

|a|11 o L (7’) dat, (7.3)

where x(t) is the one dimensional intensity, for our case one row of pixels of our
measurement, X, (a,b) is the signal in the frequency domain, v (c) is the complex
conjugate of the mother wavelet that is continuos in both domains and a is a scaling
factor. The mother wavelet for this use case is a non normalised, since we only care
about the phase, Morlet Wavelet, which is defined as

Xu(a,b) =

U,(t) = e 2 (em - 6_%02> , (7.4)
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Figure 7.3: Photograph of the diamond plate, mounted in a 3D printed support
structure for measurements in the interferometer.

Figure 7.4: Diamond Plate measured in thin-film interference setup by the man-
ufacturer Diamond Materials. The lines are an interference pattern generated by
testing equipment of the manufacturer and show the surface topology with 130 nm
thickness variation between each ridge. Variance between these points is unknown
and as such this measurement itself is insufficient to reach our desired degree of
Precision.

with the admissibility criterion o, which governs the resolution trade off between
the time and frequency domain.

This transformation is now applied to each row of the image to be processed, which
generates a frequency and phase matrix, a representative of which can be seen in
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Figure 7.5: High Definition image of interference pattern generated by camera C

in figure 7.1}

figure [7.6l The frequency of the interference pattern is visible as the white band.
The phase of the interference pattern can now be extracted from the phase matrix
at the position of the maximum frequency of the frequency matrix of each pixel.

NRPARGED)

Figure 7.6: The frequency and phase matriz, visualised as images, of one line
of the original image transformed with a continuos wave. The x-axis of the image
corresponds to the width of the original image, corresponding to the transformation
of one row of pizels.

Figures [7.7] and [7.8] show the result of a complete transformation and phase extrac-
tion for a measurement without sample.

7.4 Results

Forming the difference between images and accounting for the 27 periodicity
of the phase by assuming continuity and applying equation for all points yields
a thickness distribution of the diamond plate, which can be seen in figure [7.10]
Comparing this to the existing characterization from the manufacturer, the same
topology can be recognized, with differences in measured thickness accounted for by
differing precision.
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Figure 7.7: Measurement without
sample, rescaled and flipped as prepa-
ration for transformation.

Figure 7.8: Phase extracted from
image to the left.

¥ 7"‘“‘{

E

A

Figure 7.9: Phase extracted from image with diamond plate in beam path.

The error of this measurement is given by the quantization of the interference pat-
tern and any potential systematic errors. Estimating based on resolution that our
measurement of the interference pattern can identify a change in phase of %“7 and
with a wavelength of 632.8 nm, our assumed error for this measurement is 60 nm, a
relative error of about 0.5%.
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Figure 7.10: Thickness distribution extracted from the interference pattern gener-
ated by the Mach Zehnder Interferometer extracted by a continuos wavelet transform
utilizing a Morlet Wavelet.

Now that the target is chosen and characterized, the following chapter will detail
the basis of how the cross section for our experiment has to be calculated.
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Chapter 8

Electron Scattering Cross Sections

The cross section for our experiment can be calculated in a number of ways, two of
which are immediately relevant. The first is by calculating the expected cross section
from known properties of the nucleus, such as its charge distribution, utilizing known
theories, and the second is by interpolating between existing measurements. In the
following chapter, the background for both of these calculations will be given.

8.1 Electron Scattering

Cross sections are the core of nuclear physics and for our case are derived using
time-dependent perturbation theory. Figure shows the Feynman diagram of the
first order of the electron scattering interaction that we will be using to investigate
the Hoyle state.

Figure 8.1: Inelastic Electron Nucleus Scattering, where the carbon 12, indicated
by the 12C arrow, remains behind in an excited state, such as the Hoyle State.

This interaction has one kinematic degree of freedom, which is most often expressed
in the momentum transfer 2, given by
@ = — L A(BE)sin?0/2, (8.1)
(he)?
with the initial energy of the electron E;, the scattering angle ©, ¢ the speed of light
and & the reduced Planck constant.
The final energy of the scattered electron E for elastic scattering is given by
¢
E/=E, + —, 8.2
7 o (82)

with the mass of the target nucleus Mr.

115



If the electron looses some energy E, to excitation of the nucleus, as in the case of
the 7.654 MeV required to excite the carbon 12 nucleus into the Hoyle State, the
final energy equation expands into:

2 2
q° —2MtE, — E
E;=E; + =z, 8.3
! S, (8.3)
The cross section of the interaction is given by three components: the cross section

of an electron scattering off a point source with nuclear charge Z, i.e. the Mott cross

section
d Za '\’ cos? @
), )
Mott i/ Sy
the recoil factor that accounts for the energy transferred to the nucleus
2F;sin? ©\ '
froe =14+ ——2 , 8.5
(1425 )

and the form factors, which contain all information about the structure of the nucleus
and its excited state. It is from these form factors that our value of interest, [';, can
be extracted. For a non polarised beam, the form factors of a given reaction vary
only with the momentum transfer.

8.2 Form Factors

The following discussion of the treatment of inelastic nuclear scattering follows
J. Heisenberg in Advances in Nuclear Physics Volume 12 unless otherwise speci-
fied[103].

This dependency arises because the form factors are the Fourier Bessel transforms
into the momentum transfer space of the nuclear charge and current densities.
|FE(q)|, |FE(q)| and |FM(q)| are the Coulomb, electric and magnetic form fac-
tors, respectively, depending on L, the spin quantum number of the nucleus, and
are defined as:

@ =3 [T ennivtaryr?ar (5.6

Ji
Fr(q) = 3

/0 (L + 1)1/2JL,L—1<T)jL—1(qr)T2 dr

i

(8.7)
‘|‘ /[) Ll/QJL7L+1 (T)jL+1(qT)T‘2 dT]
M Jp [ , 2
) =3 [ dnur)sar)e? dr. (8.8)

J; and Jf are the initial and final spin nuclear state. j.(qr) denotes the spherical
Bessel functions of order L. gy (r) is the radial function of the nuclear charge density,
which is normalised to the nuclear charge Z. Jp 1(r), Jpr—1(r) and J p41(r) are
the radial functions describing the nuclear currents. These radial functions can be
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written as the reduced matrix elements of the nuclear charge ¢°® and nuclear current
operator J°P between the initial spin state J; and final spin state J; as:

(Us|o i) = D (JiM;LM| T M) or, (rn) YL (Py) (8.9)

LM

(W[ JP[05) = SO (MIMLTMy) [ Jr o (rn) Y5 (Pr)
LM (8.10)
+ JL i (rw) YR () + Jon(rn) YT (7)),

with the nuclear spin quantum numbers L and M, the distance from the centre
of mass ry, and the spherical harmonic function YLJ‘jIL". The actual calculation of
these reduced matrix elements based on a chosen model contains all complexities
of nuclear structure and can be compared to experimental results to validate the
model given by few body theories.

For a generic case of an electron scattering inelastically, using the Plain Wave Born
Approximation of the interaction taking place with only a single photon, as well
as neglecting the electron mass. This means that the whole cross section can be
expressed as|103]:

do <d0 ) Cr)[2 1 , © E( \[2 M |2
5= fee IFD(@F + {5 +tan® o ) x D0 |[F (@) + [FL ()]
ds2 ds2 Mott {LZO 2 2 L>1 [ }
(8.11)
For the specific case of an electron scattering off a carbon 12 atom, exciting it to the

Hoyle State in the process, a monopole transition between two 07 states, the cross
section simplifies to[104]:

(da) B <Z€2>2f
d?) o E;

To get from this cross section to the decay width I';, the reduced transition proba-
bility is calculated as|104]:

1+ cos®

£2
2(]. + m — cos©

o \F&@f] . 1)

4r BS (a) = 2°| F§ (q) (8.13)

’2
From this reduced transition probability, an expansion of the spherical Bessel func-
tion allows the extraction of the monopole matrix element ME as[97]:

2

2 4 6 6 8
PErerC Yol I W U . W U L 14
™ Bi(a) = )[ 207+ 840 () 60480 (12, | &1

Here, this monopole matrix element can now be used to calculate the decay width
as[97]:

IZ = C(Z,Ey)

™

802 B(E,) /1 3 /1 2
Bl (lp 2) (EX . 2) ME)2. 8.15
27r (he) (2 mee” ) {BxFmec” | (ME) (8.15)

« is the fine structure constant and C'(Z, E) and B(Ey) are correction functions for
the transition width and the electric field, which can be calculated numerically[105).
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The decay width is therefore the product of a long chain of calculations all ultimately
deriving from a measurement of the number of electrons scattered at a certain angle
and energy, which also yields additional information about the nuclear charge and
current densities of the nucleus.

To achieve precision of this measurement for both of these purposes however re-
quires consideration of processes higher than the first order one given in figure
Besides initial and final state radiative corrections of the interacting particles, which
are universally applicable for electron scattering experiments and which can be cor-
rected for with known analytical formulas[106], the Hoyle State measurement in
the intended energy range has the additional challenge that the Plain Wave Born
Approximation, on the basis of which equation is written, no longer holds to
sufficient precision.

8.3 Distorted Wave Born Approximation

The Plain Wave Born Approximation used above for equations and as-
sumes only a single photon is exchanged. This photon then carries the whole of
the exchanged momentum, which equivalently means that the incoming electron
does not see the electric field of the nucleus while approaching and departing. To
correct for this, a higher level of perturbation theory is required, accounting for
the exchange of multiple soft photons, an approach called the Distorted Wave Born
Approximation.

A partial wave analysis for this problem can be formulated, with some more expan-
sive but still simplifying assumptions, namely that the momentum is still exchanged
with a single photon and that the electron mass remains negligible.

At this level of perturbation theory, the cross section of an interaction of multipo-
larity L can be written as[103]:

doy, EJ% 1 2
- | Ag(LMmm! 1
dQ  (2mhe)? 2 oy AnLMmmL, (8.16)

M;,mm/

where A;r is the matrix element of the interaction Hamiltonian between the initial
and final state. To calculate the matrix element, the distorted waves of the incoming
and outgoing electron are written in partial wave expansion as:

Y*(p, ) \/— > e (Im =, S| gm) Y (p) I (x), (8.17)

Jixm

with the phase shift J, and the two component wave function

) — 1( o:(20() )

x ) fo(? ) S (8.18)
O (r) =2 <lx“> m'|jym >lem (P)XT)25
um/

with j, = |x| — andl =xifx>0and !, = —x—1if x <O0.
The two radial functlons of order x depend on the central potential V'(r), which can
be derived from the nuclear currents and densities or modelled phenomenologically.
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They are calculated from these coupled differential equations:
d X
%fx(r) = ;fx(r) — [E = V(r)]gx(r)
d X
%gX(T) = _;gx(r) + [E =V (r)]f(r).
With these radial functions, the matrix element Aj can be rewritten, with the

explicit dependence on the transition and ground state charge and current densities
included, as:

(8.19)

Au(LMmm') = 8am®(J;M;LM | Jp M) Y (=1)5 " (21 + 1)1/

xx’
Xei(5x+5x’)<l’m + M — m/7 %ml ’ j/m + M> (O%m ’ jm>
x (jmLM | j'm + M)(j'1L0 | j3) (8.20)

x {5[1 + (=1)"HRE(x, L, )
314 ()R (y L x')}Yme'(@, 0),
where the two additional functions are defined as
RE(u L) =ik [ [ on(m)Grion, re)el ()
/

()G st () (Y5 = et

+ kyr41(0n)Gria (rn, 7e) 2
X lvixl (re) — (ﬁ;f) vl (re)l rydry dre
for electric transitions and as
R0 L) =~ b f[ 1 (o V(i) G o)
[L(L+ 1)]'/2 (8.22)

X V>2<x’ (re) v% dry dr,

for magnetic multipolarities.

Solving these radial equations numerically delivers a result for the cross section
under the Distorted Wave Born Approximation, based on the nuclear charge and
currents chosen. However, since the reverse, calculating the nuclear distributions
from the cross section, is generally not possible, the experimental results are instead
treated as if they were derived purely under the Plain Wave Born Approximation.
With that they can be decomposed to deliver the form factors, and the inaccuracy
introduced by the inadequacy of the assumptions is instead treated as a distortion
that can be corrected for. Correspondingly a correction factor is therefore defined
as:

_do do

~ dQpwsa’ dQpwBA’
This correction factor can then be applied to the measured values so that the ex-
tracted cross section can be treated as if it was the one calculated under the Plain
Wave Born Approximation.

fo (8.23)
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Chapter 9

Monte Carlo Simulation with
MXSim

This chapter will explain the method and software used to combine the results of the
two previous chapters and show how to generate expected signal and background
rates for our experiment. For this, the method for numerically solving our rate
equation will be explained, and then how the MXSim Framework implements this
method, which includes an explanation of the software modules used and created
for this thesis.

9.1 Principles of Monte Carlo Simulation

With the theory providing us with the information about the factors and their de-
pendencies, we can now appreciate that equation cannot be solved analytically.
Instead, the Monte-Carlo method is employed, which can be used to evaluate in-
tegrals like this for which analytical methods are not feasible. To determine an
approximated value < f > for the integral in a parameter area defining a volume
V a large number N of random numbers within that volume gets generated and the
function to be integrated is evaluated at each of these sample points.

The precise value of < f > is defined as:

< o é/vf(x)d”x, (9.1)

which can be approximated as:

< f>= ;Igf(xi). (9.2)

With that, a Monte Carlo Integration is defined as: [62]

/Vf(x)d"x:V<f>%]‘\/[ig:lf(xi)j:\/vw\/< f2>—<f>2 (9.3)

The integration parameters for our case of inelastic scattering with a fixed excitation
energy are the angles ® and © of the scattered electron. Our events are expected to
be evenly distributed in ®, but our cross section is proportional to < and so events
will not be evenly distributed in ©. To reduce the statistical error of our sampling,
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it is desirable to remedy this by performing importance sampling, i.e. by generating
our g2, and thus our ©, by inverse transform sampling from our desired distribution.
With that, the probability distribution for our g becomes|62]:

11 Tmaa 1 1
2 - 2y 7.2
— 2 with v= / d = —— — ——, 9.4
p(q ) I/q4 A Y qfnm p(q ) b qzmn qgnax ( )
so that it is generated from a random number u €]0, 1] as
1
2
= . 9.5
q = (9.5)

min

In addition, to account for the switch of integration variables from the polar angle
O to the momentum transfer, we have to calculate a Jacobian J:

_dcos@_ 2

1= "0 (Enr )

(9.6)

From this we get our total integration weight, which accounts for the integration
volume V of equation [9.3] as:

w = qUJ(Ppay — Prin). (9.7)

9.2 MXSim

MXSim is a modular Monte Carlo integrator. It consists of a single compiled ex-
ecutable, which receives a configuration file, in which the chosen modules for each
function are enumerated and the variables required for those modules listed. For
this, each module is compiled into a library, which is dynamically selected at run-
time. This obviates the necessity to recompile MXSim for each simulation run and
allows separation of different versions of the modules into their own individual li-
brary, improving readability and modifiability.

MXSim is written in C++, based on the Cola++ software suite originally written
for the A1 experiment[107]. MXSim is designed for simulation of electron scattering
experiments at low acceptance spectrometers, and is optimised for those use cases.
The main categories of modules are the beam, the target, the scattering generator,
and the detector, where this last one is an optional inclusion, while the first three are
mandatory. Modules are implemented as child classes of a base class which includes
the hook for the dynamic choice. Additionally, for each of these main modules there
exists an example module of the simplest case: a temporally uniform beam with a
spatial gauss spread, a solid state target, a generator for elastic electron scattering
off protons and a detector accounting only for spectrometer acceptance. Running
MXSim without specifying a detector to use implies a full acceptance detector, and
all generated events are stored as primary events. Besides defining acceptances,
detectors are also the means by which potential detector responses are simulated,
which adds another storage branches for each detector.

From these simplest cases follow implementations for specific purposes, such as a tar-
get module modelling a gas-jet target and a detector class which includes a particle
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track reconstruction for the magnetic fields of the spectrometers. Further modules
can be added to support multiple detector systems, such as running the TPC and
Trigger Veto System simultaneously, or to extend the scattering generator with a
cross section calculator based on specific physics models. Supporting all these mod-
ules are classes for dealing with geometry, four vector maths, radiative corrections,
material interactions and an integration with ROOT.

For this thesis, three MXSim modules were written. The first is a scattering gener-
ator to deal with inelastic scattering that leaves behind an excited core. The second
is a physics model module that serves as a connection to two existing distorted wave
born approximation correction factor calculators, xfoubes for inelastic scattering
and ELSEPA for elastic scattering, by linearly interpolating the results from those
programs for a continuos measurement area. The third module is for a solid state
target with a variable density distribution, such as the one determined in chapter [7]
MXSim expects values and calculates with energies in units of gigaelectronvolts,
angles in units of radians and lengths in units of millimetres. MXSim includes a
unit conversion list for common alternate units like mega electronvolt and meter.
MXSim can be run parallel on multiple cores, with its core calculation consisting of
the generation of N events, each of which may either be accepted or not accepted.
Each accepted event is stored with its particle track, interaction vertex and event
weight. These event weights are in units of accepted events, and as such have to
include all parameters relevant to both equation and equation [9.3

MXSim receives its simulation parameters at runtime in the form of a plist file,
containing the chosen parameters listed in pseudocode format. One or multiple
plist files are processed by the executable program of the MXSim framework, named
mxsim, to select which modules to run with which settings. Besides the modules,
mxsim expects one global parameter to be set in the plist files it receives, run.time,
which defines the run time of the simulated measurement run. This is necessary,
since mxsim is responsible for applying the luminosity and simulated event weights
to the per event weight.

9.3 MXSim Modules for simulating the Hoyle State
and its Background

The five modules (Generator, Beam, Target, Physics Model and Detector), are com-
bined as shown in figure In the following, each module, its function and its
needed parameters will be explained.

9.3.1 Inelastic and Elastic Scattering with GenerateHoyle

The generator module, named GenerateHoyle, is called by the MXSim program and
is in turn responsible for calling all other modules. Generate Hoyle calls the beam
and target modules, calculates the integration parameters, mainly q? ., q2,.,, and
v, and then uses random numbers to determine the kinematic parameters, © and 2,
inside those integration parameters. With the kinematic parameters Generate Hoyle
calculates the event weight according to equation The module also calculates
energy losses due to internal bremsstrahlung and applies the radiative correction
factors of electron-nucleus scattering to the event weight, as well as energy losses
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and angular dispersion from interaction with the rest of the target. GenerateHoyle
assumes only a single nuclear scattering event.

GenerateHoyle requires a number of parameters to be set to define the integration
range and expected behaviour, which are given in table [9.1]

GenerateHoyle, despite its name, is set up so that by defining the appropriate pa-
rameters, and in combination with the correct cross section generator, it can simu-
late both elastic scattering and inelastic scattering which does not create additional
hadrons. Choosing an excitation energy of 0 leads to a calculation of elastic scat-
tering.

Parameter Example Value Explanation
generator "Hoyle" Specifying which generator
module to use
generator.phi [-70, 70] Lower and upper bound of ® in degree
generator.theta [45, 55] Lower and upper bound of © in degree
generator.mass 12 * 0.93827231 * GeV Mass of target nucleus
generator.excitation 7.654 * MeV Excitation energy of the
bound state

Table 9.1: Parameters for GenerateHoyle.

9.3.2 Generating the Beam

The beam module for MXSim generates a two-dimensional Gaussian distributed
beam, with a defined beam current, energy and helicity. The beam module ac-
cepts the configuration parameters listed in table [9.2] and generates a beam vertex
according to those specifications.

Parameter | Example Value Explanation
beam.energy 30 * MeV Beam energy
beam.current 0.001 * mA Beam current
beam.helicity +1 Beam helicity
beam.sigma.x 1.0 * mm Standard deviation of beam in x-dir.
beam.sigma.y 1.0 * mm Standard deviation of beam in y-dir.
beam.offset.x 0.0 Beam offset from centre of target in x-dir.
beam.offset.y 0.0 Beam offset from centre of target in y-dir.

Table 9.2: Parameters for Beam.

9.3.3 Target Integration with TargetDiamond

The MXSim target module written for this application serves primarily as interface
to the measured thickness distribution of our diamond target, but can be used for
any target for which such a distribution is known. The module, named TargetDia-
mond, requires the parameters as listed in table [9.3] It has one primary function,
generateZ, which generates a random z-coordinate for a given vertex by interpolat-
ing the thickness of the target at the position of that vertex, and then generating a
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uniformly distributed penetration thickness. The interpolated target thickness for
that vertex remains available for calculation of energy loss and multiple scattering.

Parameter Example Value Explanation
target "Diamond" Specifying which target module to use
target.density "example Name of the file, to be included
Distribution FileName | Distribution.dat" in the same directory, which contains

the thickness distribution
as measured in chapter

target.plateWidth 10 * mm x-dimension of the plate
target.plateHeight 10 * mm y-dimension of the plate
target.density 0.0035 Density of the target material in kg/cm?
target.atomicWeight 12.0107 Atomic weight of the target material

Table 9.3: Parameters for TargetDiamond.

9.3.4 Cross Section Calculation with ModelHoyle

ModelHoyle can calculate the cross section in three ways, and optionally include
the interpolation of the Distorted Wave Borne Approximation Correction Factor.
The first option is the cross section of the carbon 12 ground state elastic scattering,
calculated from the Mott cross section and a form factor parametrization[108] based
on real data. The second option is the cross section of inelastic scattering exciting
the carbon 12 ground state into the Hoyle state, calculated from a fit on data of
equation [97]. The third option is the same cross section, but instead of using
a parametrization, the cross section is instead calculated as an interpolation from a
grid of cross section values. These cross section values have to be calculated with
an external program. This is a useful option should published cross section data
directly be implemented. For this thesis, only the first two options were used.
Table shows the parameters required by the module. The file of cross section
and correction factor values are expected as comma separated values, with no angle
or energy rows or columns. The energies and angles of the grid points are expected
to be uniformly distributed between the given start and end values of the angles and
energies.

9.3.5 xfoubes and ELSEPA

The external calculations of cross section and correction factors mentioned in the
previous sections was performed using xfoubes for the more important inelastic
scattering case, since it implements multiple models for full transition densities, as
well as accepting external inputs for them. The correction factors for the ground
state were calculated using the ELastic Scattering of Electrons and Positrons by
Atoms(ELSEPA) program. Both xfoubes and ELSEPA implement a partial wave
analysis calculation based on the theory as explained in section [8.3

Both of these programs are implemented in the FORTRANT77 programming language
and perform resource intensive calculations to achieve high precision in their results.
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Parameter Example Value Explanation
model "Hoyle" Specifying which model module to use
model.pwba "PWBAValue Name of the file, to be included
crosssection arrayLarge in the same directory, which contains
FileName .dat" the cross section calculated by
an external program
model.dwba "CFValue Name of the file, to be included
correction arrayLarge in the same directory, which contains
FileName .dat" the DWBA Correction Factors calculated
by an external program
model.energyStart 30 * MeV Starting energy value
model.energyEnd 105 * MeV Final energy value
model.angleStart 15 Starting angle value
model.angleEnd 165 Final angle value
model.doDWBA true Boolean for whether or
correction not the DWBA correction is calculated
model.groundState false Boolean for whether the ground
state or the Hoyle excitation is calculated
model.extrapolated true Boolean for whether the cross
FormFactor section is calculated by equation
or from interpolation with the
file given

Table 9.4: Parameters for ModelHoyle.

For this reason, ELSEPA and xfoubes are only used to generate interpolation grids
for use in MXSim.

ELSEPA

ELSEPA was originally written by Francesc Salvat, Aleksander Jablonski and Cedric
J. Powell[109], and in the version currently used is available at its git repository[110].
ELSEPA has a wide range of possible energies and is designed to deal not only
with elastic scattering of electrons and positrons of nuclei, but also deals with the
effects of bound electrons, up to and including the effects of molecular bonds on
those electrons. ELSEPA calculates the cross section under the Distorted Wave
Born Approximation, see equation [8.16] using a number of possible models for the
central potential.

When provided with the variables in table ELSEPA calculates differential cross
sections for the complete angular range between 0 and 180°. The chosen model
for central potential, in our case for ease of calculation a uniform distribution, also
generates the form factors, with the expectation that the impact of the choice of
potential on the correction factor is negligible. If plain cross section values are
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desired, more complex central potential are available.

Parameter | Example Value Explanation
|V/ 6 Atomic number of the target nucleus
MNUCL 3 Nuclear charge distribution model
NELEC 6 Number of bound electrons
MELEC 4 Electron charge distribution model
IELEC -1 Charge of the scattering particle
IHEF 2 high-E factorization of the nuclear screening
EV 3.0E7 Energy of the scattering particle in electronvolt

Table 9.5: Parameter for ELSEPA.

The correction factor is extracted from the ELSEPA data using a python wrapper
and provided to the ModelHoyle module, which calculates the ground state elastic
scattering cross directly from the Mott cross section and a parametrization of the
form factor.

What ELSEPA is not equipped to do is calculating inelastic scattering and account-
ing for the effects of nuclear excitations inherent to that. Since our measurement
of the transition to the Hoyle State necessarily has to account for that however,
we require an additional cross section calculator that does account for these effects,
xfoubes, which will be introduced in the following.

xfoubes

xfoubes, in the version available for this thesis, was originally written by Jochen
Heisenberg[111] and then modified by Maksym Chernykh[97]. xfoubes solves the
same general set of equations and calculates the same cross section from equation
that ELSEPA does, but for the more challenging case of inelastic scattering.

Using these formulas xfoubes calculates the cross section under the Distorted Wave
Born Approximation, and optionally under the Plain Wave Born Approximation
as well, which are then used to calculate the correction factor. xfoubes has to be
supplied with the parameters for this operation with a file, where a parameter is
identified only by its line and position within that line. The names of the parameters
given in the following table come from the manual therefore, and are not included
in the configuration file like is the case for MXSim and ELSEPA.

A python wrapper is used to generate a grid of cross sections and correction factors,
for 380 energies between 30 and 105 MeV and 1500 angles between 15 and 165°.

xfoubes and ELSEPA Results

The existing xfoubes code was serialized to produce a dense grid of correction factors
for interpolation in the relevant area, a beam energy between 30 and 105 MeV and
a scattering angle between 15° and 165°. The correction factors extracted from this
are shown in figure [9.2

Similarly, the same was done for ELSEPA, delivering figure
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Line.Position Name Example Value Explanation
1.1 OUTPUT out Filename for the result
FILENAME
2.1 Z 6 Nuclear charge
2.2 A 12 Mass in u
2.3 EXE 7.654 Excitation energy in MeV
2.3 RK 7.5 Ground state radius contai-
ning all charge in fm
2.3 L 0 Multipolarity
2.3 AERR 0 Added error
2.3 SSTEP 1 Computation parameter
determining accuracy
3.1 MODEL 0 Ground state model, here a
3-parameter Fermi distribution
3.2 MODTR 6 Transition density model,
6 means a list is given
3.3 MODFIT 0 Fitting mode
3.4 JINIT 0 Ground state spin
3.5 JFIN 0 Final state spin
4.1 EXBE 6.0 Experimental transition strength
4.1 DEXBE 0.01 Error of experimental
transition strength
4.1 BEL 0 Starting value for transition
strength of fit
5 GSC(12) Ground state charge
distribution parameters
6.1 R1 0.05 Stepsize of RHO
6.2 NAMP 199 Number of entries in RHO
7 RHO(NAMP) list of charge density values
8.1 RMOD 10 Cutoff radius for densities
8.2 NPAR 15 Number of Parameters of fit
8.3 NBE 0 Boolean for allowing
varying of transition probability
8.4 NITER 4 Number of iterations
8.5 NSTEP 4 Number of recalculations
9 FOPTION MBRN Unit format determiner
10.1 E 55 Electron energy in MeV
10.2 DLE 0 Electron energy spread
10.3 THETA 90 Spectrometer angle in degrees
10.4 DTHET 0 Spectrometer horizontal
angle(not used)
10.5 VERT 0 Spectrometer vertical
angle(not used)
10.6 SIGMA 2.90E-05 External cross section
estimate(not used)
10.7 DSIGMA 6.0E-7 Error of cross section
estimate(not used)
10.8 TCK 0 Target thickness(not used)

Table 9.6: Parameters for zfoubes.
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Figure 9.2: Plot of the DWBA correction factor over the MAGIX angle range for
inelastic scattering, with the carbon 12 target being excited from the ground state to
the Hoyle State.
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Figure 9.3: Plot of the DWBA correction factor over the MAGIX angle range for
elastic scattering of the carbon 12 target.

9.3.6 Detector Simulation with MagixSpectrometer

The MagixSpectrometer detector module is a basic acceptance check. It checks
whether a particle track would fit through the acceptance defining collimator, and
if the particle has a momentum that would be accepted by the magnet settings
of the spectrometer. For this, it only requires the central momentum setting and
angular position of the spectrometer, as given in table [9.7] If an event has a track
or momentum that would not be accepted by the spectrometer, MagixSpectrometer
sets its weight to 0, if it does, the event is stored as valid.

As MAGIX is a two spectrometer experiment, with additional detectors to be de-
ployed along the beam line and in the scattering chamber, it is possible to call
multiple instances of a detector class module, unlike with the other types. The elec-
tron prefix for the parameters in the table is one instance of a detector class, with
a second instance merely requiring a different unique name to differentiate them.
The MXSim Detector class already has an implementation of the algorithm for
translation between target and focal plane coordinates, mentioned in section [2.3]
and of both types of detectors. With those modules, it is possible to generate not
just particle tracks for event rates, but also the full detector response[45]. For the
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Parameter ‘ Example Value ‘ Explanation

electron "MagixSpectrometer' | Specifying which model module to use
electron.momentum 47*MeV Central momentum of the spectrometer
electron.angle 70.0 Spectrometer angle in degrees

Table 9.7: Parameters for MagixSpectrometer.

reconstruction of particle tracks from detector there has been work done using both
classical image recognition[59] and machine learning methods[112], with a Master’s
Thesis by Nils Hesse currently underway to unify and compare the two.

9.4 Analysis

Accepted events are stored in a ROOT tree and analysed using ROOT macros. The
ground state and excited state each generate their own independent ROOT trees,
that are analysed both separately and combined. To extract signal and background
rates in the region of interest, two methods were employed. In the simple case, the
combined output of both simulations in the energy region of interest was fitted with
a constant background and a crystal ball function[113], to model the excitation peak
with radiative losses, and the two resultant functions integrated. Where no fit was
possible, the signal and background rates were counted directly.

The final chapter of this part will now discuss the result of the analysis of these
simulations.
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Chapter 10

Results

Combining everything from the three previous chapters, the results of our simu-
lations can now be investigated. Based on these results, the expected reach and
recommended settings of the first measurement at MAGIX are provided.

10.1 Validating the Results

To validate the simulation, the results are first compared very qualitatively with
real data. The A1 facility has taken data at higher energies than are reachable with
MESA, with a thicker target and additional radiative losses. Figures and
compare data to simulation with the same kinematics. The data includes additional
nuclear excitations and has much wider peaks due to higher radiative losses, but
agrees with the simulation qualitatively.

SpekB 195 1

0 2 4 6 3 10
My [MeV]
Figure 10.1: Real measurement of electron scattering off carbon at the Al facility,

with a spectrometer central momentum of 195 MeV and spectrometer angle of 15°.
Image from [114)].

To check the analysis, figure [10.3] shows a comparison between the equation that
generates the form factor of the transition between the ground state and the Hoyle
State, equation [8.14] and the same value extracted from the simulated data. This
shows that what goes into the simulation is correctly extracted again after the full
simulation and analysis chain.
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Figure 10.2: Equivalent measurement at MAGIX, at a spectrometer central mo-
mentum of 195 MeV and spectrometer angle of 15°.
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Figure 10.3: Transition form factor as given by Chernykh, used to simulate the
data, compared to the transition form factor extracted from that simulated data.

10.2 Expected Reach for the MAGIX Hoyle State
Measurement

MXSim was used to simulate the expected signal and background rates of measure-
ments of the Hoyle State for momentum transfers q> between 0.0158 and 1.09 fm ™2,
equating to a grid of energies between 30 and 105MeV and spectrometer angles
between 15 and 165°. For this, a conservative assumption on the intensity and
availability of accelerator and experiment is made, with a beam current of 1 pA and
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a run time per setting of one hour. The target is the diamond plate as measured in
chapter [7] At the beginning of data taking at MESA, the only energy expected to be
available is 55 MeV, with the upper limit of 105 MeV becoming available some time
after that. 30 MeV is the lower bound of the energy available at MESA, to come
at some point after that, with investigation into the possibility of lowering this un-
derway. 70 MeV completes the sequence, but this beam energy is not planned to be
available for the measurement.
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Figure 10.4: Result of 30 MeV and 15° run.

Figures [10.4] and [10.5] show the results of the simulations for the lowest q? =
0.00268fm ™2, at an energy of 30 MeV and spectrometer angle of 15°, and highest
q®> = 1.09333fm 2, at an energy of 105MeV and spectrometer angle of 165°. The
two figures show the angles and momentum of the scattered particles in the first
row. The two histograms of angular distribution show the acceptance of our circu-
lar collimator, and the histograms including scattering momentum show momentum
acceptance.

The second row begins with a plot of scattering angle © plotted against scattering
momentum, with the elastic peak very visible at the top, as of course no scattered
particles can exceed that energy. The last two plots in the second row are histograms
of the missing mass, the first over the whole reach, and the second only in close
vicinity of the excitation energy. The missing mass is defined by the difference
between the mass of the target nucleus and the invariant mass of the four-vector
of the target nucleus after scattering. The four-vector of the target nucleus after
scattering can be calculated from the two known initial four-vectors of the beam
electron and the target nucleus of known mass, which is assumed to have negligible
energy compared to the electron, and the measured four-vector of the scattered
electron:

My = /(B + Mr — Ep)? — |15, — 712, (10.1)
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Figure 10.5: Result of 105 MeV and 165° run.

with the initial energy £; and the final energy Ey of the electron, the mass of the
target nucleus My, and the initial momentum p; and final momentum py of the
electron.
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Figure 10.6: Plot of Signal Rates in dependence of Q* for all four energies and 31
angles.

This missing mass is used to cleanly identify the peak belonging to the excitation
into the Hoyle State, since unlike the equivalent peak in the scattering momentum
or energy loss spectrum, the position of events belonging to excitations into the
Hoyle State remains at the same position in the missing mass spectrum. Placing
an upper and a lower limit on the missing mass of an event, thereby cutting on the
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missing mass, is therefore used to identify events that are either our signal, or part
of the background.

For this simulation, only a single source of background was simulated, the irreducible
background of the radiative tail of the elastic peak. There is an additional component
to the irreducible background from the radiative tail of the first excited state of
carbon 12. This is expected to be negligible compared to that of the elastic peak
and therefore is not simulated.

Due to MAGIX’s ultra low background setup, we expect little to no other experi-
ment dependent background that will be picked up by the detectors. With the veto
capability of the Trigger Veto System, we predict to be able to exclude the super-
majority of experiment independent or beam related background. As such, both of
these sources of background are not simulated here.
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Figure 10.7: Plot of Signal-to-Background ratio over the angle range of the MAGIX
spectrometers.

To understand the criteria for a meaningful measurement, the signal rate and the
signal-to-background ratio, consider figures and [10.5] The plot in figure
shows no visible peak in the Missing Mass at Excitation histogram, meaning that no
reasonable measurement is possible at this kinematic setting and runtime. Figure
10.5] on the other hand, shows a clear peak in both histograms, meaning a mea-
surement is possible at this setting. However, here the total number of events in the
peak is extremely low, numbering only 20. This is not enough to extract a value
of interest with meaningful precision, meaning that no reasonable measurement is
possible at this kinematic setting and runtime, either.

Between these two extremes in energy and angle, there lies a region where data can
be taken at acceptable rates without a background that makes measuring those rates
impossible. Increasing the runtime or beam current would improve both signal rates
and signal-to-background ratio, by reducing the statistical spread of the background,
thereby enabling a clearer identification of the signal, and by increasing the signal
rate. This would increase the region at which we can measure. To identify the
region for the beam current and runtime chosen for this simulation, figures to
are generated.
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Signal compared to Signal-to-Background
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Figure 10.8: Signal/Background Ratio plotted against Signal rate for the four
different energies and over the 15° to 165° angular range. FEach energy reaches an

upper limit to its signal rate with decreasing angle, and an upper limit to its signal
to noise ratio when increasing the angle.

Energy [MeV] Angle q?[fm™2] Signal Background

25 35 0.0281 2622 8048
95 40 0.0363 2500 4967
95 45 0.0454 2365 3245
25 90 0.155 1137 131
25 95 0.168 1010 96
105 20 0.0341 11453 18144
105 25 0.0530 10792 9031
105 30 0.0758 10105 4001
105 100 0.658 1522 9
105 105 0.704 1239 4

Table 10.1: Recommended energy and angle settings for the first MAGIX measure-
ment run, with the ¢ and expected signal and background counts.

Signal and background rates for these plots are the number of events given by a fit
of the peak and background in the missing mass histogram if possible, and by direct
count of the two differing data sets if not. It is apparent from figure that signal
rates increase both with lower g2, and therefore lower angles, and higher energies.
At the same time, figure [10.7] shows that signal-to-background also improves with
increased energy, and decreases sharply at lower angles. Combing these two leads
to figure [10.§

Figures[10.10]to[10.13|show the point at which the signal-to-background ratios reach
the point that a fit of the peak was possible, which was chosen as the lower limit of
the angle. This is a preliminary criterion, with plenty of opportunity for refinement,
by, for example, improving the cut condition.

At the energies planned to be in use, 55 MeV and 105 MeV, we are therefore restricted
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Figure 10.9: Projected reach of the MAGIX measurement of the transition form
factor. Image from [115], over-layed with the reach of MAGIX.

to angles above 35° and 20°, respectively. The upper angle limit is given by the signal
rate, where an expected count of more than 1000 events is desired. With these limits
the expected range of g2 is between 0.028 and 0.704 fm ™2

The recommended settings for the first measurement at MAGIX are therefore enu-
merated in table 101l

These settings are preliminary and based on expectations on the beam intensity,
available energies and possible runtime as mentioned above, which can and will be
updated once the accelerator is completed. A finer grid of samples in the energy
range might slightly lower the permitted angles as well. All this leads to a prediction
of the reach of MAGIX for the transition form factor of the excitation from the
ground state of carbon 12 into the Hoyle State, which is shown in image [10.9
With this, the measurement of the Hoyle State at MAGIX awaits only the completion
of its detectors and initialization of beam on target by MESA.
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Figure 10.11: Result of 55 MeV and 35° run.
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Summary and Conclusion

In this thesis, the complete design of the focal plane tracking detectors for the
MAGIX experiment is presented. It provides a comprehensive reference for the
construction and operation of the TPCs that form the tracking system of MAGIX.
The first full-scale TPC has been successfully constructed and is now operational
for configuration, calibration tests, and subsequent measurements. In addition, this
work establishes the framework for the simulation of the first physics run at MAGIX
and for the analysis of the resulting experimental data.

The first part of this thesis outlined the wide range of physics topics that can be
explored with MAGIX, and described the accelerator MESA and the three major
experiments that will be run on it, with a focus on MAGIX. The physics topics
include precision measurements of the electric and magnetic form factors of the
proton, searches for particles in the dark sector, investigations in few body physics,
and reactions of astrophysical relevance. In particular, the formation of oxygen 16
through the a-capture on carbon 12 and the production of carbon 12 via the triple-a-
process were discussed. The experimental design, centred around the gas-jet target
and optimised to minimise background while maintaining high luminosity, enables
precision measurements of these processes under well-controlled conditions.

The second part focused on the focal plane tracking detectors, which serve as the
primary measurement instruments of the MAGIX spectrometers by reconstructing
the trajectories of scattered particles. The five major components of the detector
system were described in detail, together with their respective roles in the overall
design. Particular emphasis was placed on two key innovations: the open field cage
design and the calibration method based on electron generation via the transmissive
photoelectric effect. Initial tests demonstrate that the amplification and readout
systems perform reliably, even under non-ideal operating conditions, confirming the
viability of the detector concept and the stability of the readout chain.

The third part described the preparations for the first experiment to be performed
at MAGIX, namely the measurement of the transition from the carbon 12 ground
state to the Hoyle State. This work included the identification, acquisition, and
characterization of the target material, a study of the theoretical background and
the treatment of the dominant correction factors required for the interpretation
of the data, the implementation of dedicated MXSim modules to perform realistic
simulations of the measurement, and the determination of the optimal experimental
settings.

With the work presented in this thesis, the first focal plane tracking detector of
MAGIX is ready to enter its testing and calibration phase, and the groundwork for
the first experimental measurement has been established. The experience gained
during the construction and commissioning of the first TPC will guide the improved
construction of the two remaining detectors. Once completed, the Starry Night
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calibration modules will be integrated into the system to enable precise detector
calibration. At the same time, the simulation framework will continue to evolve
alongside the ongoing development of MAGIX and MESA, ensuring that the exper-
iment is fully prepared to begin data taking as soon as the accelerator beam becomes
available.

Taken together, the work presented here establishes the detector infrastructure and
methodological foundation required for the first generation of precision measure-
ments at MAGIX and represents an important step toward the realization of its
experimental physics program.
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