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Abstract

The standard model of particle physics (SM) comprises our current understanding of elementary
particles and fields. Precision experiments in the low energy regime, such as studies of the free
neutron beta decay, are important tools for tests of the SM and searches of physics beyond.

NoMoS, the neutron decay products momentum spectrometer, is a new experiment designed
to determine multiple observables from the spectra of the charged neutron decay products with
high precision. It uses a novel technique of momentum spectroscopy, based on the RxB effect,
to separate decay electrons and protons according to their momentum.

One key component of the experimental design is the high voltage electrode required for the
post-acceleration of decay protons to detectable energies. A careful design of the electrode is
required to suppress systematic effects introduced by the high voltage. The aim of this thesis
was to study multiple electrode geometries for the simultaneous and individual measurement of
the charged decay particles based on a set of design criteria using numerical simulations.

Electrostatic potential computations were performed to evaluate systematic effects, such as
the emergence of particle traps or radial inhomogeneities of the electrostatic potential. The
adiabatic particle transport and Ex B drift effects were studied using particle-tracking simulations
which rely on computations of electric and magnetic fields. Investigations performed in this thesis
serve as a base for future electrode design studies.






Zusammenfassung

Das Standardmodell der Teilchenphysik (SM) umfasst unser derzeitiges Verstandnis von Element-
arteilchen und Feldern. Prézisionsexperimente in dem Bereich niedriger Energien, wie Studien zu
dem Beta-Zerfall freier Neutronen, sind wichtige Werkzeuge fiir Tests des SM und fiir die Suche
nach Erweiterungen des Modells.

NoMoS, das neutron decay products momentum spectrometer, ist ein neues Experiment fiir
die Bestimmung mehrerer Observablen aus den Spektren der geladenen Neutronenzerfallsprodukte
mit hoher Prazision. Es verwendet eine neuartige Technik der Impulsspektroskopie, die auf dem
R x B-Effekt basiert, um die Zerfalls-Elektronen und Protonen nach ihrem Impuls zu trennen.

Eine Schliisselkomponente des Experiments ist die Hochspannungselektrode, die fiir die Nach-
beschleunigung der Zerfallsprotonen auf nachweisbare Energien erforderlich ist. Ein sorgfaltiges
Design der Elektrode ist erforderlich, um systematische Effekte zu unterdriicken, die von der
Hochspannung induziert werden. Ziel dieser Arbeit war es, mehrere Elektrodengeometrien fiir die
gleichzeitige und individuelle Messung der Zerfallsprodukte zu untersuchen, anhand von Designkri-
terien und unter Verwendung numerischer Simulationen.

Elektrostatische Potentialberechnungen wurden durchgefiihrt, um systematische Effekte, wie
das Auftreten von Teilchen-Fallen oder Inhomogenitiaten des Potentials zu untersuchen. Der
adiabatischen Teilchentransport und ExB-Drifteffekte wurden mithilfe von Teilchen-Tracking
Simulationen untersucht, die auf Berechnungen elektrischer und magnetischer Felder beruhen.
Die in dieser Arbeit durchgefiihrten Untersuchungen dienen als Grundlage fiir zukiinftige Studien
des Elektrodendesign.
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Chapter 1

Introduction

The Standard Model of particle physics (SM) is the theory that describes elementary particles
(quarks and leptons) and their interaction via the electromagnetic, weak and strong force. Cur-
rently, it is the best description of subatomic particles and fields and many predictions made by
the theory have been experimentally confirmed. However, multiple phenomena, such as gravity,
dark matter and dark energy, neutrino oscillations and the baryon asymmetry of the universe,
are not explained within the current SM. Extensions of the SM and theories beyond attempt to
explain these phenomena. Measurements in both the high and low energy regime aim to search
for hints of new physics.

The free neutron beta decay is a useful tool for tests of the weak interaction and for searches
of physics beyond the SM. Multiple observables of the neutron decay, such as the neutron lifetime
or correlation coefficients, can be derived from precision experiments in the low energy regime
and can be used to determine various parameters of the SM [1]. This task has been the focus
of a large variety of precision experiments, such as aSPECT |2, 3], Nab [4], aCORN [5] and
many more. Existing experiments aim to measure these observables to higher precision while
new experiments based on novel techniques are designed to enable a systematically independent
measurement.

NoMoS , the neutron decay products momentum spectrometer, is a new experiment designed
to determine several correlation coefficients of the free neutron beta decay by measuring the
momentum spectra of the charge decay products [0, [7]. It uses uniformly curved magnetic fields
to separate the oppositely charged decay products according to their momentum. The resulting
drift distance spectra are measured on spatially resolving detectors. Decay protons are low
energetic and require post-acceleration by electric fields to detectable energies. The focus of this
thesis lies on the design of the high voltage post-acceleration electrode for protons, considering
both the individual and simultaneous measurement of the charged decay particles.

This thesis begins with a short introduction to the theoretical background of the free neutron
beta decay and on the motion of charged particles in electromagnetic fields (Chapter. Chapter
gives an overview of the experimental setup of NoMoS and its measurement principles. The
main focus of this chapter lies in the derivation of crucial requirements to the design of the
post-acceleration electrode for protons. Investigations of systematic effects introduced by the
electrode rely on detailed computations of electromagnetic fields and particle-tracking simulations.
Numerical methods used for the required simulations are, additionally, described in this chapter.
In Chapters [4] and 5, multiple electrode designs for both the simultaneous and individual particle
measurement, respectively, are proposed and systematic effects are evaluated based on the derived
electrode design criteria. Conclusions on the feasibility of the proton measurement are presented

in Chapter [0]



Chapter 2

Theoretical Background

The Standard Model of particle physics (SM) describes the free neutron beta decay in the frame-
work of the electroweak interaction. The beta decay of the free neutron is a useful tool to test
this interaction and to search for hints towards new physics. The neutron lifetime and correlation
coefficients in the differential decay rate of the neutron are required to determine parameters of
the SM. The NoMoS experiment aims to derive several correlation coefficients of the neutron
decay from the electron and proton drift distance spectra.

A short introduction to the neutron beta decay and the correlation coefficients connected to
it is given Section [2.I] The experiment utilizes magnetic and electric fields to guide the charged
decay particles towards detectors and to post-accelerate the protons prior to detection. The
motion of charged particles in electric and magnetic fields is described in Section [2.2]

2.1 The Neutron Beta Decay

The free neutron n decays into a proton p*, an electron e~ and an electron-antineutrino 7,
n—p +e +7. (2.1)

Fig. shows the decay on quark level. The decay was first correctly described as a V—A
(vector minus axial vector) interaction in the framework of the electroweak interaction by George
Sudarshan and Robert Marshak [8] and independently by Richard Feynman and Murray Gell-Mann
[9].

An expression for the differential decay rate of the neutron, which comprises multiple observ-
ables of the neutron, has been worked out in detail by Jackson et al [11]:

1 G4Vl
&Pr = K F|2 al peE.(Ey — E,)*dE.dQ.dQ,
™
x €1+ PePu —i—bmeC2 4 (8n) Apec—i—BpVC—i—Dpe X pyc°
a .
E.E, E, Sn E, B, E.E,

(2.2)

Here, G denotes the Fermi coupling constant and V.4 is the relevant element of the Cabibbo-
Kobayashi-Maskawa CKM matrix. The momenta and total energies of the electron and the
electron-antineutrino are given by p., p,, F. and E,, respectively, and E|, denotes the electron
maximum total energy. Further parameters are the electron mass m, and the neutron spin
sn. Solid angles are represented by §2; and c is the speed of light in vacuum. The parameter
a denotes the electron-antineutrino correlation coefficient and b is the Fierz interference term.
Further angular correlation coefficients are A, B and D. In the SM, various correlation coefficients
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Figure 2.1: Neutron beta decay on quark level: The neutron (n) is composed of two down quarks (d)
and one up quark (u). One of the two down quarks converts to an up quark by emission of
a W boson. The up quark is held together with the remaining d and u quark by gluons to
form a proton (p™). The W boson decays into an electron (e”) and electron anti-neutrino
(v.). Figure taken from [10].

in Eq. can be expressed in terms of the ratio A\ = ga/gy, where go and gy denote the
axial and the vector coupling constants, respectively [1]. Thus, one way to determine \ is from
precise measurements of correlation coefficients present in the neutron decay rate. A significant
discrepancy between the values of A derived from precision measurements might hint to the need
of an adapted theory.

The angular correlation coefficient a can be inferred from the measured proton spectrum,
since it affects the shape of the spectrum [I]. The fraction of higher energetic decay protons
increases if the coefficient a is positive while the opposite holds for a negative value [12]. The
current average value of the correlation coefficient a is —0.1059 + 0.0028 [13].

The Fierz interference term b vanishes in the present form of the SM. A non-zero value
of b would indicate the existence of additional couplings (scalar and tensor) in the electroweak
interaction. The term can be derived from the measurement of the electron spectrum [14].

The NoMoS experiment aims to determine both observables from the spectra of decay elec-
trons and protons. It uses magnetic fields to guide the charged decay products through the
spectrometer towards detectors, where the particles are measured. Electrons and protons emerge
from the decay with a maximum kinetic energy of 782keV and 751 eV, respectively [15]. Since
decay protons are low energetic they require a post-acceleration by electric fields to detectable
energies. The electric field is provided by the high voltage post-acceleration electrode. An un-
derstanding of the measurement principles of NoMoS and of the criteria derived for the electrode
design requires a short description of the motion of charged particles in magnetic and electric
fields. This is provided in the following section.

2.2 Motion of Charged Particles in Magnetic and Electric
Fields

Magnetic and electric fields can be used to guide charged particles along specific paths. The
trajectory followed by a particle of mass m and charge ¢ moving in an electric field E and
magnetic field B with velocity v is determined by the Lorentz force Fy, [16]:

Fi(r) = mi{z =q[E(r) +v(r) x B(r)]. (2.3)

The NoMoS experiment uses static magnetic fields to guide the charged decay particles from



the point of decay towards detectors. Additionally, an electric field is required for the post-
acceleration of decay protons. The motion of charged particles inside a static magnetic field
(for E(r) = 0) and in static electromagnetic fields is described in Sections [2.2.1] and [2.2.2]
respectively. A simple model for the transport of the decay particles inside the experiment can be
constructed if the transport is adiabatic. This notion is described in more detail in Section[2.2.3]

2.2.1 Magnetic Field

NoMoS uses both uniform and curved static magnetic fields to guide and disperse decay electrons
and protons. The motion of charged particles in both magnetic field environments is described
in the following.

Uniform Magnetic Field

In the absence of electric fields Eq. (22.3]) reduces to:
Fy(r) = q[v(r) x B(r)]. (2.4)

A charged particle moving in a static, uniform magnetic field experiences the force Fy,, which
acts on the particle in the direction perpendicular to both its velocity vector v and the magnetic
field vector B. The force F}, causes the particle to gyrate around a magnetic field as it moves in
the direction of the magnetic field vector B. The center of the circular orbit is referred to as the
guiding center. The resulting path is helical as shown in Fig.[2.2] Note that the magnitude of the
particle velocity and its total energy are constant when the particle moves in a static magnetic
field [16].

|
|
|
|
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Figure 2.2: Helical trajectory of a charge ¢ moving with velocity v in a uniform magnetic field B: The
magnetic force acts on the particle in the direction normal to both the particle velocity v
and magnetic field B. The resulting particle trajectory is helical, whit gyration radius 7
and pitch height A. The pitch angle 6 is determined by the orientation of v relative to the
magnetic field vector B. The particle velocity v can be decomposed into the transversal
and longitudinal velocity v, and v, respectively, relative to the magnetic field vector.

The helical path can be described in terms of the radius of gyration r, and the pitch height

h. The gyration radius depends, among other parameters, on the transversal particle velocity v
and the magnetic field BT}

m - v

B (2.5)

Ty =

The transversal velocity v, is given by:

v? = Uﬁ + 07 (2.6)

1The gyration radius is obtained by assuming that the magnetic force F1, = qv, B and the centripetal force
Feo = mvi/rg, experienced by the particle when following a curved path, are equal.
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and

v, =wvsind, (2.7)

v = v cosd. (2.8

Here, v denotes the absolute particle velocity and v) represents the particle velocity in the direction
parallel to the magnetic field, as shown in Fig. [2.2] The particle pitch angle 6 is determined by
the orientation of the particle velocity vector v with respect to the magnetic field vector B. The
pitch height h of the helical path is defined as the distance by which the particle moved in the
direction parallel to the magnetic field after one gyration:

27r~m-v||

h
q-B

(2.9)

The particle gyration radius, pitch angle and the pitch height of the helical path are constant if
the charged particle moves in a static, uniform magnetic field.

The NoMoS experiment uses a uniformly curved magnetic field to disperse the charged decay
particles according to their charge and momentum. The motion of charged particles moving in
such a field is described in the following.

Curved Magnetic Field

Charged particles which gyrate inside a curved magnetic field experience an additional drift.
The so called RxB drift effect can be described as a centrifugal acceleration of the particle
guiding center which occurs when the particle tends to gyrate around a curved magnetic field
line [I6]. A particle of charge ¢ moving in a magnetic field of magnitude B and local curvature
radius R (see Fig. drifts with velocity

Rx B

T

(2.10)

in the direction perpendicular to both the magnetic field vector B and the curvature radius
vector R. Note that positively and negatively charged particles drift in opposite directions.
Thus, particles can be separated based on their charge ¢ using curved magnetic fields.

A

Fcr

Pl SN
2N

ool

Figure 2.3: A charged particle experiences a centrifugal force Fcr when it moves in a curved magnetic
field B of local curvature radius vector R. Figure adapted from [17].

In the NoMoS experiment, decay protons require additional post-acceleration by electric fields
to detectable kinetic energies. The motion of charged particles moving in electromagnetic fields
is shortly described in the following.



2.2.2 Electric and Magnetic Fields

The motion of a charged particle moving in electromagnetic fields is determined at any point r
by the Lorentz force Fi,(r) given in Eq. (2.3). The trajectory followed by the particle depends,
among others, on the orientation of the electric field vector E relative to the magnetic field vector
B:

e E || B: The charged particle gyrates around a magnetic field line and is accelerated by
the electric field in the direction of the electric field vector E.

e E }t B: The particle guiding center experiences an additional drift in the direction perpen-
dicular to both the magnetic field vector B and electric field vector E. The drift velocity
Vgxp is given by [16]:

E x B
Bz

with ¢ denoting the speed of light in vacuum. Note that particles of opposite charge ¢ drift

in the same direction.

(2.11)

VpxB = C

The description of the particle trajectory in terms of the guiding center is an approximation and
holds under certain assumptions which are discussed in the following section.

2.2.3 Adiabatic Particle Transport

Properties of charged particles, such as kinetic energy and pitch angle, moving in electromagnetic
fields can be determined analytically if the particle transport is adiabatic. The periodic motion of
a gyrating charged particle can be used to construct invariants of the motion. Such an invariant
is the particle magnetic moment i, defined by the ratio between the transversal particle kinetic
energy component 7', and the magnetic field B

T,
S 2.12
=g (2.12)

if relative variations of the electric and magnetic fields are small within one particle gyration
(adiabatic approximation) [16), [18]:

AFE AB

In Eq. (2.12)), the transversal energy component 7', is given by:

T2 =T? +T? (2.14)

where
T, = Tsin® 6, (2.15)
Ty =T cos” 0. (2.16)

Here, T' and T) denote the total particle kinetic energy and the longitudinal kinetic energy,
respectively. Strong variations of the magnetic and electric fields break the invariance of the
magnetic moment. This causes oscillations of the particle magnetic moment with an amplitude
increasing with increasing relative variations of the electric and magnetic fields [18].

In the NoMoS experiment, protons are post-accelerated by an electric field and gain kinetic
energy as they gyrate towards the sensor. In the adiabatic approximation, the longitudinal kinetic



energy Tj(z) and the pitch angle 0,4(z) of a particle with initial kinetic energy Tj and pitch angle
Oy can be determined analytically at any point z of the particle trajectory using:

B(z)

0

() = To — q(U(2) = Up) — —*Tosin*(6o) (2.17)

and

B(z) Ty sin(0y)
By Ty —qU(z) — Up)

Oaa(2) = arcsin\l (2.18)
A complete derivation of the two quantities is provided in [19]. Here, Uy and By denote the
electrostatic potential and magnetic field at the start of the particle trajectory while U(z) and
B(z) represent the potential and magnetic field at any point z of the trajectory. The particle
pitch angle 0,4(z) changes as a consequence of the particle acceleration.

The NoMoS experiment uses both uniform and curved magnetic fields to guide and disperse
the charged decay products and electric fields to post-accelerate the decay protons to detectable
energies. An overview of the experimental setup and a detailed discussion of the requirements
for the electrode design are provided in the following chapter.



Chapter 3

The NoMoS Experiment

The NoMoS experiment aims to measure the spectra of the charged decay products of the free
neutron beta decay. The charged decay products are dispersed according to their charge and
momentum using the Rx B drift effect, which occurs in curved magnetic fields, and are measured
on spatially resolving detectors. Protons emerge from the decay with a maximum kinetic energy
of 751 €V and require post-acceleration by electric fields to detectable energies. The main focus
of this thesis lies on the design of the proton post-acceleration electrode for protons. The
electrode should fulfill a set of design criteria and systematic effects induced by the electrode
should be understood and suppressed to achieve the desired measurement sensitivity. After a
short outline of the measurement principles of NoMoS in Section [3.1} a detailed discussion of
multiple requirements for the electrode design is given in Section [3.2] Simulation tools used for
computations of electric and magnetic fields and for particle tracking, required for systematic
effects studies, are presented in Section [3.3]

3.1 Measurement Principles

An overview of the experimental setup of NoMoS is shown in Fig.[3.1] The experiment is divided
in multiple areas: the decay volume, the magnetic filter and aperture, the RxB drift region and
the detection region. A brief description of each area is given below.

Decay Volume

The neutron beam passes the decay volume, a region of uniform magnetic field, where a fraction
of the neutrons decays isotropically into electrons (e), protons (p) and electron-antineutrinos
(v.). A particle emerges from the decay with kinetic energy Tj, pitch angle 6, and phase angle
©o- The phase angle is determined by the orientation of the particle velocity vector v with respect
to the system axis x. The charged decay particles are guided by magnetic field lines from the
decay volume either towards the back detector (BD), where they are measured, or towards the
main part of the spectrometer.

Magnetic Filter and Aperture

A magnetic filter (MF) is used to transmit particles based on their initial pitch angle 6,. In
this region, particles move in an increasing magnetic field which changes the particle pitch angle.
The magnetic field is design such that the adiabatic condition given in Eq. is fulfilled.
Hence, the particle magnetic moment is constant at every point along the particle trajectory. A
relation between the transversal velocities of a particle at the point of decay, v, , and at any
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Figure 3.1: Overview of the experimental setup of NoMoS : Neutrons (n) pass the apparatus at the
decay volume where a fraction of the neutrons decays into electrons (e™), protons (p™) and
electron-antineutrinos (7.). The charged decay products are either magnetically guided to-
wards the main area of the spectrometer or directly measured at the back detector. Particles
are selected at the magnetic filter and an aperture is used to geometrically shape the electron
and proton beams. In the RxB region, electrons and protons drift in opposite directions
according to their momentum and charge. The resulting drift distance spectra are measured
in the detection region on spatially resolving sensors. A high voltage electrode provides
the electric field required for the post-acceleration of decay protons to detectable energies.
Figure courtesy of Daniel Moser.

point z in the MF region, v, (2), can be derived from Eq. (2.12)) using T, = muv, /2 and yields:

B mv? _ mi(2)
=798, ~ 2B(x)

(3.1)

Here, By and B(z) denote the magnetic field at the point of decay and at any point z of
the magnetic filter, respectively. By substituting v, from Eq. (2.7 into Eq. (3.1)), the relation
between the magnetic fields and the particle pitch angles 6, and 6(z) can be derived:

B(z) sin?6(z)

= ) 2
BO sin2 00 (3 )

It can be seen that the particle pitch angle §(z) increases with the magnetic field. This results in an
increase of the transversal particle velocity v, (z). On the other hand, Eq. and conservation
of momentum yield a decrease of the longitudinal velocity vj(z). Hence, as the particle moves in
the direction of increasing magnetic field more of the longitudinal particle motion is converted into
rotational motion [16]. A particle is magnetically reflected by the magnetic field if v decreases
to zero and, subsequently, changes sign. Only particles with an initial pitch angle 6, smaller than
the critical angle 6. are transmitted at the filter. The critical angle can be derived from Eq.

at the point of reflection, i.e., when 0(z) = 7,

0. < arcsin <1/gz>, (3.3)

9



with Br denoting the maximum strength of the magnetic field at the filter. In the current design
of the experiment, Br = 2By and, thus, only particles with initial pitch angles up to 45° are
transmitted at the magnetic filter. Particles that are reflected by the magnetic field are guided
towards the back detector. Transmitted particles are guided by a decreasing magnetic field to-
wards the aperture. The field gradient causes a decrease of the particle pitch angle as dictated
by Eq. . The initial pitch angle is restored if the magnetic fields at the decay point and
aperture are equal, as in the current design of the experiment. The aperture is used to shape the
electron and the proton beam geometrically.

RxB Drift Region

The particles are guided from the aperture towards a region of curved magnetic field. Here,
decay electrons and protons are spatially separated according to their momentum and charge us-
ing the Rx B drift effect described in Section [2.2.1] The particles drift with a drift velocity vgr«p
as given by Eq. . Assuming a constant drift velocity, the distance by which the particles
have drifted at the end of the RxB region can be obtained by integrating vgyp over time and
yields [6]:

Dpryp qu (34)

The drift distance is linear in the particle momentum p and it is indirectly proportional to the
magnetic flux density B and charge ¢. At the end of the RxB region, decay electrons and protons
have drifted in opposite directions by a distance proportional to their momentum. An example
of the resulting drift momentum spectra is shown in Fig. for a magnetic field of 200mT and
under the assumption of the current average values derived for the correlation coefficient a and
the Fierz interference term b (see also Section [20]. This figure shows, additionally, the effect
of a positive coefficient @ and a non-zero term b on the shape of the proton and electron spectra,
respectively.

1] — e-, b=0
—_ — p+,a=-0.103
3
S5,
o
Q2
=
0.
0.03
©
3
X — e-, b=0.5
-0.03[ — p+, a=0.026

-10 -5 0 5 10
Drift distance on detector [cm]

Figure 3.2: Drift distance spectra: Electrons and protons drift in opposite directions as they gyrate inside
the curved magnetic field present in the RxB drift region. The decay particles drift by a
distance proportional to their momentum. Note that the two spectra overlap at the central
axis z. This region corresponds to low energetic electrons and protons. Figure courtesy of
Daniel Moser.
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Detection Region

The charged decay products are guided through the detection region towards spatially resolv-
ing detectors by a uniform magnetic field. Decay electrons have energies in the order of keV and
can be directly measured on the electron detector. Decay protons are, however, low energetic
and require post-acceleration by an electric field to penetrate the sensor and to generate a meas-
urable signal. The electric field is provided by the high voltage post-acceleration electrode, which
surrounds the proton detector. The required final proton energy is determined by the mean free
path of the particles inside the detector material. Post-acceleration potentials used in comparable
experiments lie in the range of —10kV to —30kV [2, 4, 5].

The NoMoS experiment yields multiple options for the measurement of the electron and
proton drift distance spectra. The two spectra can be measurement simultaneously, either on a
common detector surface or on spatially separated sensors, or individually. The aim of this thesis
are studies of several geometries of the proton post-acceleration electrode both in the context
of the simultaneous and single particle measurement and of systematic effects introduced by the
electrode. These effects, combined with requirements for the electrode design, are discussed in
the following section.

3.2 Requirements for the Post-acceleration Electrode

The goal of NoMoS is to measure the drift distance spectra of electrons and protons emitted
in the neutron decay. The electrostatic potential (and, thus, the electric field) generated by the
post-acceleration electrode should shift the proton spectrum to detectable energies. However, it
should not introduce systematic effects which significantly change the spatial distribution of the
proton and electron spectra. Such effects need to be understood and suppressed to achieve the
desired precision in the determination of the neutron observables mentioned in Section 2.1} A
list of requirements for the electrode design considered in this thesis is given below:

e Adiabatic particle transport

e Homogeneity of the electrostatic potential
e Suppression of ExB drift effects

e Omission of particle traps

e Vanishing electrostatic potential inside the RxB drift region

A detailed description of each electrode requirement and its influence on the charged decay
particles is given in the following.

3.2.1 Adiabatic Particle Transport

The particle transport inside the detection region should be adiabatic. This enables an analyt-
ical description of particle properties, such as kinetic energy and pitch angle, as mentioned in
Section 2.2.3] The electric field induced by the post-acceleration electrode and the magnetic
field used to guide the particles towards the detector require a careful design to achieve good
adiabaticity conditions. The longitudinal kinetic energy and the pitch angle of a particle moving
in an electromagnetic field can only be evaluated analytically if spatial variations of the electric
and magnetic fields experienced by the particle over one gyration period are small. The fields
should, therefore, fulfill the adiabatic conditions
AFE

AB
Tl 2« 35
= <1 < (3.5)
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within one particle gyration.
The following quantities are analyzed using particle-tracking simulations to determine if the
particle transport is adiabatic:

e AE/E and AB/B: Relative spatial variations of the electric and magnetic fields are
evaluated after each gyration period of a tracked proton. This method is, however, limited
to low energetic protons which follow trajectories of large gyration radii (and, thus, pitch
angles) and small pitch heights.

) AT”/T‘?d and Af#/60,4: Non-adiabatic effects are reflected in deviations of the longitudinal
kinetic energy TH“aj and pitch angle 6y,,; of a tracked proton from the adiabatic quantities

T4 and f,q introduced in Eqs. (2.17) and (2.18).

e Ar,/ry: The particle gyration radius ry is constant at every point of the particle trajectory
if the adiabatic conditions Eq. are fulfilled. The particle gyration radius r, comprises
both particle properties mentioned above and is useful for investigations of further sys-
tematic effects. Relative changes of the particle gyration radius are evaluated along the
particle trajectory and at the detector with respect to the gyration radius at the start of
the trajectory.

The construction of an effective model of the particle transport requires thorough investigations of
the quantities mentioned above in dependence of multiple initial properties of the decay protons.
To reduce the complexity of the model, such dependencies should be small.

3.2.2 Homogeneity of the Electrostatic Potential

The homogeneity of the electrostatic potential in radial cross sections of the proton beam is one
important aspect of the electrode design. It ensures an adiabatic transport of both the decay
protons and of protons which backscatter at the sensor and, thus, enables an analytical description
of multiple particle properties. The following requirement should be fulfilled by the electrostatic
potential generated by the post-acceleration electrode:

e Variations of the electrostatic potential in (preferably) every radial plane traversed by decay
protons (and electrons) should be sufficiently small.

Inhomogeneities in radial cross sections of the proton beam can be estimated by the quantity:

U(r,z) — U(Tref, z).

Alka(z) = U(ret, 2)

(3.6)

Here, U(r, z) and U (r.f, z) denote the electrostatic potentials at the radial coordinate r and at
the center of the proton beam r,; evaluated at the axial coordinate z.

As already mentioned, a homogeneous radial potential is additionally required for backs-
cattered protons. Particle backscattering occurs when a particle reaches the detector but does
not deposit all its energy inside the detector material and is, subsequently, reflected. The backs-
cattering probability of a particle depends on its kinetic energy and pitch angle (impact angle)
as well as on the detector composition and geometry. Particles with large pitch angles and
low energies have a higher probability of being backscattered. A backscattered proton gyrates
away from the detector in the direction of increasing electrostatic potential, induced by the post-
acceleration electrode, and experiences a deceleration. The backscattered proton is reflected by
the electrostatic potential back towards the detector if its longitudinal velocity decreases to zero
and, subsequently, changes sign. Protons with identical longitudinal kinetic energy, which backs-
catter from different positions on the sensor, are reflected in the same radial plane if the particle

12



Weighted Sum of Backscattered Energy Probability Spectra

0.0020f
> 0.0015( ‘
‘s .
[ .
D [ ]
e .
o 0.0010 .,
[+] ™
=] .
E L)
q’ .ll
-
0.0005
0.0000
0 2 4 6 8 10 12 14

Energy of Backscattered Particles (keV)

Figure 3.3: Energy probability distribution of protons which are backscattered on a sensor for a post-
acceleration potential U = —15kV. Simulation performed by Waleed Khalid using IMSIL
for a detector composed of 15 nm of aluminum on top of silicon. Figure courtesy of Waleed
Khalid.

transport is adiabatic and radial variations of the electrostatic potential are sufficiently small.
Under these assumptions, the location of the particle guiding center on the sensor at re-entry
could be described analytically. The particle position at the sensor can be than reconstructed
from the guiding center using the particle gyration radius and phase angle. The latter depends
on the total number of pitch heights performed by the particle from the sensor to the plane of
reflection and back. Non-adiabatic effects and ExB drifts might change the particle trajectory
significantly causing the particle to re-enter the sensor at a position that is not representative of
that particle’s energy. To minimize such effects, it is required that:

e The electrostatic potential induced by the electrode should be designed such that the
distance covered by a backscattered proton from the detector to the point of reflection is
small.

The plane of reflection depends on the longitudinal kinetic energy of the backscattered proton,
assuming adiabatic conditions. The energy probability distribution of the backscattered particles is
shown in Fig.[3.3]for a post-acceleration potential of —15kV. It can be seen that the probability of
a decay proton of being backscattered is small. Backscattered protons have the largest probability
to leave the sensor with kinetic energies in the order of 0.5 keV.

3.2.3 ExB Drift Effect

The electric field generated by the high voltage post-acceleration electrode should not introduce
systematic effects which change the spatial distribution of the proton (and electron) drift distance
spectrum. Such an effect is the Ex B drift of the particle guiding center which can occur when the
particle is moving in non-aligned electric and magnetic fields (see Section 2.2.2)). Protons might
either be measured at a detector position which is not representative of that particle energy or
might even miss the detector if they drift by significant amounts. This affects the measurement
sensitivity. The post-acceleration electrode and, thus, the electric field should be designed as to
fulfill the following condition:

e The ExB drift effect needs to be understood and suppressed to preserve the spatial dis-
tributions of the electron and proton drift distance spectra. Thus, the post-acceleration
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electrode should generate a uniform electric field which is predominantly aligned with the
magnetic field, especially in the regions covered by the decay protons.

This condition additionally ensures that drifts experienced by the decay protons do not depend
significantly on initial particle properties, such as kinetic energy or pitch angle.

An approximation of the distance Dg.p by which the guiding center of a particle of mass m
and charge ¢ drifts inside the detection region can be derived from the drift velocity vgxg given

in Eq. (2.11). A complete derivation is provided in Appendix and yields:

1 E
Dgxp=c¢-— - =

B, . /2[To—q(U-Uo)] '

Here, £/, and B) denote the normal electric field and the axial magnetic field, T} is the initial
particle kinetic energy and U, and U represent the electrostatic potential at the initial particle
position and at the detector, respectively. Further parameters are the speed of light ¢ and the
distance As by which a particle with longitudinal velocity v has drifted in the direction of the
magnetic field vector B. The magnitude of the magnetic field is denoted by BZEI. Note that
the derived quantity Dgyp does not account for the initial particle pitch angle 6,. Additionally,
changes in the longitudinal particle velocity due to ExB drift effects are assumed to be sufficiently
small. This equation can be used to approximate the distance by which the particles drift without
requiring particle-tracking simulations.

In particle-tracking simulations, ExB drifts experienced by protons can be estimated at the
end of the particle trajectory as follows. Protons are tracked inside the detection region both in
the presence and in the absence of electric fields. ExB drifts of the particle guiding center are

estimated by the quantity:
DE g = VAT, + Ay, (3.8)

which denotes the distance by which the particle guiding center has drifted in the presence of the
electric field, compared to the case where the electric field is turned off. The quantities

As - &,. (3.7)

Azge = zgn — 220, (3.9)
AYge = Yor — Yo, (3.10)

are evaluated at the end of the trajectory of a particle moving inside the detection region using
the guiding center position coordinates in the presence of the electric field (g, yer) and in its
absence (ng, ygff). The coordinates of the particle guiding center at the end of the trajectory
can be reconstructed from the final particle velocities v, and vy, as described in Appendix [B.2]

3.2.4 Particle Traps

Specific combination of electric and magnetic fields can confine the motion of charged particles
to a particular region of space. Such particle traps can lead to a loss in the number of detected
charged decay particles and to generation of background effects. The decay electrons and protons
can ionize rest gas molecules through elastic and inelastic collisions. The particle traps considered
in this thesis are especially relevant for ionized background particles. A careful design of the
electromagnetic field in the NoMoS experiment is required to avoid the formation of particle
traps. Additionally, good vacuum conditions are required to reduce the probability of collisions
between the decay particles and residual gas molecules and to achieve the desired measurement
sensitivity. Two trapping mechanisms which are relevant for the NoMoS experiement are studied
in this thesis:

LA uniform magnetic field is assumed, which points in axial direction z.
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e Penning trap: This type of trap is relevant for particles which are ionized inside the trap.
It occurs when the electrostatic potential has an extremum with the opposite sign of the
interacting charged particle along a magnetic field line.

e Electromagnetic trap: Charged particles can be trapped between the detection region and
the magnetic filter if they are reflected by the negative electrostatic potential generated by
the electrode and, subsequently, by the increasing magnetic field at the filter.

The two types of traps are described in more detail in the following.
Penning Trap

The mechanism of a Penning trap is described in the following for positively charged particled?
Fig. illustrates a Penning trap. A decay electron can interact with a rest gas molecule inside
the potential valley. In this process, an electron might be emitted from the rest gas molecule and
a positively charged ion is left behind. The ion is trapped inside the valley if its kinetic energy is
smaller than the trap depth AU = |Upax — Unin|- A region of positive space charge can form if a
large amount of positively charged ions accumulates inside the trap. This can lead to fluctuations
in the local electrostatic potential environment and, eventually, to a discharge of the Penning
trap.

Trapped ions can be a source of background and, thus, affect the measurement sensitivity. A
trapped ion might gain sufficient kinetic energy by collision with protons (or electrons), escape
the trap and experience an acceleration towards the sensor where it might leave a measurable
signal. Photons and electrons can also be emitted from (inside) the Penning trap and contribute
to additional background.

U

Umax N

Umin N

magnetic field line

Figure 3.4: lllustration of a Penning trap for positively charged particles: A positively charged particle
might be confined to a region of space if the electrostatic potential has a minimum along
the magnetic field line followed by the particle. The depth of the Penning trap is estimated
by the quantity AU = |Unax — Unin]-

2The trapping mechanism is analogous for negatively charged particles if the minimum and maximum potentials
Umin and Upax are interchanged.
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Electromagnetic Trap

An electromagnetic trap for charged particles can occur between the detection region and the
magnetic filter and might affect the measurement sensitivity. This type of trap occurs if charged
particles are reflected by the decreasing electrostatic potential present inside the detection region
and have a pitch angle larger than the critical angle 6. (see Eq. ) when they encounter the
magnetic filter. This electromagnetic trap is most relevant for ionized particles which result from
collisions between the charged decay products and rest gas molecules. However, decay electrons
might also be trapped if their pitch angle changes as a result of collisions with rest gas molecules
and are reflected at the filter. If a charged particle is reflected between the two regions multiple
times, it experiences large drifts inside the RxB drift region and, eventually, hits the vacuum
tube. A careful design of the electrode-detector system is required to minimize the fraction of
decay electrons reflected by the electrostatic potential inside the detection region.

3.2.5 Electrostatic Potential inside the RxB Drift Region

The amount of RxB drift experienced by a particle in a curved magnetic field is linear in the
particle momentum (see Eq. ) The electrostatic potential and the electric field generated
by the post-acceleration electrode in the RxB drift region should be sufficiently small to avoid
influencing effects (such as the acceleration of the decay particles or ExB drift effects) during
the RxB drift. This conditions translate into the following requirement:

e The electrostatic potential U induced by the electrode at the interface between the detection
region and the RxB drift region should not exceed —10 mV.

This condition is used to determine the minimum length required for the detection region. To do
so, the maximum axial distance d; between the electrode and the radial plane, where U = —10 mV
is fulfilled, is evaluated. The following requirement should be fulfilled in the design of the detection
region:

e The detection region should be short (= 1m) to facilitate the design of a homogeneous
magnetic field and to reduce the number of required coils and, thus, manufacturing costs.

In the process of the electrode design, numerical computations are used to simulate the electro-
static potential and electric field generated by the post-acceleration electrode inside the detection
region and to study the various systematic effects presented in this chapter. The following section
gives an overview over the methods and software used to compute electric and magnetic fields
and to track particles inside the system.

3.3 Simulation Tools

The design of the post-acceleration electrode for NoMoS and investigations of systematic effects
rely on detailed computations of the electric field generated by the electrode inside the detection
region. Additionally, tracking of particles in the static electromagnetic field present in this region
is required for the study of effects, such as ExB drifts and the adiabatic transport of decay
protons. Since the geometry of the post-acceleration electrode and coils can become complex,
numerical simulations are used to approximate the induced electric and magnetic fields in regions
of interest. The Finite Element Method (FEM) and the Boundary Element Method (BEM)
are two techniques suited for numerical simulations of electromagnetic fields and are used by
a large variety of software. Simulations presented in this thesis are performed using COMSOL
Multiphysics® [21] and multiple software packages developed by F. Gliick in the scope of the
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KATRIN experiment [22] 23]. This section provides a short description of electric and magnetic
field calculations using FEM and BEM (Section [3.3.1)) and of the software used for particle-

tracking simulations (Section [3.3.2).

3.3.1 Electric and Magnetic Fields Calculations

Electric and magnetic fields are described in the framework of electromagnetism using partial
differential equations. The FEM and BEM are used to approximate electric and magnetic fields
present in the detection region of NoMoS from an input geometry (e.g., electrodes and coils)
and from the physical quantities (e.g., electrostatic potentials and current densities) assigned to
each component. Both techniques use a discretization of the input geometry into either finite
elements (FEM) or boundary elements (BEM).

In the FEM, field computations require a discretization ("meshing") of the full volume taken
up by the user-defined geometry into finite elements. Finite elements are geometrical shapes, such
as triangles or tetrahedrals, which contain nodes. The physical quantity of interest is computed
only at element nodes while the value inside the finite element is obtained by interpolation of
nodal values. Convergence tests have to be conducted to avoid inaccurate results which arise if
the mesh is not chosen fine enough. The discretization of the full volume and the requirement
of a fine mesh can result in a large computational time.

In contrast, BEM uses for field calculations only a discretization of the two-dimensional surface
(boundary) of the input geometry into boundary elements. This reduces the dimensionality of
the problem to be studied. The physical quantity of interest at an arbitrary point outside the
boundary is determined from contributions of each boundary element. As in the FEM, a fine
enough discretization is required to obtain accurate results.

For electrostatic potential and electric field computations performed in this thesis, both numer-
ical methods are used. The methods used for electromagnetic field computations, which partially
rely on the BEM, and for particle-tracking simulations are described in detail in [23] 22} 24] 25].
These methods are summarized in the following and descriptions closely follow those provided in
the references mentioned above.

Electric Field Computations

To compute the electrostatic potential and electric field generated by the electrode inside the
detection region, the electrode surface is divided into N boundary elements, each with a charge
density o;. These charge densities need to be determined to obtain the electrostatic potential at
an arbitrary point outside the boundaries of the input electrode. Each charge density o; induces
a potential U; at the center of an element i. The latter is determined by the electrostatic poten-
tial applied at a given electrode segment in the input. These two quantities are related by the
following equation:

N
Ui = ZCZ']‘O']‘. (311)
j=1
Thus, the Coulomb matrix elements C;;, which are defined as

1 dx;
Cy=— | = (3.12)

B 471'60 Ja; |w1 - mj]

need to be computed to determine the charge density o; of element j. Finally, the electrostatic
potential generated by the electrode at an arbitrary point outside the electrode boundary can be
obtained by summing over the contributions from all computed charged densities. The electric
field is obtained by derivation of the calculated electrostatic potential.
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Magnetic Field Computations

The software used for computations of magnetic fields was designed for axially symmetric coil
geometries and is described in detail in [24]. In the NoMoS experiment, the magnetic field re-
quired for the guiding of the decay particles towards the detector inside the detection region is
provided by a set of cylindrical coils. The coils are divided into small elements with current 1.
Each element is described by the element of length dl, which points in the direction of the current
I, and contributes to the determination of the magnetic field. The magnetic field dB induced
by each element at a point « can be obtained using Biot-Savart's law [16]:

dB:uLIdlxa:

A7 23

. (3.13)

The magnetic field components By, B, and B, at a point & can be computed analytically using
Eq. (3.13) combined with either the elliptic integral method or the zonal harmonic method (based
on Legendre polynomial expansion).

3.3.2 Particle-Tracking Simulations

Investigations of systematic effects introduced by the post-acceleration electrode, such as ExB
drifts and non-adiabatic effects, rely on particle-tracking simulations. For studies performed in
this thesis, protons are tracked in combined electric and magnetic fields inside the detection
region. A short description of the methods used to calculate exact particle trajectories is provided
in the following. A complete description of the numerical methods used by this software package
is provided in [23].

The motion of a charged particle of mass m moving in an electric field E and magnetic field
B is described by the set of first order differential equations as follows:

dx

— 14
dp
— = Fy. 1
dat " (3.15)

Here,  and v denote the particle position vector and velocity vector, respectively, Fy, represents
the Lorentz force experienced by the particle (see Eq. ) Particle-tracking simulations are
used to integrate the equations of motion numerically. The numerical integration is performed
using integrators of the Runge-Kutta type. Before each Runge-Kutta step, the electric and
magnetic fields at the current particle position are computed. The new particle position x’ and
velocity v’ (among other parameters) are than determined in each Runge-Kutta step and are
stored to multiple files for data post-processing.

For the initialization of the trajectory computation, a set of particle properties, such as the
initial particle position and kinetic energy, need to be defined. These parameters are presented in
Appendix [B.I] The structure of the output files and routines used for data post-processing are

described in Appendix [B.2]
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Chapter 4

Electrode Designs for Simultaneous
Particle Measurement

The NoMoS experiment uses a uniformly curved magnetic field to separate the charged particles
emitted in the neutron decay according to their momentum and charge and, thus, facilitates a
simultaneous measurement of the particles. As neutron decay experiments are, in general, con-
fronted with low statistics, a simultaneous particle measurement is very attractive: the signal rate
cumulated from the same decay rate doubles. Such a measurement requires a well conceived con-
figuration of particle detectors and of the proton post-acceleration electrode to achieve the desired
precision in the determination of the neutron decay observables mentioned in Section 2.1 Two
simple detector configurations are proposed in Section [4.1] In Section [4.2] two post-acceleration
electrodes suited for each detector setup are presented together with geometrical and electrical
parameters of the individual detection components. Studies of systematic effects are performed
for the proposed setups and variations thereof in Section based on the electrode requirements
described in Section [3.2] Findings are summarized in Section [4.4]

4.1 Possible Detector Configurations

NoMoS aims to measure the electron and proton drift distance spectra (see Fig. on spatially
resolving detectors. One important factor in the design of the detection system is the alignment
between the two particle detectors and the two particle beams. A well conceived detector con-
figuration is required to achieve the desired precision in the determination of the neutron decay
observables a and 0.

€ p"’

( ,,:"YA A U A

Figure 4.1: Scheme of detector setup A: The electron (red rectangle) and proton (blue rectangle) sensors,
which form a common detection surface, are positioned such that both the electron and the
proton drift distance spectra are completely mapped onto the detector surface. A surface
potential Uy, is applied to both detectors.

The most simple detector configuration consists of the electron and proton sensors joined
to form a common detection surface, as shown in Fig. . In such a setup, denoted in the
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Figure 4.2: Relative electron loss as a function of the proton acceleration potential Ua applied at the
detector surface. The number of electrons lost due to reflection by the electrostatic potential
increases with Ua. Figure courtesy of Daniel Moser.

following as setup A, both drift distance spectra can be completely mapped onto the sensors.
The detector size is determined by the size of the aperture and that of the two spectra. Since
protons require post-acceleration to detectable energies, a negative electrostatic potential Uy is
applied to the sensor surface. This affects the number of detected electrons, since a fraction of
the electron spectrum is reflected by the negative potential. The number of electrons lost by
electrostatic potential reflection increases with the post-acceleration potential |Ua|, as show in
Fig.[4.2] For a post-acceleration potential of 15KV about 0.8 % of electrons are lost to reflection.
Thus, a longer measurement of decay electrons is required to obtain the same statistics as in a
measurement in which no electrons are lost (|Ua| = 0kV). Additionally, the effect might become
significant in the determination of the Fierz interference term b. First approximations show that
this systematic effect is, however, small and more detailed studies will be included in [26]. Since
there is no electron loss when the electron detector is operated at zero-potential, an alternative
detector configuration is proposed.

© p
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Figure 4.3: Scheme of detector setup B: The electron detector (red rectangle) and the proton detector
(blue rectangle) are positioned such that the electron and the proton spectra are mapped
onto the corresponding detector. The two particle detectors are separated in longitudinal
and radial direction, denoted by diong and d;aq, respectively. Note that a complete mapping

of both particle spectra onto the detectors is not possible in such a configuration.

The two particle detectors need to be spatially separated to shield the electron beam from

the proton post-acceleration potential U,. Such a configuration, denoted as setup B, together
with the two drift distance spectra is shown in Fig. [4.3] Here, the electron detector is shifted by
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a radial and longitudinal distance d;,q and diong, respectively, away from the proton sensor. Since
the two spectra overlap at the center, it is not possible to completely map both particle beams
onto the sensors. Particles are lost due to detector shadowing. This affects the shape of the
measured proton spectrum and, thus, the measurement sensitivity. This effect is studied in more
detailed in [20]. First results indicate that in a configuration where the electron detector blocks
0.5cm of the proton spectrum, the effect in the determination of the correlation coefficient a is
about 6 x 107° (see Fig. and, therefore, negligible. Such a configuration requires a precise
alignment of the two sensors relative to both the particle spectra.

Transport spectrum for protons
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Figure 4.4: Measured proton spectrum with and without proton loss due to shadowing of the proton
detector by the electron sensor in setup B: A cut of 0.5cm of the proton beam, which
corresponds to a loss of a fraction of low energetic protons, does not significantly affect
the shape of the measured spectrum. The effect in the determination of the correlation
coefficient a is estimated to 6 x 107® and is, thus, negligible. Figure courtesy of Waleed
Khalid.

In the following section, two simple post-acceleration electrodes are proposed for each detector
configuration.

4.2 Geometrical and Electrical Setup of the Detection
System

The detection system is composed of the electron and proton detectors and the proton post-
acceleration electrode and is surrounded by a cylindrical vacuum tube. Two simple cylinder elec-
trodes are proposed for the two possible detector configurations. The geometry of the detection
region in both setups is described in the following.

Fig. shows a top view of the detection region in the z-y-plane for setup A. The two
detectors are located inside the post-acceleration electrode, which is surrounded by the vacuum
tube. The geometry of this configuration is axially symmetric. A cross section of the geometry
in the y-z-plane is shown in Fig. [4.5b Both particle sensors are placed on top of the electrode
end plate. The cylinder electrode is defined by the diameter D, the length L and has a thickness
w. The surface potential Uy is applied at the electrode-detector system while the vacuum tube
is connected to ground potential. The electrode diameter is limited on the one hand by the
size of the two particle detectors and on the other hand by the vacuum tube of diameter D.;.
Additionally, in order to avoid strong electric fields between the high voltage electrode and the
grounded vacuum tube the two components are separated by a distance d.
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Figure 4.5: (a) A top-view in the z-y-plane of setup A. The geometry is axially symmetric. The cyl-
indrical post-acceleration electrode (orange) is located inside the vacuum tube (gray cylin-
der). The two particle detectors (blue) are centered inside the electrode. (b) A sketch of
the detection system in the y-z-plane at = 0, indicated by the red dashed line in (a).
The detector is located at the bottom of the electrode of diameter D and length L. The
electrode-detector system is operated at the potential Up. The surrounding vacuum tube
has a diameter Dy and is connected to zero-potential.
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Figure 4.6: (a) A top-view in the z-y-plane of setup B. The proton detector (light blue) is centered
inside the cylindrical post-acceleration electrode (orange). The electron detector (blue) is
located above the electrode. A cylindrical vacuum tube surrounds the two detectors and
the electrode. (b) A sketch of the detection system in the y-z-plane at = 0, indicated by
the red dashed line in (a). The proton detector is located at the bottom of the electrode
of diameter D and length L. The two particle sensors are spatially separated both in
longitudinal and radial direction. A surface potential Uy is applied to the electrode and
proton detector while the electron sensor is operated at zero-potential. The surrounding
vacuum tube has a diameter D, and is grounded.

A sketch of the detection region including setup B is shown in Fig. The geometry of
this configuration is no longer axially symmetric: the cylindrical electrode surrounds the proton
detector and is located off the central axis z, as can be seen in Fig.[4.6al The proton and electron
detectors are spatially separated, both in radial and longitudinal direction, whit the proton sensor
located at the electrode end plate, as shown in Fig. [4.6b The cylinder electrode has diameter
D, length L and thickness w. The surface potential U, is applied to both the electrode and
proton detector. The electron detector and the vacuum tube are connected to zero-potential.
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Figure 4.7: Electrostatic potential U generated by the post-acceleration electrode (white) inside the
detection region in (a) detector setup A and (b) detector setup B, viewed in y-z-plane for
x = 0 for. The decay particles enter the detection region from the top as indicated by
the green arrow. White regions represent areas outside the detection region. A comparison
between (a) and (b) shows that the electrostatic potential generated by the electrodes
extends far into the detection region. The electron detector of setup B, which is operated
at zero-potential, constraints the potential in its vicinity and contributes to the shielding of
the detection region from large electrode potentials.

The vacuum tube diameter is given by D.. As in setup A, a distance d is considered to avoid
strong electric fields between the high voltage electrode and the vacuum tube.

To illustrate the difference in the electrical properties of the two detection setups, the electro-
static potential U generated by the two cylinder electrodes inside the detection region is shown
in Fig. 4.7 The geometrical and electrical parameters of setups A and B are listed in Table [4.]
In both setups, the electron and proton sensors have an area of 10 x 10cm? and a thickness of
5mm. The vacuum tube has a diameter D,; and length L,; of 35cm and 300 cm, respectively.
Decay particles enter the detection region from the top and their spatial distribution corresponds
to the drift distance spectra shown in Fig. [3.2]

Table 4.1: Geometrical and electrical parameters of detection setup A and B shown in Figs. m

and [4.6b] respectively.

Parameter

Electrode Diameter D (cm)
Electrode Length L (cm)
Post-acceleration Voltage Ua (kV)

Detector Separation

diong (cm)

drad (cm)

Setup
A B
28 16
20 20
-15 -15
- 30

- 0

Multiple features of the electrostatic potential, which are discussed in more detail in the following

section, are mentioned below:

e Protons experience a decreasing electrostatic potential and are accelerated as they move

towards the sensor.

23



e Equipotential lines are curved, indicating inhomogeneities of the electrostatic potential.
This effect is more pronounced in regions close to the electron detector of setup B where
the electrode potential is constrained by the zero-potential applied to the sensor.

e The electrostatic potential extends far into the detection region.

Note that decay electrons are decelerated by the electrostatic potential before reaching the de-
tector, independent on the chosen setup. Although low energetic electrons are reflected by the
negative potential, the fraction of electrons lost is smaller in setup B. This is due to the lower
electrostatic potential generated by the electrode in the vicinity of the electron sensor.

4.3 Electrode Requirements Studies

The post-acceleration electrode should be designed to fulfill the requirements discussed in Sec-
tion [3.2l The focus of this section lies on investigations of multiple electrode requirements,
considering detection setups A and B and adjustments thereof. Results presented in the following
were obtained from simulations performed using COMSOL Multiphysics.

4.3.1 Proton Post-acceleration
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Figure 4.8: Electrostatic potential U generated by the cylinder electrode of (a) setup A and (b) setup B
inside the detection region, evaluated as a function of the position z for multiple positions
y at £ = Om. The direction from which the decay protons enter the detection region
is indicated by the black arrow. Additionally, gray, dashed lines mark the location of the
electrode entrance and of the two particle detectors. Decay protons experience a negative
electrostatic potential as they move towards the detector. Note that the potential shows a
gradient in direction y. Additionally, the electron detector of setup B prevents the potential
to decrease monotonically for y = 0 m.

The electrode should provide the electrostatic potential required for the proton post-acceleration.
According to Fig.[4.7] protons experience a decreasing electrostatic potential as they move towards
the proton detector inside the detection region. The electrostatic potential as a function of
position z is shown in Fig. for both detector setups for multiple positions y at x = 0. The
various positions y are chosen to illustrate the electrostatic potential experienced by protons
moving in different areas of the detection region. In both setups, particles enter the detection
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region and experience a slowly decreasing potential in the regions far from the electrode. As they
move closer to the electrode entrance they are accelerated by the rapidly decreasing potential.
Protons experience a large fraction of the post-acceleration over this region. Inside the electrode,
the slope of the potential changes again: the particles experience a slower decreasing potential
as they move towards the detector. Note that the electrostatic potential does not decrease
monotonically in setup B for y = Om. It reaches a maximum at the electron detector. This
intrinsic feature of setup B is discussed in Section |4.3.4]

Both electrodes provide the required post-acceleration potential for the decay protons. How-
ever, protons are accelerated at different rates, depending on the region they cover when moving
towards the detector. This indicates that the electrostatic potential, evaluated across slices in
the z-y-plane of the detection region, is not homogeneous. This aspect is studied in more detail
in the following.

4.3.2 Homogeneity of the Electrostatic Potential

As described in Section [3.2.2] radial variations of the electrostatic potential in regions covered
by the decay particles should be sufficiently small to ensure an adiabatic particle transport.
Additionally, homogeneity of the electrostatic potential is required for a position-independent
reflection of backscattered protons, which leave the sensor with kinetic energy T3, and pitch angle
0,. The following investigations evaluate relative deviations AU, of the electrostatic potential
across multiple reference planes z-y, as described in Eq. . Here, U,et(2) is the potential
evaluated at the center of the rectangular proton beam, described by the coordinates x = Om
and y = 0.045m, at a given position z.

The relative change of the electrostatic potential AU, viewed in the y-z-plane, is shown in
Fig. at multiple positions z for detector configurations A and B. The positions z are chosen
to show the potential homogeneity at various distances ds above the proton sensor.

The homogeneity of the electrostatic potential at small distances from the proton sensor is
first considered. Figs. [4.9al and show the relative deviation AU, of the potential across
the electrode, evaluated at a distance d; of 1cm (2 = —0.085m) above the detector. Results
show that the largest potential deviations occur at the edges of the proton beam in both setups.
However, relative changes of the electrostatic potential are small, especially in setup B. The
maximum potential deviation |AUS| is 0.36 % and 0.06 % in setup A and B, respectively.

rel
Further evaluations of |AU| at a distance of 5cm from the detector (z = —0.045m) yield

rel
0.4% in setup B, compared to 2.16 % in setup A.

Relative deviations of the electrostatic potential AU, at a distance ds of 20cm above the
sensor, corresponding to the location of the electrode entrance (z = 0.1 m), are shown for both
setups in Figs. and across the y-z-plane. Here, radial potential variations are smaller in
setup A, with a maximum potential deviation |AUS™| of about 12 %. In comparison, |AUR
is evaluated at about 19 % in setup B.

The electron detector of setup B, which is operated at zero-potential, constrains the electro-
static potential in its vicinity and induces a significant potential inhomogeneity across the proton
beam. Figs. and [4.91 show the relative potential deviation AU, at a distance of 1cm above
the electron detector (z = 0.215m) of setup B, evaluated in both detector setups. Here, the
maximum potential deviation |AUZ| is 36 % and 60 % in setup A and B, respectively.

Both detection setups require geometrical adjustments to improve the homogeneity of the
electrostatic potential across the proton beam, especially at large distances from the proton de-
tector. The effects of such adjustments on radial potential variations are studied in the following
for each detector configuration individually. The planes of reference considered in evaluations of

radial potential variations remain the same, independent of the electrode adjustment considered.
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Figure 4.9: Relative potential deviation AU, evaluated in the y-z-plane at x = Om for detection
setups A and B at (a)—(b) a distance of 1cm above the proton detector (z = —0.085 m),
(c)—(d) at the electrode entrance (z = 0.1 m) and (e)—(f) at a distance of 1cm above the
electron detector of setup B (z = 0.215m). The proton detector is marked by the dashed,
gray rectangle. Additionally, two corners of the proton beam are marked in (d) by the black
circles denoted as 1 and 2. The potential U,.s denotes the potential at the center of the
proton beam (position y = 0.045m). Input data Uses: (a) —14.916 kV, (b) —14.989kV, (c)
—9.534kV, (d) —10.760kV, (e) —2.86kV and (f) —1.87kV.
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Adjustments to Setup A

Large potential deviations arise across the proton beam in setup A due to two factors: the
position of the proton sensor (and, thus, proton beam) relative to the electrode and the larger
electrode diameter, required to fit both particle detectors. Potential inhomogeneities can be
reduced if a smaller electrode diameter is chosen as can be seen in Fig. [4.10a] A reduction of
the electrode diameter D from 28 cm to 24 cm results in a decrease of the maximum relative
potential deviation |AU2| by about 24 % and 25 % to 0.3% and 1.6 % at a distance of 1cm
and 5cm above the detector, respectively. A further reduction of the electrode diameter requires
an adjustment of the detector size and, hence, of the particle beam size.
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Figure 4.10: Maximum relative potential deviation |[AU?*| evaluated at a distance of 1cm and 5cm
from the proton detector for multiple (a) diameters D and (b) lengths L of the electrode
in setup A. A small electrode diameter is required to obtain a homogeneous potential in
the vicinity of the proton detector. To minimize deviations |[AUN*|, an electrode with a
length larger than 20 cm is required.

Alternatively, a longer electrode can be chosen to improve the potential homogeneity in the
vicinity of the proton detector in setup A. In the following studies, the position of the electrode
end plate is fixed while the electrode length is varied. The maximum potential deviation |AUR*
evaluated at small distances from the proton detector is shown in Fig. [4.10b] for multiple electrode
lengths L. It can be seen that a short electrode generates a strongly inhomogeneous potential in
this regions. To achieve similar results as in setup B, an electrode with a length above 20cm is
required.

Effects of an adjustment of the electrode diameter D and length L on relative potential
variations at a distance of 20 cm above the proton sensor (at z = 0.1 m) are shown in Fig. [4.11]
In Fig. it can be seen that potential inhomogeneities decrease in this region with increasing
electrode diameter D. The maximum relative potential deviation |AUZ| is reduced by about
25% to 9% if the electrode diameter is increased from 28 cm to 30cm.

The reference plane z-y at position z = 0.1 m was chosen to evaluate the relative change of
the electrostatic potential at the entrance of the cylinder electrode of length L = 20cm. Thus,
an adjustment of the electrode length changes the distance between this reference plane and the
plane in which the electrode entrance is Iocate(ﬂ Studies performed for an electrode of length

L = 20cm have shown that radial variations of the electrostatic potential become significant

TAs already mentioned, one fixed parameter of the cylinder electrode in the studies performed for length
varitations is the location of the electrode end plate.

27



g\a 35F Di;::)ance to [‘)etector (em) H :3 35F Di%ance t‘o Detect‘or (cm) ‘—
= - | = o Lo z
EE 30 : L =20 cm ] g@ 30 b D = 28 cm]
= osf 1 3ot . ]
— re ] — X 1
5 20f 1 5 20f ]
£ 15} 12 1) . ]
3 1of ? =BT ?
E 12 |
E 5F . E 5F ]
Q r ] [
m 0 ;\ L L L L L \: m 0 :\ L L L .\ \;

24 25 26 27 28 29 30 10 12 14 16 18 20

Electrode Diameter D (cm) Electrode Length L (cm)
(a) (b)

Figure 4.11: Maximum relative potential deviation |AU?*| evaluated at a distance of 20cm from the

proton detector for multiple (a) diameters D and (b) lengths L of the cylinder electrode in
setup A. A large electrode diameter is required to obtain a homogeneous potential in this
region. Potential inhomogeneities increase for shorter electrodes.

outside the electrode region (see Fig. . For electrodes of lengths L < 20 cm, the reference
plane at z = 0.1 m lies above the electrode entrance. Fig.[4.11b|shows that the maximum relative
potential deviation |AU™| present in the reference plane (at an axial distance of 20 cm above
the proton sensor) decreases significantly with increasing electrode length L. Note that the best
result is achieved in this region when the electrode has a length of 18 cm.

Results show that additional electrode parameters require adjustments to furher minimize
radial potential variations across the proton beam.

Adjustments to Setup B

The electron detector can be longitudinally shifted away from the electrode to minimize relative
deviations of the electrostatic potential at larger distances from the proton sensor. Fig.
shows the maximum relative potential deviation |AU,| for multiple longitudinal shifts sj,ne of
the electron detector, evaluated at the two beam corners marked in Fig. as 1 and 2, at a
distance of 1cm above the electron sensor. A shift s, of 10 cm reduces |AUY,| at beam corner
1 by about 81 % to 12 %. However, |AU | increases at beam corner 2 by 63 % to 39 % if such a
configuration is considered. Results show that longitudinal shifts above 10 cm do not significantly
affect the homogeneity of the electrostatic potential in this plane.

Alternatively, a radial shift s,,q of the electron detector in the direction —y can be con-
sidered. However, results show that such an adjustment has a lower impact on the homogeneity
of the electrostatic potential and relative deviations |AUL,| remain significant, as can be seen
in Fig. [4.12bl A radial shift of the proton detector by 0.8 cm results in a decrease of |[AUL,| by
81 % to 18 % at beam corner 1 and in an increase by 17 % to 27 % at beam corner 2. Note that
the fraction of electrons mapped onto the sensor surface decreases with increasing radial shift of
the sensor. At the same time, a larger fraction of the proton spectrum can be mapped onto the
proton detector, since the shadowing effect by the electron sensor decreases.

Results have shown that radial potential variations across the proton beam are significantly
smaller (JAUS™| < 1%) in setup B at small distances from the proton sensor, compared to
setup A. Both detection setups require further modifications to minimize inhomogeneities of the
electrostatic potential at larger distances from the detector. Particle-tracking simulations need
to be performed to quantify the effect of radial potential variations on decay protons and to set a
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Figure 4.12: Relative potential deviation |AU] | evaluated at a distance of 1cm above the electron
detector of setup B for multiple (a) longitudinal shifts siong and (b) radial shifts s.,q of the
electron sensor. Here, the index i denotes the beam corners 1 and 2, marked in Fig. [4.91
Potential inhomogeneities decrease significantly at corner 1 if the electron detector is shifted
longitudinally away from the electrode while the opposite holds for corner 2. A radial shift
of the electron detector is not as effective in the reduction of |AUL,|.

limit on the tolerated relative potential deviation Ure;E]. Such simulations were not performed for
studies presented in the current chapter. They are, however, included in studies of the adiabatic
particle transport performed in Chapter 5| in the context of the single proton measurement.

Although the grounded electron detector in setup B causes significant inhomogeneities in
the electrostatic potential generated by the electrode, the sensor might shield the regions far
from the electrode and, thus, the RxB drift region from large electrostatic potentials. The
following section presents electrostatic potential studies at large distances from the electrode in
both proposed setups.

4.3.3 Electrostatic Potential at large Distances from the Electrode

One criteria of the electrode design is the suppression of electrostatic potentials inside the RxB
drift region. The potential induced by the electrode at the interface between the drift and the
detection region should not exceed —10mV (see Section [3.2)). This condition is used to the
determine the required length of the detection region which should be (preferably) short. The
distance from the electrode entrance where this potential value is reached is determined in both
proposed setups in the following. Additionally, a lower estimate for the required length of the
detection region is provided. The minimum detection region length is determined by the sum of
the electrode length L and the distance d;.

Results show that the electrostatic potential reaches —10 mV at a distance d; of 104 cm and
97 cm from the electrode entrance in setup A and B, respectiveI)E]. The smaller distance d
obtained in setup B originates, among other parameters, in two factors: the smaller electrode
diameter and the additionally shielding of the detection region from large electrostatic potentials
by the grounded electron detector. Since the electrodes have a length of 20cm, both setups
require a detection region longer than 120 cm to fulfill this electrode requirement.

2Simulations for backscattered protons are also required. These are, however, beyond the scope of this thesis.
3The values obtained in the evaluation of the distance d; and, thus, of the electrostatic potential are limited
by the resolution of the mesh chosen in the simulation.
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Adjustments to Setup A

Adjustments of the electrode diameter and length are not effective in the reduction of the distance
d¢ and, thus, of the detection region length. A decrease of the electrode diameter D in setup A
from 28 cm to 24 cm reduces d; by only 1% to 103 cm while a decrease of the electrode length
L leaves d; unaffected. Since the lower estimate of the detection region length is determined by
the electrode length and the distance dy, a shorter electrode can be considered in both setups.

However, such an adjustment comes at the cost of larger inhomogeneities of the electrostatic
potential inside the electrode, as shown in Fig. |4.10b|

Adjustments to Setup B

A longitudinal shift of the electron detector to larger distances from the electrode of setup B
increases the shielding effect in the regions far from the electrode. For this study, longitudinal
detector shifts in the range between O cm and 40cm have been considered. Results show that
the effect is, however, not significant in the reduction of the distance dg, as improvements are
below 1%, independent on the amount of detector shift.

Radial shifts of the electron detector result in a decrease of the shielding effect in regions far
from the electrode. Studies performed for radial detector shifts in the range between 0 mm and
8 mm show that, although the distance d; increases with the radial detector shift, effects remain
well below 1%.

So far, results have shown that a position adjustment of the grounded electron detector in
setup B is not effective in the reduction of the detection region length. The detector position does,
however, affect the homogeneity of the electrostatic potential at larger distances from the proton
sensor. Further electrode requirements have to be analyzed to determine the optimal location of
the electron detector. According to Fig. [4.8b] an additional effect occurs in the vicinity of the
electron detector at position y = Om: the electrostatic potential has a minimum in this region,
indicating the presence of a Penning trap. This intrinsic feature of setup B is discussed in more
detail in the following section.

4.3.4 Particle Traps

The detection region should be free of any particle traps to avoid particle loss and additional
background effects in the particle measurement. Two types of particle traps, relevant in the
design of the detection region, have been discussed in Section [3.2.4} Penning trap and electro-
magnetic trap. These are studied in the following.

Penning Traps

There are no Penning traps inside the detection region in setup A. In setup B, however, a
Penning trap for positively charged particles forms at the electron detector, which is operated
at zero-potential (see Figs. and . The trap is located above the electron detector and
extends over its edges into the regions covered by low energetic protons. The Penning trap has
the largest depth at the inner edge of the electron sensor, corresponding to position y = O m.
Fig. shows the electrostatic potential U as a function of position z for y = x = 0m and the
Penning trap of depth AU of 638V. The elimination of this trap is crucial for the feasibility of
the particle measurement. In the following, geometrical adjustments of setup B, which lead to
the suppression of the Penning trap, are proposed.

The trap can be eliminated by placing the electron detector in regions of lower electrostatic
potentials. This implies an increase of the longitudinal distance between the electron sensor and
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Figure 4.13: Penning trap present in detector configuration B for x = y = O0m. A magnetic field line
is represented by the red arrow. Particles enter the detection region from the left. The
potential has a minimum along the magnetic field line. The depth of the Penning trap AU
is determined by the difference between the minimum and the maximum potential Uy,
and Upax, respectively. Here, the Penning trap has a depth of AU = 638V.

the electrode entrance. Fig. shows the trap depth AU as a function of the longitudinal
detector shift sj,ng. It can be seen that the Penning trap is eliminated if shifts larger than 40 cm
are considered.

The Penning trap can be moved away from the proton beam by shifting the electron detector
in direction —y. Fig. shows that a radial shift s,,q of 0.8cm is required to eliminate the
trap from the proton beam. An adjustment of the radial detector position, however, does not
eliminate the trap present at the electron detector. As already mentioned in the previous sections,
a radial shift of the electron sensor also affects the number of detected electrons and protons as
the fraction of the two beams which can be mapped onto the detector surface changes.

The two types of detector shifts can be combined to reduce the depth of the Penning trap (for
y = 0) and the fraction of lost particles. The trap depth AU is shown in Fig. as a function
of the radial detector shift s,,q for a longitudinal shift sj,,, of 10cm and 20cm. The optimal
combination of the two detector shifts and, thus, the maximal allowed depth of the Penning trap
depend on the quality of the vacuum inside the detection region (see Section . Additionally,
the influence of a detector shift on the potential homogeneity, as shown in Fig. [4.12] should be
considered.

Electromagnetic Traps

According to Figs. and [4.7], a fraction of decay electrons might be reflected by the neg-
ative electrostatic potential in both proposed electrode setups before they reach the electron
sensor. Such electrons re-enter the RxB drift region and gyrate back towards the magnetic
filter. Results have additionally shown that potential inhomogeneities are significant at large dis-
tances from the electrodes of both detection setups (see Section [4.3.2)). These might introduce
non-adiabatic effects which change particle properties, such as kinetic energy and pitch angle.
Reflected electrons might be trapped between the detection region and the magnetic filter, as
described in Section [4.3.4] Detailed investigations of the electromagnetic trap based on particle-
tracking simulations are required to understand and eliminate this trap. Such simulations are,
however, beyond the scope of this thesis.

Electric potential studies have shown that both detection setups provide the electrostatic
potential required for the proton post-acceleration. However, significant potential inhomogeneities
are present across the proton beam at larger distances from the proton sensor. Additionally,
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Figure 4.14: Penning trap depth AU as a function of the longitudinal detector shift sj,,s and radial
detector shift s;,4, evaluated at position ¥y = Om in setup B. (a) The electron detector is
located in regions of lower electrostatic potentials if it is shifted by larger distances away
from the electrode. Consequently, the trap depth AU decreases. (b) The Penning trap is
moved away from the proton beam if a radial shift of the electron detector is considered.
The trap depth at the edge of the proton beam vanishes when a radial detector shift of
0.8 cm is considered. (c) Penning trap depth AU as a function of the radial detector shift
Srad for longitudinal detector shifts of 10cm and 20 cm.
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Penning traps are present in the path of both electrons and protons in the vicinity of the grounded
electron detector of setup B. Geometrical adjustments of the two setups can be performed to
minimize these systematic effects. However, further adjustments of the electrode and of the
sensor setup are required to fulfill the electrode design criteria studied so far. The following
studies focus on the electric fields generated by the two electrodes inside the detection region
and provide an approximation for the distance by which protons drift due to ExB drift effects.

4.3.5 ExB Drift Effect

Decay protons are guided by a uniform magnetic field from the RxB drift region towards the
detector and are accelerated by the electric field generated by the high voltage electrode. The
spatial distribution of the proton (and electron) drift distance spectrum should not be significantly
affected by systematic effects induced by the high voltage electrode. One such systematic effect
is the ExB drift effect. In this section, an approximation of the drift distance Dgyg by which
the protons drift inside the detection region is given using Eq. (3.7).

As charged particles might experience ExB drifts in regions where the electric and magnetic
fields are not aligned (see Eq. (2.11))), the orientation and magnitude of the electric field generated
by the two proposed electrodes are first discussed. Figs. [4.15a| and [4.15b| show the orientation
of the electric field F in the y-z-plane of the detection region for x = 0 in setups A and B,
respectively. The proton beam is marked by the gray area in both figures and the magnetic field
is assumed to be uniform and pointing in direction z.
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Figure 4.15: Electric field E generated by the electrode inside the detection region, viewed across the
y-z-plane for x = Om for detection setups (a) A and (b) B. The proton beam and the
orientation of the magnetic field B are marked by the gray area and by the green arrow,
respectively. Note that the length of the electric field arrows does not depict the field
strength. The electric field is non-uniform in both detection setups. Due to the axial
symmetry of setup A, a region of uniform field forms at the symmetry axis. The grounded
electron detector of setup B induces a region of strongly inhomogeneous electric field in
its proximity.

The strength of the electric field components F; is shown in Figs. [4.16al and [4.16b| as a function
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of position z at the center of the proton detector (y = 0.05m) for x = Om. Protons move
towards the detector in increasing direction z. Since the position x is fixed and the geometry is
axial symmetric, the normal component E, is zero everywhere. Results show that the electric
field generated by the two electrodes inside the detection region is non-uniform. A comparison
of the two detection setups shows that:

e Setup A: The electric field along the axis of symmetry (at y = 0m) has no normal compon-
ents, since the geometry is axially symmetric (see Fig. 4.15a)). Normal field components
increase with the radial distance y from the symmetry axis.

e Setup B: The electron detector introduces an additional boundary condition to the electric
field and induces a strongly inhomogeneous field region in its vicinity (see Fig. .
Normal field components increase with the radial distance y from the proton detector
center, corresponding to y = 0.05 m.

e The normal electric field component £ changes its orientation in the proximity of the
electrode entrance in both setups. The absolute value of Ey is, however, smaller in setup
B and decreases rapidly towards zero inside the electrode.

e The dominant field component in both setups is F,. It reaches a minimum close to the
electrode entrance. Due to the smaller electrode diameter in setup B, the absolute value
of I, is larger.
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Figure 4.16: Electric field components F; as a function of position z evaluated at the center of the proton
detector (y = 0.05m) for detector setups (a) A and (b) B. Note that the field component
E vanishes in both detector setups since the data is shown for the fixed position xz =
Om and the geometry is axial symmetric. Protons move towards the proton sensor in the
direction of increasing position z. The electrode entrance is marked by the gray, dashed
line. The normal field components Fy and £ contribute to the ExB drift of the decay
particles.

According to Eq. , charged particles might experience ExB drifts in regions where the
electric and the magnetic fields are not aligned. In the two proposed setups, such regions are
present both outside and inside the electrode. The amount of ExB drift experienced by a particle
is determined on the one hand by particle parameters, such as kinetic energy and pitch angle, and
on the other hand by the electric and magnetic fields. Particle tracking is required to correctly
estimate the amount of drift experienced by a proton when moving inside the detection region.
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Since the two proposed detector setups require further optimization to properly fulfill the electrode
requirements discussed so far, no particle-tracking simulations were performed for this chapter.
Despite this limitation, areas of the detection region which contribute to the drift effects can be
identified. Additionally, the ExB drift distance Dgy«p by which the decay protons drift inside the
detection region can be approximated using Eq. . Before doing so, the correlation between
the proton initial kinetic energy Tj and the detector position y considered in the evaluation of
the ExB drift effect is described.

Proton Drift Distance Spectrum

The relation between the initial proton kinetic energy and the detector position, at which the
proton is expected to arrive, is required to correctly estimate the ExB drifts experienced by decay
protons. The charged decay particles drift inside the RxB region according to their charge and
momentum (see Egq. ) The width of the resulting drift distance spectra depends on the
magnetic field strength and on the gyration radius of the decay particles. Fig. shows the
correlation between the proton kinetic energy Ty and detector position y for multiple magnetic
fields B. Note that this is not a one-to-one mapping of the proton energy to detector position.
Protons with the same initial kinetic energy T; but with different pitch angles 6, follow helical
paths of different gyration radii around magnetic field lines towards the detector. This results in
a variation of possible detector positions for the given proton energy Tj. For investigations of
the ExB drift effect, the mean proton kinetic energy 7}, at a given detector position, which is
most representative of that energy, is considered as shown in Fig. for B=220mT. It can
be seen that the mean kinetic energy T, increases rapidly in the range y € [—1,2]. This effect
arises as the distance by which the particles drift in the RxB drift region is linear in the particle
momentum p (see Eq. ) and, therefore, proportional to the square root of the particle kinetic
energy T'. Table shows the approximate detector position y (rounded to integer) for multiple
magnetic fields B for a mean proton kinetic energy of 10€V, 400€V and 750€V. In the following
studies, a magnetic field of 220 mT is considered, if not stated otherwise.
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Figure 4.17: (a) Correlation between the proton kinetic energy and detector position y for multiple
magnetic flux densities B. For a given kinetic energy, variations of possible detector
positions y arise due to the multiple particle pitch angles and, hence, gyration radii available.
For the evaluation of ExB drifts, the mean proton kinetic energy 77, at a given position y,
which is most representative of that energy, is considered for a magnetic field B = 220 mT.
Figure (a) courtesy of Daniel Moser.
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Table 4.2: Correlation between the mean initial kinetic energy T}, of the protons and the approximate
detector position y for multiple magnetic fields B.

Magnetic Field B (mT) 150 200 220 300 400 800

Detector Position y (cm)

10 0 0 0 0 0 0
Proton Kinetic Energy Ty (eV) 400 6 4 3 3 2
750 11 9 9 6 5 2

=

ExB Drift

The analytical ExB drift distance Dgyp introduced in Eq. is proportional to the ratio
between the normal field component E.[f and the square root of the particle kinetic energy
T:TO—E(U—UQ):

Ey

VTo — (U — Ug)

Dg.p o const - (4.1)

In the following, the ratio rgyp, defined as
E
TExB = L )
VTo — e(U — Up)

(4.2)

is evaluated to identify areas inside the detection region where particles experience significant ExB
drifts. Here, both the normal electric field component Ey and its absolute value are considered.
Fig. shows rgyp evaluated in the y-z-plane (z = 0m) for a proton of initial kinetic energy
of Ty = 0€V in setups A and B. In setup A, regions whit large ratios rgxp are present around the
tips of the electrode entrance. Here, normal electric field components and electrostatic potentials
are significant. Note that this regions are not directly located in the proton beam. In addition to
the electrode tips, large values of the ratio rg«p are present at the edges of the electron detector
in setup B. Here, normal electric field components are large while the electrostatic potential is
small. Note that this region is directly crossed by low energetic protons.

The ratio rgxp is shown in Fig. [4.19|for setups A and B as a function of position z for multiple
positions y at z = Om for an initial proton kinetic energy of 7T, = 0eV. Results show that the
sign of the ratio rgxp changes in the proximity of the electrode entrance for all positions y in
both setups, reflecting the change in orientation of the normal field component E,. Since E,
increases for larger positions y, the amplitude of the ratio gy in setup A increases accordinglyﬂ
In setup B, rgxp has the smallest amplitude for y = 0.05cm, corresponding to the electrode
center. For larger distances from the electrode axis, the amplitude of rg«p increases with the
normal electric field component E,. The influence of the grounded electron detector on the ratio
rexp IS reflected in the significant peak present at y = 0.01 m at the location of the sensor,
corresponding to z = 0.2m.

To obtain an estimate of the distance by which protons drift inside the detection region, an
integration of the area under the curve described by the ratio rgxp, as shown in Fig. [4.19 is
performed. The result is than multiplied by the constants in Eq. . The correlation between
the detector position y and the mean proton kinetic energy Ti for a magnetic field of 220 mT s

“The normal field component E is defined by ,/E2 + E2.

®Studies of radial variations of the electrostatic potential performed in Section have shown that potential
inhomogeneities become significant outside the electrode region. Thus, protons gain kinetic energy at a different
rates depending the areas (and, thus, position y) covered as they move towards the detector. This also affects
the magnitude of the ratio rgxg.
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Figure 4.18: Ratio rgxp between the normal electric field component Ey and the square root of the

considered (

electrostatic potential U in the y-z-plane at z = Om for (a) detector setup A and (B)
detector setup B. It can be seen that the ratio rgxp has large values as the electrode
entrance edges in both detector setups. Additionally, large values of rgyxp are induces at
the electron detector edges of setup B. Note that the white areas represent values of rgxp
outside the colorbar limits. Protons experience significant ExB drifts in the regions of high

ratio rexs.

see Table . Additionally, an overestimate of the Ex B drift effect can be obtained

if the absolute value of the ratio rg«p is considered in the integration. In this estimation, the

direction of

Ratio TExB (\/ kV/m)

Figure 4.19:

Ex B drifts experienced by the particles is omitted.
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Ratio 7gxp between the normal electric field component Ey and the square root of the
electrostatic potential U as a function of position z for multiple position y in (a) detector
setup A and (b) detector setup B. The electrode region is marked by the gray area in both
detector setups. The location of the electron detector in setup B is indicated by the gray
dashed line. A significant peak forms for y = 0.01 m in the proximity of the electron sensor
in setup B.

The integrated ExB drift distance Dgyp as a function of the detector position i and the mean
proton kinetic energy I} is shown in Fig. for both setups. Here, both an integration over F\,
and over its absolute value, labeled as best and worst case, respectively, has been considered.

Results sho

w that:
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Figure 4.20: Distance Dgxp by which protons drift inside the detection region when accelerated by
the cylinder electrodes of setup A and B as a function of (a)—(b) detector position y
and (c)—(d) proton initial kinetic energy Tp, evaluated according to Eq. (3.7). The drift
distance is evaluated by assuming the integration over the normal field component E |
(best) and over its absolute value (worst). A comparison between the two setups shows
that low energetic protons moving close to the system central axis z experience small drifts
in setup A. The drift distance Dgxp increases approximately linear with position y and
kinetic energy Tj above 300€eV. In setup B, both low and high energetic protons drift by
a significant amounts. Low energetic protons traverse a region of strongly non-uniform
electric field at the electron detector of setup B.

e The distance Dgyp, by which the protons drift inside the detection region, varies strongly
with the detector position y and the initial kinetic energy Tj in both setups.

e A compensation of ExB drifts is reflected in the smaller drift distance experienced by
protons in setups A and B if the orientation of the normal electric field component E is
considered (best case).

e Setup A: Low energetic protons move on trajectories close to the central axis z, where
normal electric field components are small, and experience small drifts. The drift distance
increases approximately linearly for higher energetic protons which move at larger distances
from the axis of symmetry.

e Setup B: High energetic protons drift by a smaller distance, compared those in setup A,
while low energetic protons traverse regions of strongly non-uniform electric fields in the
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vicinity of the electron detector and drift by a significant amount.

Note that the ExB drift distance obtained in the lower estimation in setup A fits well with
the drift of the guiding center (denoted as "tracking" in Figs. 4.20a| and [4.20c]) obtained from
particle-tracking simulationd?]

Both setups do not fulfill the electrode requirement connected to the suppression of ExB
drifts. Protons drift by large distances resulting in a significant change of the spatial distribution
of the proton drift distance spectrum. Geometrical and electrical properties of the two detection
setups need to be adjusted to minimize the ExB drifts experienced by the decay protons as they
move towards the sensor. The influence of such adjustments on the drift distance Dgyp is studied
in the following. For the evaluation of Dgyp, the absolute value of the normal electric field
is considered.

Adjustments to Setup A

To reduce the amount of ExB drift experienced by the higher energetic protons in setup A,
the electrode diameter can be increased. By doing so, the edges of the electrode entrance, where
the ratio rgxp has large values, are further away from the proton bear‘rﬂ. Fig. shows the
ExB drift distance Dg«p as a function of the proton kinetic energy T for multiple electrode
diameters D. Effects of the diameter variation are largest for higher energetic protons which
follow trajectories closer to the electrode walls. An increase of the electrode diameter from 28 cm
to 30 cm results in a reduction of the drift distance by about 5% to 2.9 cm for a particle of energy
750€eV. The trend shows that a further increase of the electrode diameter does not significantly
reduce the ExB drift effect. Note that an adjustment of the electrode diameter affects other
electrode requirements, such as the potential homogeneity, discussed in the previous sections.
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Figure 4.21: ExB drift distance Dg«p as a function of the proton kinetic energy T for multiple electrode
diameters D in setup A. The drift distance decreases for protons of higher kinetic energies
when the electrode diameter is increased. This is due to a larger distance between the
proton beam and the electrode edges where the ratio rgyxp has large values. Note that
an increase of the electrode diameter does not affect the ExB drift experienced by low
energetic protons which follow trajectories close to the electrode center.

5Tracking-simulations of protons were performed only sporadically for investigations of the electrode require-
ments discussed in the current chapter. An extensive analysis of the systematic effects introduced by the high
voltage electrode is presented in Chapter [5| based on particle-tracking simulations in the context of a single
measurement of the decay protons.

"Note that the electrostatic potential and electric field generated by the electrode also change. This in turn

change the ratio rgxs.
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A significant reduction of the strength of the normal electric field components and, thus, of
the drift distance Dgy«p can be achieved by choosing a lower post-acceleration potential Uy.
The ExB drift distance Dgyp as a function of the post-acceleration potential U, is shown in
Fig. [4.223] for multiple proton kinetic energies Ty. It can be seen that the drift distance increases
with the applied post-acceleration potential. When the potential is decreased from 15kV to 5kV,
a reduction of the ExB drift distance by 52 % to 1.5cm is achieved for a particle of energy
750€eV. The required electrode post-acceleration potential depends, however, on the chosen
detector technology and affects the detector performance.

The most effective tool to suppress ExB drifts is to increase the magnetic flux density B.
An increase of the magnetic field results in a decrease of the particle beam size, as shown in
Fig. [4.17a] Hence, high energetic protons follow trajectories closer to the central axis z, where
normal electric field components are small. Additionally, ExB drifts are suppressed since the drift
distance Dgyp is indirectly proportional to the magnetic flux density B. Fig. shows the
relation between the magnetic flux density B and the drift distance Dg«p for multiple proton
kinetic energies Ty. Results show a decrease of Dgy«p with 1/B, independent on the proton
kinetic energy. It can be also seen that the dependence of the drift distance on the particle
kinetic energy decreases for larger magnetic fields. For a proton with a kinetic energy of 750¢€V,
Drgyp is reduced by 95% to 0.15cm when the magnetic flux density is increased from 220 mT
to 800 mT.
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Figure 4.22: ExB drift distance Dgxp as a function of (a) the post-acceleration voltage U and (b)
the magnetic flux density B for multiple proton kinetic energies Ty, considering detector
setup A. The drift distance increases linearly for larger post-acceleration voltages and it
decreases with 1/B for larger magnetic flux densities B.

Another option to further minimize the mean drift distance Dgyp is to shift the proton
(and electron) beamf| and, hence, the detector in RxB drift direction. A shift of the proton
beam changes the areas covered by the decay protons inside the detection region and, therefore,
the electric field experienced by the particles. The ExB drift distance Dgyp as a function of
the proton kinetic energy Tj is shown in Fig. for multiple detector shifts Ay. A shift of
the proton detector in the direction of negative position y results in an increase of the drifts
experienced by low energetic protons. The opposite is observed for high energetic protons. The
mean drift distance decreases when the detector is shifted by 3cm. In such a detector setup,
protons of mean kinetic energy 400€V, which are the most abundant, are expected to arrive at
the detector position y = Ocm. This position corresponds to the electrode center. Here, the

8A shift of the particle beam is achieved by a shift of the aperture.

40



= 3.0 Smifc &y (em) = e
= [|-® 0 = 04l 'y

e 1 e
! 2.5; A2 ] Ng :eA . ] R
QL‘J H-» 3 L4 A @) i ® o:§ 4 Ak
§2.0; . e jogf LS e ]
2 15} e e - |
z 7 ey E 02] ]
A | S |
= Lo ®4& ] A i ]
jw ;A 1 Z 01t Index i H
= 050 CAE | 2% o1 |
@ r Y & 2 I 2

® o
= 0.0l ey ] Zoobe. . . L2

0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700

Proton Kinetic Energy Tj (eV) Proton Kinetic Energy T), (eV)
(a) (b)

Figure 4.23: (a) ExB drift distance Dgy«p as a function of the proton kinetic energy Ty for multiple
detector shifts Ay (corresponding to a shift of the proton beam) in detector setup A. The
detector is shifted in negative y-direction. An overall reduction of the mean drift distance
is achieved if the electron detector and, hence, the proton (and electron) beam are shifted
by 3cm. (b) Uncertainty in the determination of the drift distance Dgyp induced by a
misalignment of the electrode-detector system with respect to the proton beam : Absolute
deviations AD}, ; of the approximated drift distance between two consecutive shifts of
the sensor are largest for higher energetic protons.

electric field is aligned with the magnetic field for all positions z. Thus, such a proton experiences
no ExB drifts. The distance by which a proton of 5 €V drifts increases by 675 % to 1.32 cm while
that of a 750V proton decreases by 41 % to 1.82cm.

From Fig. additional information on the misalignment of the electrode-detector system
with respect to the proton beam can be gained. It shows the absolute deviation AD%.  of the
ExB drift distance between two consecutive detector shifts Ay® and Ay*~!, defined as

ADgyp = [Dgyp — D;;><1B : (4.3)
The absolute deviation AD% ; is small for a proton kinetic energy of 350 €V and increases for low
and higher energetic protons. The effect of the misalignment is largest for high energetic protons.
Note that 50€V protons drift by the same amount in the setups where the beam is shifted by
Ocm and 1cm. In the former setup, the proton enters the detection region at y = 0.5 cm while in
the later setup it enters at y = —0.5cm. Since the geometry is axially symmetric, electric fields
experienced by the particle in the two setups are equal. Thus, AD%,  is zero. The uncertainty
in the ExB drift is below 0.5 mm for a detector misalignment of 1 mm.

Adjustments to Setup B

In detector setup B, low energetic protons experience large ExB drifts as they move towards
the detector in a strongly inhomogeneous electric field. The ExB drift effect experienced by such
protons can be minimized by shifting the electron detector in longitudinal or radial direction away
from the electrode. When the electrode detector is shifted in longitudinal direction, it is located
in a region of lower electrostatic potential and electric field strength. Thus, the ratio rg«p at
the electron detector decreases (see Fig. . The ExB drift distance Dgyp as a function
of the longitudinal electron detector shift sy, is shown in Fig. for multiple proton kinetic
energies Ty. When the electron detector is shifted by a distance of 40cm away from its initial
position, the distance by which a proton of energy 50 €V drifts decreases by 77 % to about 1cm.
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For high energetic protons, however, Dgyg increases for larger detector shifts. This result in an
increase of the drift distance by 36 % to 2.8 cm for a longitudinal shift of 40cm and a proton of

energy 750¢€V.
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Figure 4.24: ExB drift distance Drxp as a function of (a) longitudinal electron detector shift s, and
(b) radial electron detector shift s;,q in setup B. It can be seen that the detector shift affects
the ExB drift experienced by the protons differently. (a) A longitudinal shift significantly
reduces the drift by which protons of energy 50V drift. However, drifts experienced by
high energetic protons increase. (b) The effect of a radial detector shift on the proton drift
is similar to (a), although, effects are not as significant.

A radial electron detector shift also reduces the ExB drifts experienced by low energetic
protons. This is shown in Fig. for multiple proton kinetic energies Ty. When the electron
detector is shifted radially away from the electrode, the edge of the detector which generates a
high field ratio rgyp is further away from the proton beam. Therefore, low energetic protons
experience a smaller ExB drift. The drift distance of a proton with a kinetic energy of 50¢eV
decreases by 20 % to about 4 cm when the electron detector is shifted by a radial distance of 0.8 cm
away from its initial location. Such a detector shift does not affect the ExB drifts experienced
by mean and high energetic protons significantly.

As in detector setup A, the electrode post-acceleration voltage and the magnetic flux density
can be adjusted to reduce ExB drifts experienced by the protons. The ExB drift distance Dgyp
as a function of the post-acceleration potential |U,| is shown in Fig. for multiple proton
kinetic energies Ty. The drift distance is reduced by 45 % to 2.8 cm for a proton of energy 50 eV
when the post-acceleration potential is decreased from 15kV to 5kV. As previously mentioned,
the required post-acceleration potential is based on the choice of the particle sensor.

An adjustment of the magnetic field affects the proton beam size and the mean proton kinetic
energy T}, expected at detector position y according to Fig. and Table[4.2] The drift distance
Dgyp as a function of the magnetic flux density B, evaluated for multiple proton initial kinetic
energies Ty, is shown in Fig. [4.25b] A proton of initial energy 450 €V follows a trajectory closer
to the grounded electron detector, where the field-to-potential ratio rg«p has large values (see
Fig. , if they are guided by a stronger magnetic field. Thus, drifts experienced by the
proton increase for magnetic flux densities up to 400 mT. Results show that strong magnetic
fields (> 800mT) are required to suppress drifts experienced by the decay protons in such a
setup.
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Figure 4.25: ExB drift distance D as a function of (a) the post-acceleration voltage U and (b) the
magnetic flux density B for multiple proton kinetic energies T, considering detector setup
B. The drift distance increases linearly for larger post-acceleration voltages. Large magnetic
fields are required to minimize drifts experienced by decay protons.

4.4 Summary

The goal of this chapter was to investigate the feasibility of a simultaneous measurement of the
charged decay products based on studies of systematic effects induced by the post-acceleration
electrode for protons. The design of the electrode should fulfill the requirements mentioned in
Section [3.2] For these studies, two simple detector configurations were presented in Section [4.1}
electrons and protons are either measured on a common detector surface (setup A) or on two
spatially separated sensors (setup B). For the proton post-acceleration, cylindrical electrodes
have been considered in both setups (Section . Both proposed setups affect the number of
detected particles. To achieve the desired measurement sensitivity, the following effects need to
be considered:

e Setup A: Low energetic electrons might be reflected by the post-acceleration potential
applied at the electrode-detector system. The number of reflected electrons increases with
the post-acceleration potential (see Fig. [4.2)).

e Setup B: Low energetic protons might be lost due to shadowing by the electron detector.
Considering only an axial separation between the two particle detectors and an electron and
proton beam of width 10cm, 0.5cm of the proton beam is blocked by the electron sensor.
First estimations show that the effect in the determination of the electron-antineutrino
coefficient a is negligible.

Systematic effects studies have shown that not all requirements are fulfilled by the cylinder
electrodes in the two proposed setups. Some of the key findings are mentioned in the following:

e Homogeneity of the electrostatic potential:

While the electrostatic potential is more homogeneous across the proton beam in the vicin-
ity of the proton sensor, inhomogeneities increase at larger distances from the detector. It
was found that a small electrode diameter is required in the proximity of the proton sensor
to improve the homogeneity of the electrostatic potential. The opposite holds for larger
distances from the detector.
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The grounded electron detector of setup B causes significant inhomogeneities of the elec-
trostatic potential across the proton beam in its vicinity. An increase of the longitudinal
and radial distance between the electron sensor and electrode improves the potential ho-
mogeneity in this plane. However, effects remain significant.

Electrostatic potential at large distances from the electrode:

Both electrodes generate electrostatic potentials which reach far into the detection re-
gion. It was found that both proposed setups require a detection region longer than 1.2m
to prevent electrostatic potentials above —10 mV from reaching into the RxB drift region.

Further, results have shown that adjustments of the electrode diameter or of the location of
the electron detector of setup B are not effective in the reduction of the required detection
region length.

Penning traps:

There are no Penning traps inside the detection region in setup A. However, a Penning
trap for positively charged particles is present around the grounded electron detector in
setup B. This trap is located in the path of both electrons and protons and has a maximum
depth of 638 V. lIts elimination is, therefore, crucial.

It was found that the trap can be eliminated from both the electron and proton beam if
the longitudinal distance between the electron detector and the electrode is 50 cm. A radial
detector shift of 0.8 cm is sufficient to eliminate the trap from the proton beam. However,
a significant trap still remains above the electron detector.

E xB drift effect:

The electric field generated by the two electrodes inside the detection region is non-uniform
and protons experience significant drifts. Results have shown:

— Setup A: Medium and high energetic protons drift by larger distances compared to low
energetic ones. They follow trajectories at larger distances from the axis of symmetry
z where normal electric field components are large. It was found that a shift of the
proton detector (and, thus, of the proton beam) inside the electrode in RxB drift
direction results in a decrease of the mean ExB drifts experienced by the incoming
protons.

— Setup B: Low and high energetic protons experience significant drifts. The former
follow trajectories close to the electron detector, where the ratio between the normal
electric field components and the electrostatic potential is large. The mean drift
experienced by such protons can be reduced if the longitudinal distance between the
electron detector and the electrode is 50 cm.

The most effective tools to minimize ExB drifts experienced by protons in both setups
are the post-acceleration potential U, and the magnetic flux density B. The drift distance
Dygyp is below 2cm and 3cm in setups A and B, respectively, for all protons if Uy = —5kV.
An increase of B to 800 mT suppresses the drifts experienced by protons in both setups.

Results obtained for the Ex B drift effect represent are only an approximation (overestimation) of
the drifts experienced by the decay protons, since no particle tracking simulations were performed,
and represent an overestimation of this effect. Such simulations are crucial in future investigations
of ExB drift effects and of the adiabatic particle transport. These studies are performed in the
next chapter, considering only the measurement of decay protons.
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Investigations performed in this chapter showed that a simultaneous measurement of the decay
electrons and protons is difficult to achieve, especially due to the large ExB drifts experienced by
protons. However, promising results have been achieved in setup A when combined with a shift
of the proton beam. In the following chapter, only the single measurement of the decay protons
is considered. The focus lies on studies of systematic effects introduced by the post-acceleration
electrode, using electric and magnetic field computations and particle-tracking simulations, to
determine if a proton measurement is feasible.
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Chapter 5

Electrode Designs for Single Proton
Measurement

Studies presented in the previous chapter have shown that a simultaneous measurement of the
charged decay particles is difficult to achieve, especially for protons. Systematic effects induced
by the post-acceleration electrode, such as ExB drift effects experienced by the decay protons,
need to be suppressed to make the proton measurement feasible. The focus of this chapter
lies on the design of the post-acceleration electrode considering only the measurement of decay
protons to gain a better understanding of these various effects. For the electrode optimization,
particle-tracking simulations are performed in addition to electric field computations. These are
crucial in the evaluation of the adiabatic particle transport and of ExB drift effects.

This chapter is divided into seven sections. For the proton post-acceleration, two electrode
categories, cylinder electrode and field degrader, are proposed in Section [5.I] Geometrical and
electrical setups of the proposed post-acceleration electrodes are introduced in Section[5.2] Stud-
ies of the electrostatic potential, adiabatic particle transport and of ExB drift effects are per-
formed in Sections to for both electrode types based on the design criteria discussed in
Section [3.2] In Section [5.6} effects of the particle beam size and shifts thereof on adiabaticity
and ExB drifts are investigated. Finally, key findings are summarized in Section [5.7]

5.1 Possible Electrode Types

For the proton post-acceleration, two electrode types are proposed: cylinder electrode and field
degrader. The geometries of the two electrodes, including the surrounding vacuum tube and the
proton detector, are shown in Figs. to 5.3 Before a detailed description of the proposed
electrodes and their individual features is given, important geometrical parameters in the design
of the detection system are reiterated.

As in the simultaneous particle measurement, important factors in the design of the detection
system are:

e The alignment between the proton beam and the proton detector,

e the alignment between the proton beam (and, thus, proton sensor) and the post-acceleration
electrode and

e the location of the electrode inside the surrounding vacuum tube.

The location of the proton detector inside the detection region is chosen to allow a complete
mapping of the proton beam onto the sensor surface. For simplicity, a symmetric distribution of
the proton drift distance spectrum shown in Fig.[3.2 around the system central axis z is considered.
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Figure 5.1: Correlation between the mean proton kinetic energy 7T}, and detector position y for a sym-
metrical distribution of the proton drift distance spectrum around the central axis z at the
end of the RxB drift region. Here, a shift of the mean energy spectrum shown in Fig.
by 4 cm in negative direction y and a magnetic field of 220 mT are considered.

The correlation between the mean proton kinetic energy 7}, and detector position ¥ is shown in
Fig. for a sensor of size 10 x 10 cm? and a magnetic field of 220mT. This enables the
construction of an axial symmetric geometry of the detection region, with the post-acceleration
electrode and the proton sensor centered inside the vacuum tube.

5.1.1 Cylinder Electrode

Fig. shows a top view in the z-y-plane of the axially symmetric detection region, composed
of the proton detector, cylinder electrode and vacuum tube. A cross section of the system is
shown in Fig. in the y-z-plane for x = 0cm. The proton detector is embedded into the
electrode end plate. The electrode of diameter D and length L can be operated in two distinct
modes, depending on the material used to manufacture the cylinder:

e Cylindrical conductor: The cylinder is a conductor and, thus, all electrode surfaces have a
constant electrostatic potential Uy.

e Resistive cylinder: The cylinder is composed of a resistive foil. The surface potentials
applied at the electrode entrance and end plate differ, creating a linear potential gradient
across the electrode surface in the direction

The proton detector and the electrode end plate are operated at the common surface potential
Ua, independent on the operation mode. The electrode-detector system is surrounded by the
vacuum tube of diameter D, which is operated at ground potential. A distance d is considered
between the electrode and the vacuum tube to avoid large electric fields in this region.

5.1.2 Field Degrader

The detection region composed of the vacuum tube, field degrader and proton sensor is schem-
atically shown in Fig.[5.3] Fig. shows a top view of the axially symmetric geometry in the
z-y-plane. The electrode of length L is composed of a circular end plate (labeled as R;) and
multiple rings (labeled as Ry to Ry) as shown in Fig. in the y-z-plane for z = 0 m. Compared

LA linear surface potential builds up across the electrode walls only for an ideal resistor material.
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Figure 5.2: (a) A top-view in the z-y-plane of the detection system composed of the vacuum tube
(black), cylinder electrode (orange) and proton detector (blue). The geometry is axially
symmetric. (b) A sketch of the detection system in the y-z-plane at x = 0 m, indicated by
the red, dashed line in (a). The proton detector is embedded into the electrode end plate.
The electrode of diameter D and length L can be operated at constant surface potential
surface potential Up or in resistive mode. In the latter, the electrode entrance ring and
end plate are operated at different surface potentials Uy and Up, respectively, inducing a
potential gradient along the axis z. The vacuum tube of diameter D, is connected to
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Figure 5.3: (a) A top-view in the z-y-plane of the detection system composed of the vacuum tube
(black), field degrader (orange) and proton detector (blue). A detachable circular wire grid
(gray), composed of M wires, is located at the electrode entrance. The geometry is axially
symmetric. (b) A sketch of the detection system in the y-z-plane at z = 0m, indicated by
the red, dashed line in (a). The proton detector is embedded into the electrode end plate.
The electrode of length L is composed of multiple rings, labeled as R;, which have a surface
potential U;. The electrode has an inner diameter D; and outer diameter D;. The vacuum
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to the cylinder electrode, the modular structure of the field degrader offers more flexibility in the
design of the post-acceleration electrode. The surface potentials U; applied at the corresponding
electrode component R; can be individually adjusted to obtain a more precise control over the
electrostatic potential induced by the electrode. The electrode rings are equidistant, with a dis-
tance d,, between consecutive rings. The electrode is further characterized by the inner diameter
D; and the outer diameter D,. The vacuum tube of diameter D, surrounds the electrode and
is connected to ground potential.

One optional feature of the field degrader is the concentric wire grid which can be attached
at the electrode entrance. The grid consist of M individual wires of diameter D, separated by
the distance d,, which toghether with the inner electrode diameter D; determine the wire grid
transmissibility 7' (see Appendix . The electrode and the vacuum tube of diameter D,
are separated by a distance d to avoid the emergence of large electric fields in this region.

To illustrate the working principles of the proposed electrodes, the electrostatic potential
generated by the various electrodes inside the detection region is shown in the following section
for a fixed set of geometrical and electrical electrode parameters.

5.2 Geometrical and Electrical Setup of the Detection
System

The geometrical and electrical parameters of the cylinder electrode and field degrader in the
standard configuration are defined in the following. The cylinder electrode has a diameter of
24cm and is 20cm long. A post-acceleration potential of —15kV is applied at the electrode
surface. The geometrical and electrical properties of the field degrader are listed in Table [5.1]
For both setups, a vacuum tube of diameter D,y = 350 cm and length L = 400 cm is considered.

Table 5.1: Geometrical and electrical parameters of the field degrader in the standard configuration.

Description
Number of rings 11
Distance between rings d,, (cm) 2
Inner diameter D; (cm) 24
Outer diameter D, (cm) 28
Length L (cm) 20
Ur -15
Ring potential U; (kV) Unp 0
AU 1.5

Fig.[5.4] shows the electrostatic potential U induced by the two electrodes inside the detection
region, evaluated in the y-z-plane for + = Om. Decay protons enter the detection region from
the top and are distributed symmetrically around the system central axis z. Some of the most
important features of the electrostatic potential are listed below:

e Protons experience a decreasing potential and are accelerated as they move towards the
sensor. The decrease rate of the potential is largest either in the region outside the electrode
(cylinder) or inside the electrode (field degrader).

e Equipotential lines are curved, especially at larger distances from the proton sensor, indic-
ating inhomogeneities of the electrostatic potential.
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e The cylinder electrode generates large potentials in regions far from the electrode. In
contrast, the gradual increment of the surface potential applied at the rings of the field
degrader prevents large potentials to extend as far into the detection region.

Additionally, since the electrostatic potential increases rapidly inside the field degrader, a larger
fraction of backscattered protons might be reflected back towards the sensor before they leave
the electrode when compared to the cylinder electrode.
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Figure 5.4: Electrostatic potential U generated by (a) the cylinder electrode and by (b) the field degrader
inside the detection region, viewed in the y-z-plane for z = 0. The decay particles enter the
detection region from the top, as indicated by the green arrow. (a) The cylinder electrode
generates a slowly varying potential inside the electrode. The potential extends away from
the electrode into the detection region where it increases rapidly. (b) Due to the surface
potential gradient applied across the electrode rings, U increases rapidly inside the field
degrader. A comparison between (a) and (b) shows that the potential generated by the field
degrader does not extend as far into the detection region.

To adapt this feature for the cylinder electrode, it can be modified into a resistive cylinder
system. This is shown in Fig. for the same set of geometrical parameters as the cylinder
electrode. In such a setup, the electrode entrance is grounded while the surface potential applied
at the electrode end plate is chosen as —15kV which results in a potential gradient across the
electrode walls (in direction z). The resistive cylinder induces an electrostatic potential in the
detection region with a profile similar to the field degrader.

A more effective shielding of the detection region from large potentials can be obtained if
the concentric wire grid is attached at the entrance ring of the field degrader. The electrostatic
potential generated by such an electrode is shown in Fig. in the y-z-plane of the detection
region for x = O0cm. The geometrical and electrical properties of the electrode correspond to
the ones listed in Table 5.1 The wire grid is composed of 22 equidistant concentric wires
(dm = 5.14 mm) of cross section diameter Dy, = 200 pm and has a transmissibility 7" of 0.964
(see Fig. . The wire grid and the electrode entrance ring are operated at the same surface
potential U;;. Note that equipotential lines are less curved inside the field degrader when the
electrode is used in combination with the circular wire grid. This indicates that the potential is
more homogeneous in this region when compared to the other electrodes considered. This feature
is discussed in more detail in Section 5.3.4

Detailed studies of various features of the electrostatic potential mentioned above are per-
formed in the following section to determine if the two proposed electrode types fulfill the cor-
responding design requirements discussed in Section [3.2]
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Figure 5.5: Electrostatic potential U generated inside the detection region by (a) the resistive cylinder
and by (b) the field degrader including a concentric wire grid, viewed in the y-z-plane for
x = 0m. (a) The geometrical parameters of the resistive cylinder are identical with those of
the cylinder electrode. The electrode entrance ring is operated at zero-potential while the
end plate is operated at —15kV. This results in a potential gradient across the electrode
walls. The potential generated inside the detection region is similar to the field degrader
(see Fig. . (b) The wire grid attached at the entrance ring of the field degrader consists
of 22 equidistant, concentric wires and is operated at zero-potential. It can be seen that
the wire grid shields the detection region from large electrostatic potentials.

5.3 Electrostatic Potential Studies

The proton post-acceleration electrode should be designed to fulfill all requirements presented in
Section [3.21 In the following, multiple features of the electrostatic potential generated by the
proposed electrodes inside the detection system are studied. Results presented in this section
were obtained from simulations performed in COMSOL Multiphysics and from particle-tracking
simulations performed in C++. The standard configurations of the cylinder electrode and field
degrader are considered throughout this section, if not stated otherwise.

5.3.1 Proton Post-acceleration

The electrode should provide the electrostatic potential required to post-accelerate decay protons
to detectable energies. The electrostatic potential U along the trajectory of a tracked proton
is shown, together with the proton kinetic energy T}, in Fig. for the cylinder electrode and
field degrader in the standard configuration (see Section . The proton starts 4cm off-axis
with an initial kinetic energy 7, = 10eV (see Fig. and a pitch angle 6y of 0° and moves
in a magnetic field B = 220mT. The proton experiences a decreasing electrostatic potential
as it moves towards the sensor. lts kinetic energy increases only slowly in regions far from the
electrode, where the electrostatic potential is small, in both setups. The rate at which the proton
is accelerated by the two electrodes as it moves closer to the sensor differs in the two setups:

e Cylinder electrode: The proton experiences a rapidly decreasing potential as it approaches
the electrode entrance and gains a large fraction of its final kinetic energy over this region.
As the proton moves closer to the sensor, where the potential becomes more homogeneous
(in direction z), the proton gains kinetic energy at a slower rate.
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Figure 5.6: (a) Comparison of the electrostatic potential U experienced by a proton of initial kinetic
energy 1o = 10eV, pitch angle 6y = 0° and phase angle g = 0° when accelerated by the
cylinder electrode and field degrader in the corresponding standard configuration described in
Section[5.2] (b) Comparison of the kinetic energy T}, gained by the proton when accelerated
by the cylinder electrode and field degrader. The proton moves in the direction of increasing
position z, as indicated by the black arrow. Locations of the electrode entrance and of the
proton sensor are marked by gray, dashed lines. A comparison between the two setups shows
that the proton gains the largest fraction of its final kinetic energy either before entering
the electrode or afterwards, depending on the chosen electrode type.

e Field degrader: The rapid potential decrease inside the field degrader causes the proton to
gain the largest fraction of its final kinetic energy after it enters the electrode.

Both electrodes provide the electrostatic potential required to accelerate decay protons to de-
tectable energies.

According to Fig. [5.6a, the electrostatic potential generated by the field degrader does not
extend as far into the detection region, compared to the cylinder electrode. Investigations of the
electrostatic potential in regions far from the electrode and its influence on the detection region
length are performed in the following section.

5.3.2 Electrostatic Potential at large Distances from the Electrode

One electrode design criteria mentioned in Section requires that the electrostatic potential
at the interface between the detection and the RxB drift region should not exceed —10mV.
The electrostatic potential reaches this value at an axial distance d; of about 104cm and 90 cm
from the electrode entrance for the cylinder electrode and the field degrader, respectively? This
yields a minimum required detection region length of about 1.3 m and 1.1 m for the two electrode
configurationd’}

A short detection region facilitates the design of a homogeneous magnetic field, required to
ensure adiabatic particle transport, and reduces the complexity and costs of the coil design. Mul-
tiple adjustments to the cylinder electrode can be considered to further constrain the electrostatic

2Values obtained in the evaluation of the distance d; are limited by the number of boundary elements chosen
in the segmentation of the electrode and vacuum tube. Results obtained for the cylinder electrode are consistent
with those obtained in studies of the simultaneous particle measurement in Section m (see setup A).

3As already mentioned in Section the minimum detection region length is determined by the sum of the
electrode length L and the distance dj.
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potential outside the electrode and, thus, minimize the required detection region length. Such
studies are performed in the following for both electrode types.

Adjustments to the Cylinder Electrode

Two trivial geometrical parameters, the electrode diameter and length, can be adjusted to reduce
the distance d; and, thud, the detection region length. Results show, however, that these tools
are not very effective. The relation between the electrode diameter D and the distance d¢ from
the electrode entrance where the potential reaches —10mV is shown in Fig. [5.7al Results show
that d; decreases by only 1% to 103 cm if the electrode diameter is reduced from 24 cm to 16 cm.
Studies performed for various lengths L of the cylinder electrode show that a reduction of the
electrode length does not affect the potential generated at large distances from the electrode.
The potential reaches —10 mV at a distance of 104 cm from the electrode entrance, independent
on the electrode length. Although the minimum length of the detection region can be reduced if a
short electrode is considered, such an adjustment of the cylinder electrode affects the electrostatic
potential inside the electrode. This is discussed in more detail in Section [5.3.4]
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Figure 5.7: Distance df, measured from the entrance of the cylinder electrode, where the electrostatic
potential U reaches —10 mV as a function of (a) the electrode diameter D and (b) the proton
post-acceleration potential |Ua|. While effects of a reduction of the electrode diameter on
the distance d¢ are small, d¢ decreases by about 7% when the post-acceleration potential
|Ux| is reduced from 15kV to 5kV.

One more effective parameter in the reduction of the electrostatic potential induced by the
electrode inside the detection region and, thus, of the minimum detection region length is the
post-acceleration potential Uy. Fig. shows the relation between the distance d; and the
post-acceleration potential |[Ux|. The distance d; increases with the square root of the potential
Ux. If the post-acceleration potential is decreased from 15kV to 5kV, a reduction of d¢ by 8cm
is achieved. Although such an electrical electrode setup is more effective for the reduction of the
required detection region length, one crucial factor in the choice of the post-acceleration potential
remains the sensor technology used to measure the decay protons.

If a large post-acceleration potential is required, the detection region can be shielded more
effectively from large electrostatic potentials using a resistive cylinder. Studies of the electrostatic
potential generated by such an electrode have shown similarities to the potential induced by the
field degrader (see Fig. [5.5a). The distance between the electrode and the radial plane where
the potential reaches —10mV is reduced by about 15 % to 88 cm when compared to a cylinder
electrode operated at a constant surface potential of 15kV. This yields a minimum length of the
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detection region of about 1.1 m.
Adjustments to the Field Degrader

Several geometrical and electrical parameters of the field degrader can be adjusted to shield
the detection region from large electrostatic potentials induced by the electrode. The shielding is
more effective if the surface of the entrance ring, which is operated at zero-potential, is increased.
This corresponds to a reduction of the electrode inner diameter for a fixed outer diameter. In
the following study, a variation of the inner diameter D; is considered for an electrode outer
diameter D, and length L of 28cm and 20cm, respectively. The distance between the outer
electrode walls and the vacuum tube is, therefore, constant. Fig. shows an approximately
linear dependence of the distance d; on the electrode inner diameter. A reduction of d; by 8 %
to about 83 cm is achieved when the inner diameter is decreased from 24 cm to 16 cm.
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Figure 5.8: Distance df, measured from the entrance of the field degrader, where the electrostatic
potential U reaches —10 mV as a function of the electrode inner diameter D;. Note that the
outer electrode diameter D, is fixed to 28 cm and that the variation of the inner diameter
represents a variation of the electrode ring width w. Results show that the distance d;
increases approximately linearly with the electrode inner diameter D;.

A significant shielding of the region outside the electrode is achieved when the circular wire
grid is attached to the electrode entrance (see Fig. . In such a setup, the axial distance dy
between the electrode and the point at which the potential reaches —10 mV decreases by about
20 % to 72 cm when compared to the field degrader without a wire grid (standard configuration).
Therefore, a detection region with a minimum length of 1 m can be considered.

One disadvantage of such an electrode setup are particle traps induced by the grounded wire
grid which can emerge inside the proton beam. The same holds for the grounded electrode
entrance ring. This is discussed in more detail in the following section.

5.3.3 Particle Traps

The detection region, especially the areas covered by the decay protons, should be free of particle
traps. This requirement is fulfilled if the cylinder electrode, which is operated at constant surface
potential, is considered for the proton post-acceleration. This condition is not met in a detec-
tion system consisting of the proposed field degrader. The entrance ring, which is operated at
zero-poential, constrains the electrostatic potential in its vicinity and causes the formation of a
Penning trap. Fig. shows the electrostatic potential in this region as function of position
z for multiple positions y at z = Om. There are no particle traps inside the electrode (cor-
responding to y < 0.12m) and, hence, across the proton beam (see also Fig. . However,
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the electrostatic potential has a minimum along magnetic field lines for y = 0.12m, 0.13m and
0.14 m, corresponding to the radial position of the electrode entrance ring, which indicates the
presence of a Penning trap above the ring. The largest trap depth is reached at the inner ring
edge (y = 0.12m) with a depth AU of 484 V.

Additional Penning traps are present at the entrance of the field degrader if the wire grid is
attached to the electrode. These traps are directly located inside the proton beam and have a
depth AU of about 105V. To avoid the accumulation of residual gas ions and suppress back-
ground effects, it is crucial to eliminate these traps. In the following, effects of multiple electrode
parameters on the Penning trap depth AU are studied for the field degrader with and without
the wire grid.
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Figure 5.9: (a) Electrostatic potential U in the vicinity of the entrance ring of the field degrader as a
function of position z for multiple positions y. The dashed gray line marks the location of
the grounded entrance ring. The ring extends from y = 0.12m to 0.14m and y = 0.11m
lies inside the electrode. It can be seen that the potential has a minimum in front of the
grounded entrance ring for positions iy 0.12 m to 0.14 m, indicating the presence of a Penning
trap. There are no traps inside the electrode (y = 11 m) and, thus, in the regions covered
by the decay protons. The Penning trap has the largest depth at the inner edge of the
entrance ring with a depth AU = 484 V. (b) Penning trap depth AU as a function of the
electrode inner diameter D;. The trap depth decreases linearly with the electrode diameter
D;.

Electrode Inner Diameter

A decrease of the electrode inner diameter, corresponding to an increase of the ring surface,
results in a more effective shielding of the detection region from large electrostatic potentials.
Thus, such an adjustment can be considered to minimize the depth of the Penning trap present
above the entrance ring. Fig. shows the trap depth AU as a function of the electrode inner
diameter D; evaluated at the inner ring edge (at y = 0.12m and £ = Om). It can be seen that
the relation between the trap depth and the electrode diameter is linear. A reduction of AU
by about 28 % to 347V is obtained if the electrode inner diameter is decreased from 24 cm to
16 cm. Although the depth of the Penning trap decreases for smaller electrode inner diameters,
its spatial spread increases. This is due to an increase of the electrode ring surface. Additionally,
higher energetic protons follow trajectories much closer to the inner ring edge, where the trap is
located, if the electrode inner diameter is small. To avoid such effects, rotations of the electrode
entrance ring can be considered.
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Electrode Entrance Ring Rotation

A rotation of the entrance ring, as shown in Fig. [5.10a] pulls the trap further away from the
proton beam and shields the sensor optically from background emitted by the particle trap.
Fig. [5.10b] shows the trap depth AU as a function of the tilt angle § evaluated at the inner edge
of the entrance ring (at x = 0m). For rotations up to 90°, AU decreases linearly with the tilt
angle . Although the trap depth decreases by 46 % to 260V if the ring is tilted by 90°, AU
remains significant.
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Figure 5.10: (a) The entrance ring (R11) of the field degrader can be tilted away from the proton beam
by an angle § to minimize the depth of the Penning trap present above the grounded ring.
(b) Penning trap depth AU as a function of the tilt angle § of the electrode entrance ring.
Results show that the trap depth decreases approximately linearly with the tilt angle 6.

Wire Grid: Wire Diameter and Number of Wires

The depth of the Penning traps present above the concentric wires of the wire grid field degrader
depends, among other parameters, on the wire diameter and the number of wires. Investigations
of the trap depth AU for multiple wire diameters and numbers of wires show:

e Wire diameter D;..: AU increases to 146V and 180V if the wire diameter is reduced
from 200 pm to 100 pm and 50 pm, respectively.

o Number of wires: AU increases to 222V and 420V if the number of wires is decreased
from 22 to 5. This corresponds to an increase of the distance between two wires d;.. from
5.14 mm to 10.24 mm and 20.64 mm.

Note that these wire grid parameters affect the wire grid transmissibility as shown in Ap-
pendix [D.3.7]

Although the proposed adjustments to the field degrader achieve a reduction of the Penning
trap depth, further optimizations are required for its elimination. One additional factor in the
electrode optimization is the homogeneity of the electrostatic potential induced by the post-
acceleration electrode. This aspect is discussed in more detail in the following section.
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5.3.4 Homogeneity of the Electrostatic Potential

The electrostatic potential generated by the post-acceleration electrode inside the detection region
should be homogeneous in every x-y-plane covered by the decay protons. A measure for the
homogeneity of the electrostatic potential is the relative potential deviation AU, defined in
Eq. (3.6). The homogeneity of the electrostatic potential is evaluated in radial cross sections
of the proton beam at multiple distances from the detector for the cylinder electrode and field
degrader in the standard configuration. The electrostatic potential U, is evaluated at the center
of the proton beam (y = z = 0m) at a given axial position z.

Fig. shows the relative potential deviation |AU,| as function of position y at a distance
of 1cm above the proton detector, corresponding to z = 0.09m, for both electrodes. Since
both detection setups are axially symmetric, it is sufficient to investigate effects only for positive
positions y. A comparison of the cylinder electrode and field degrader shows that potential
deviations across the proton beam are smaller if the field degrader is considered. However, both
electrodes show good potential homogeneity, with variations |AU,q| well below 1 %.
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Figure 5.11: Comparison of the relative deviation of the electrostatic potential |AU,| for the cylinder
electrode and the field degrader as a function of radial position y evaluated at a distance of
1 cm above the proton detector. The edge of the proton beam is marked by the gray, dashed
line. The electrostatic potential is homogeneous across the proton beam in both electrode
setups, with a maximum relative deviation at the beam edge well below 1 %. Input data for
Urer: —14.95kV and —14.27 kV for the cylinder electrode and field degrader, respectively.

Electrostatic potential studies at larger distances from the proton detector have shown that
the radial potential variations always increases monotonically with position 3. For the following
investigations, the maximum relative deviation |AU*| is evaluated at the proton beam edge.
Table shows |AUZ|, together with the corresponding reference potential U,¢, evaluated
at multiple distances ds from the proton sensor. Inhomogeneities of the electrostatic potential
increase at larger distances d in both setups. At a distance of 20cm, corresponding to the
position of the electrode entrance, the potential generated by the cylinder electrode is more
homogeneous. This trend is observed also at larger distances from the electrode. In regions far
from the electrode (ds = 80cm), both electrodes generate an electrostatic potential of similar
homogeneity.

Both electrodes generate a homogeneous potential in the vicinity of the proton sensor. In
order to minimize relative potential deviations at larger distances from the sensor, an adjustment
of the electrode geometry is required. In the following, the influence of various geometrical elec-
trode parameters on the maximum relative potential deviation |[AUS| is studied for the cylinder
electrode and the field degrader.
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Table 5.2: Relative deviation |AUS*| of the electrostatic potential, evaluated at the edge of the proton
beam, and the corresponding reference potential U,.t, evaluated at various distances ds from
the proton sensor for the cylinder electrode and field degrader. The electrode entrance is
located at a distance ds of 20 cm above the proton detector.

Cylinder Field Degrader

ds (em) U (V) |AUR™| (%) Urer (V) |AUR™| (%)

1 —14,947.2 0.16 —14,269.5 0.12
5 —14,692.6 0.9 —11,373.3 0.7

20 —9936.8 5.07 —2604.9 20.52
30 —3723.2 15.93 —607.1 25.26
80 —4.2 22.26 —0.6 22.14

Adjustments to the Cylinder Electrode

The homogeneity of the electrostatic potential at large distance from the proton detector can be
improved by adjusting the electrode diameter. The maximum relative potential deviation | AU
as a function of the electrode diameter D is shown in Fig.[5.12a] evaluated at multiple distances
d¢ from the sensor. The electrode length is fixed to 20cm. It can be seen that inhomogeneities
in the potential can be reduced at larger distances from the sensor if the electrode diameter is
increased from 24cm to 28cm. The maximum relative deviation |AU| decreases by 34 %
and 7% to about 3% and 15 % at a distance of 20 cm and 30 cm from the proton detector. An
increase of the electrode diameter does not affect the potential generated by the electrode at a
distance of 80 cm from the detector. The trend shows that improvements observed for |AUR*
become smaller for larger electrode diameters. One disadvantage of a wide electrode are, how-
ever, larger potential variations in regions close to the proton detector. Fig.[5.12b|shows AU
as a function of the electrode diameter D, evaluated at a distance of 1cm and 5cm above the
sensor. Despite an increase of radial potential variations with increasing electrode diameter, the
potential shows good homogeneity in this electrode region, with |[AUS| of 0.2 % and 1.1 % for
an electrode with diameter 28cm. This represents an increase of |AUS| by 30% and 23 %,
respectively.

One alternative to improve the overall potential homogeneity is to increase the electrode
length. The relative potential deviation |AU| evaluated at small distances from the proton
detector is shown in Fig. for multiple lengths L of the electrode of diameter 24cm. A
reduction of |[AU| by 86 % to 0.02% and 0.12% is achieved at a distance of 1cm and 5cm
above the sensor, respectively, if the electrode length is increased to 30 cm. In such a setup, strong
improvements of the potential homogeneity are also observed at larger distances from the sensor,
as shown in Fig. [5.13bl The relative deviation |AU™| decreases by 46 % to about 3% at the
distance ds = 20cm. In this electrode setup, |AURN™| is estimated to about 5% at a distance of
30 cm above the sensor, which corresponds to the location of the electrode entrance. This result
is consistent with the one obtain for the cylinder electrode of length L. = 20cm at a distance
ds = 20cm and, thus, at the electrode entrance. This indicates that inhomogeneities of the
electrostatic potential remain significant at the entrance of the cylinder electrode, independent
on its length. The homogeneity of the electrostatic potential in regions far from the electrode is
not significantly affected by the electrode length.

So far, only the cylinder electrode operated at a constant surface potential has been con-
sidered. The electrode can be also operated in resistive mode, as described in Section [5.2] to
obtain a similar profile of the electrostatic potential to the field degrader. A comparison of the

relative potential deviation |AUR™| between the two operation modes of the cylinder electrode
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Figure 5.12: Maximum relative deviation |AU™| of the electrostatic potential as a function of the
cylinder electrode diameter D evaluated at multiple distances ds above the proton sensor.
It can be seen that an electrode of small diameter generates a more homogeneous potential
inside the electrode region (b). However, in order to avoid large potential inhomogeneities
at larger distances from the sensor at, a wider electrode is required (a).
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Figure 5.13: Maximum relative deviation |AU™| of the electrostatic potential as a function of the
cylinder electrode length L, evaluated at multiple distances ds above the proton sensor. It
can be seen that a longer electrode generates a more homogeneous potential both at at
small and large distances from the sensor. The smallest mean relative potential deviation

is obtained for an electrode of length L. = 30 cm.

shows a decrease by 63 % and 43 % to 0.06 % and 0.51% at a distance of 1cm and 5cm from
the detector, respectively. On the other hand, |AUS| increases by 346 % to about 21 % at a
distance of 20 cm from the detector.

Results show that radial variations of the electrostatic potential in the vicinity of the proton
sensor can be significantly reduced either if a long cylinder electrode or if a resistive cylinder is
considered. Further electrode optimizations are, however, required to minimize potential vari-
ations at larger distances from the sensor.

Adjustments to the Field Degrader
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As for the cylinder electrode, a smaller inner diameter of the field degrader can be chosen to
achieve a better potential homogeneity inside the field degrader. However, variations of the
electrostatic potential increase at larger distances from the proton sensor. The relative potential
deviation |AUZ| is shown in Fig. as a function of the electrode inner diameters D; at
a distance of 1cm and 5cm from the proton sensor. All other electrode parameters are defined
as in the standard configuration. Results show that the electrostatic potential at small distances
from the proton sensor is most homogeneous when a field degrader with an inner diameter of
16 cm is considered. A further decrease of the inner diameter would require a reduction of the
beam and detector size. Potential inhomogeneities at larger distances from the proton detector
increase significantly if a smaller inner diameter is chosen, as shown in Fig. . Here, |AUX
increases by about 166 % and 35% to 55% and 34 % at a distance of 20cm and 30cm from
the sensor. The electrode inner diameter does not significantly affect the homogeneity of the
electrostatic potential in regions far from the electrode. As in the design of the cylinder electrode,
an optimization of the electrode diameter is required to balance effects inside and outside the

electrode. The modular design of the field degrader offers more flexibility in achieving this.
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Figure 5.14: Maximum relative deviation |AU**| of the electrostatic potential as a function of the field
degrader inner diameter D;, evaluated at multiple distances above the proton detector.
The electrode length L and the electrode outer diameter D, are fixed to 20cm and 28 cm.
While a small inner diameter of the field degrader is required to minimize |AUS*| at small

rel
distances from the sensor, the opposite holds for large distances.

One possible adjustment to avoid large radial variations of the potential at the electrode
entrance is to increase the inner diameter by tilting the entrance ring by an angle ¢, as shown in
Fig. [5.10al Note that such an adjustment increases the length of the field degrader. Fig.
shows the relative potential |AUZ*| as a function of the tilt angle § evaluated at a distance of
20 cm and 30 cm from the proton detectoff’] It can be seen that |AUX| decreases rapidly with

rel

increasing tilt angle 6. For a tilt of 90°, a reduction of |[AUS™| by 13% and 4% to 18 % and
24 % is achieved at a distance of 20cm and 30 cm, respectively. Such an adjustment causes an
increase of potential variations in the vicinity of the proton detector. However, effects are small
and variations of the potential across the beam remain below 1% in this region.

To balance effects at small and large distances from the sensor, rotations of multiple electrode
rings can be considered. Studies presented in the following consider a gradual increase of the

electrode inner diameter from the electrode end plate towards the electrode entrance. To achieve

“The evaluation of |AU™| is performed at the inner edge of the entrance ring for z = Om.
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this, a setup in which the angle §; between two consecutive electrode rings increases by 5°, with ¢,
= 0° and d;; = 50° at rings R1 and R11, respectively. The relative change |AUS™| decreases by
19% and 11 % to about 0.1 % and 0.6 % at a distance of 1cm and 5cm from the proton sensor,
respectively, compared to the standard configuration of the field degrader. A better homogeneity
of the electrostatic potential is obtained also at larger distances from the detector, with relative
changes of the potential of 16 % and 25 % at a distance of 20cm and 30 cm, respectively.
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Figure 5.15: Maximum relative deviation |AU*| of the electrostatic potential as a function of the tilt
angle ¢ of the field degrader entrance ring, evaluated at a distance of 20cm and 30cm
above the detector. Inhomogeneities of the electrostatic potential at larger distances from
the sensor can be reduced by tilting the electrode entrance ring away from the central axis

z, as shown in Fig. .

One additional feature of the field degrader is the concentric wire grid which can be attached
at the electrode entrance. The wire grid, operated at the same surface potential as the entrance
ring, constrains the potential inside the electrode and minimizes potential inhomogeneities present
in these regions. Relative potential deviations |AUZ*|, evaluated at a distance of 1cm and 5cm
from the proton detector, decrease significantly to 0.05 % and 0.18 %, respectively, if this feature
is considered. However, the electrostatic potential extends into the detection region between the
wires, as shown in Fig. in the y-z-plane for x = 0 m. The electrostatic potential in the wire
plane and in its vicinity is strongly inhomogeneous. The largest inhomogeneities are present in
the wire plane at z = 0.1 m. Here, AU, reaches a maximum of 27.8 % between the wires (see
Fig. .

The electrostatic potential generated by the electrode in the wire grid plane depends on
geometrical parameters such as the number of wires and their diameter. To improve the potential
homogeneity in the wire plane, the number of wires can be reduced to increase the distance dy;re
between consecutive wires. In the following, wire grids composed of 22, 11 and 5 concentric
wires, which are separated by a distance dy;i of 5.14 mm, 10.24 mm and 20.64 mm, respectively,
are considered. Alternatively, the wire diameter D, and, thus, the surface of the circular wires
can be decreased to reduce inhomogeneities of the electrostatic potential present in the wire
plane. Wire grids composed of 22 individual wires of diameter 50 ym, 100 pm and 200 pm are
considered. Results show that:

e Number of wires: A decrease of the number of wires from 22 to 11 and 5 results in a
reduction of the |AUZ| to about 19 % and 14 %, respectively.

rel

e Wire diameter D,;.: A decrease of the wire diameter from 200 pm to 100 pm and 50 pm
results in a reduction of |AUS| to about 20 % and 18 %.
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Figure 5.16: (a) Electrostatic potential U generated by the wire grid field degrader, evaluated in the
y-z-plane for z = 0m. (b) Relative deviation AU, of the electrostatic potential evaluated
as a function of position y at the wire grid of the field degrader. The proton beam edge
is marked by the dashed, gray line. The grounded wire grid generates a region of strongly
inhomogeneous potential at the electrode entrance. Input data U, —134.8 V.

Studies of the electrostatic potential induced by the cylinder electrode and field degrader
performed in this section show that radial potential variations are small in the vicinity of the
proton sensor, with |[AUM| < 1% evaluated at distances d; < 5cm. However, potential
variations increase at larger distances from the sensor in both setups. Large potential variations
during the period of one particle gyration might break the invariance of the particle magnetic
moment and make the particle transport non-adiabatic. The adiabatic transport of decay protons
inside the detection region is studied, based on particle-tracking simulations, for both electrode

types in the following section.

5.4 Adiabatic Particle Transport Studies

A detailed study of the adiabatic particle transport relies on tracking of protons in the electro-
magnetic field of the detection region. Adibaticity simplifies investigations of systematic effects
and enables an analytical description of particle properties such as kinetic energy and pitch angle.
To ensure an adiabatic motion of the decay protons, variations of the electric and magnetic fields
experienced by the protons over one gyration period need to be sufficiently small. For the invest-
igations performed in this section, a spatial distribution of the protons inside the detection region
according to Fig. and a magnetic field of 220 mT are considered, if not stated otherwise. The
cylinder electrode and field degrader setups correspond to the standard configurations given in
Section . The magnetic field is provided by a cylindrical coil with a length of 10m and a
minimum and maximum radius of 0.22m and 0.29 m which encloses the vacuum tube.

The orientation of the electric field £ induced by the cylinder electrode and field degrader
inside the detection region is shown in Fig. [5.17] evaluated in the y-z-plane for z = 0. Results
presented in Section have shown that the electrostatic potential inside the field degrader
is more homogeneous, compared to the cylinder electrode. The same is observed for the electric
field. Non-uniform fields are present in regions outside the electrode in both setups. Normal field
components vanish at the axis of symmetry z and increase for larger distances from the axis.

5Due to software restrictions, investigations of the resistive cylinder are not included in this and the following
sections. However, the electrostatic potential and, thus, the electric field generated by such an electrode is similar
to the field degrader.
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Figure 5.17: Electric field E generated inside the detection region by the (a) cylinder electrode and (b)
field degrader, shown across the y-z-plane for x = Om. The area covered by the proton
beam is marked in gray. Protons move in the direction of increasing position z. Note that
the length of the arrows does not depict the electric field strength. A comparison of the two
setups shows that the electric field generated by the field degrader is more uniform across
the proton beam inside the electrode. The field along the central axis z (for y = 0m) has
no normal components since the geometry of both setups is axially symmetric.
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Large variations of the electric field during the period of one particle gyration break the
invariance of the particle magnetic moment and the particle transport can not be described in
the adiabatic approximation. The electric field generated by the post-acceleration electrode and
the guiding magnetic field should fulfill the adiabatic conditions mentioned in Eq. (2.13]). The
magnetic field inside the detection region is designed to fulfill this condition (see Fig. . In
the following, the electric field and variations thereof are evaluated along the trajectories of decay
protons.

Fig. shows a comparison of the electric field norm E experienced by a proton which
starts 4 cm off-axis with initial kinetic energy Ty = 10V, pitch angle 6y = 45° and phase angle
wo = 0° when accelerated by the cylinder electrode and field degradelﬂ The proton traverses a
region of weak electric fields at large distances from the electrode entrance in both setups. As it
approaches the electrode entrance, it experiences a rapidly increasing field. A comparison of the
electric field in the proximity of the electrode entrance and inside the electrode shows:

e Cylinder electrode: The electric field reaches a maximum at the electrode entrance and
decreases rapidly inside the electrode, where the electrostatic potential (see Fig. [5.6a)) and,
thus, the field become more homogeneous.

e Field degrader: The proton experiences a monotonically increasing electric field as it moves
towards the sensor. Note that the electric field generated by the electrode does not extends
as far into the detection region, compared to the cylinder electrode.

The electric field generated by both electrodes changes significantly along the particle trajectory.
Such field gradients should be small to ensure an adiabatic transport of the protons.

6We mention that the trajectories of the simulated protons presented in this and the following section end 1cm
before the particles reach the electrode end plate. This is due to a software restriction for electrostatic potential
calculation very close to the electrode end plate. To obtain comparable results for all geometries presented in this
chapter, all particle trajectories end at position z = 0.09 m.
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Figure 5.18:

(0/9]
o

Electro‘de Eh‘“ETOE‘CE ‘ = T Electro&e ‘ ‘ >€ ‘
Py 80 H— Cylinder Entrance é 1Rs Cylinder H
E —— Field Degrader = [| > Field Degrader %
o o 00 o+ X 1
Z 60f - RN ;
= = L X 4
£ 4of 2 Y £
= 50 A
= a [ X| x
£ o} = 20¢ §‘§ E
= = :
H < r Electrode:
0 - I
-20 -15 =10 =05 0.0 -20 =15 =10 =05 0.0
Position z (m) Position z (m)
(a) (b)
§ E‘lerrrodei § 300 Electrot‘ie E‘lnr,trod(‘i ]
= 0.6l Entranc’(*: 1 \-; — Cylinder Entrance ;
:é: ' H 1 < —— Field Degrader H
~ H ] ~
7 200} ]
i— 0.3 ] <
§ E
5 0.0f 1 2 100} |
= =
= =
& —0.3} . X
A % 0 ]
g Electrode =
% —0.6[{— Cylinder i E
= —— Field Degrad ' 1 Q
‘% eld Degrader | ‘ P 2 100k ‘ ‘ ‘ L]
-20 -15 -10 -05 0.0 -20 -15 —-1.0 =05 0.0
Position z (m) Position z (m)
(c) (d)
6 ‘ 1 . ‘ .
— Eeg}:,ll‘iolzir El('(ftr()(l(‘,i 1 ;’\g 300 Eeétligfir Jectrod H
g || — Field Degrader Entrance; \i_/ﬂ — Fi}:eld Degradel‘ lhzﬁffiﬁicc E
2 < :
- = 200] ]
&gt 13
wn
E 5
= =100} |
= | =
g2 1 2
ER £ 0 1
> =
< 2
L = :
ok ‘ ‘ ‘ - —100L ‘ ‘ | .
-20 —-15 —-1.0 =05 0.0 -20 =15 -10 =05 00
Position z (m) Position z (m)
(e) (f)

Comparison of non-adiabatic effects introduced by the cylinder electrode and field degrader:
A proton of initial kinetic energy Ty = 10 eV, pitch angle 8y = 45° and phase angle ¢y = 0°
experiences a rapidly increasing electric field E (a) as it approaches the electrode in both
setups. In this region, relative deviations AE/E of the electric field (b), evaluated after
each period of the particle gyration, are significant. This causes non-adiabatic effects,
which are reflected in deviations of the particle longitudinal kinetic energy ATlfraJ/Tl?d

(c) and pitch angle Af;,j/0aq (d) from the adiabatic quantities Tﬁ"d and 6,q given in
Egs. (2.17) and (2.18)), respectively. While oscillations of the particle kinetic energy are
small, those observed in the particle pitch angle are significant. Since changes of the pitch
angle are non-adiabatic, the particle gyration radius r, (e) is no longer constant and large
deviations Arg/r, from the initial gyration radius (f) are observed. Effects are, however,
smaller when the proton is accelerated by the field degrader.
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The relative field deviation AE/E within one gyration of the same proton, when accelerated
by the cylinder electrode and field degrader, is shown in Fig.[5.18b] Here, AE/E is evaluated after
every complete gyration of the particle, as described in Section [3.2.1] In the regions far from the
electrode, where the electric field is close to zero, relative field deviations AE/E are (already)
large in both setups[]. As the particle approaches the electrode and gains longitudinal kinetic
energy, the pitch height of the particle gyration increases. This is reflected by the decreasing
number of periodic points with increasing position z considered in the evaluation of AE/E. Over
this region, AE/FE increases significantly during one particle gyration. Since the electric field
generated by the field degrader does not reach as far into the detection region, deviations AE/E
start at a later position z of the particle trajectory and are smaller, compared to the cylinder
electrode. Note that the pitch height of the gyro motion increases significantly before the proton
enters the electrode and the proton does not complete a gyration afterwards. Large variations of
the electric field during one gyration of the proton cause non-adiabatic effects in both setups.

traj

Non-adiabatic effects are reflected in deviations of the proton longitudinal kinetic energy 7|
and pitch angle 6;,,; from the adiabatic quantities THad and 0,4 given in Eqgs. 1} and 1}

Figs. [5.18¢| and [5.18d| show relative deviations AT”“aj/Tﬁ“d and Ab,,5/0.q of the proton kinetic
energy and pitch angle, respectively, along the particle trajectory. Oscillations of both quantities
in regions where the proton experiences strong electric field gradients are observed in the two
setups. Effects in the longitudinal kinetic energy of the proton are small. However, Afy;/0a4
oscillates with a significant amplitude. In the field degrader setup, oscillations of the pitch angle
have a smaller envelope, compared to the cylinder electrode, caused by the smaller field gradients
experienced by the proton.

One property of the particle trajectory, which comprises both non-adiabatic effects, is the
particle gyration radius 7,. Fig. shows that the gyration radius is no longer constant.
Relative deviations of the gyration radius Ar,/r, from the initial gyration radius r, become
significant as the proton approaches the electrode entrance in both setups, as shown in Fig.[5.18f|
Note that oscillations of Ar,/r, are comparable to those observed in the particle pitch angle.
Independent on the electrode type, deviations of the gyration radius remain significant at the end
of the particle trajectory.

Fig. shows the relative deviation Ar,/r, of the particle gyration radius evaluated at the
end of the particle trajectory as a function of the initial proton kinetic energy Ty (6y = 45°)
and pitch angle 6y (T, = 10€V). Here, the correlation between the particle kinetic energy and
the radial starting position of a tracked proton is considered according to Fig. 5.1} The relative
deviation Ar, /1, represents the mean value evaluated over the phase angle ¢, ranging from 0°
to 360° in steps of 45°. Variation bars indicate the minimum and maximum deviation from the
mean value Ar,/7,. It can be seen that non-adiabatic effects are smaller in the field degrader
setup for all proton energies and pitch angles. Since the electric field generated by the field
degrader is more homogeneous, variations from the mean value are significantly smaller. Results
show that relative deviations Ar,/r, strongly depend on the initial properties of the incoming
protons:

e Low energetic protons with pitch angles 6, up to 15° follow orbits of small gyration radii
(rg < 0.5mm) at the start of the trajectory. Additionally, they cover regions of strongly
non-uniform electric fields at large distances from the axis of symmetry z. Hence, relative
deviations Ar, /7, and phase angle variations are largest for such protons in both setups.

e Protons with energies below 450 eV, which enter the detection region at smaller distances
from the symmetry axis, cover more homogeneous electric field areas (see Fig.|5.17)). Thus,

"The electric field generated by the two electrodes in regions far from the electrode increases very slowly and
is in the order of 107V /m. Thus, relative changes of the electric field AE/E during one particle gyration are
already large, however, constant.
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Figure 5.19: Relative deviation Arg/r, of the particle gyration radius, evaluated at the end of the
particle trajectory, as a function of the initial proton (a) kinetic energy Tj and (b) pitch
angle 6 for the cylinder electrode and field degrader. Here, Ar,/r, is the mean value over
all tracked phase angles ¢q for a given proton energy. Variation bars indicate the minimum
and maximum deviation from the mean value. Note that for a better comparison of the
variations bars, data for the field degrader is shifted by 10eV in (a). A comparison of
the two electrodes shows that non-adiabatic effects are significantly smaller in the field
degrader setup, independent on the particle energy and pitch angle.

Arg /s and @p-variations decrease with increasing kinetic energy 7 in this range.

e The transport of protons with energies of 450 €V, which start the trajectory on the axis of
symmetry, is adiabatic in both setups and (py-variations vanish.

e For energies above 450 €V, relative deviations of the gyration radius increase with Ty. Since
the gyration radius of the particle orbit increases with the transversal particle velocity v
(see Eq. ) and, thus, with the transversal kinetic energy T’ , high energetic particles
cover wider areas of the detection region and experience larger field gradients. Therefore,
phase angle variation increase with the kinetic energy Tj.

Both electrodes require geometrical and electrical adjustments to reduce gradients of the
electric field experienced by the decay protons within one gyration period and to minimize non-
adiabatic effects. Such adjustments are discussed in the following for the cylinder electrode and
field degrader, individually.

5.4.1 Adjustments to the Cylinder Electrode

Electrode Diameter and Length

Two trivial geometrical electrode parameters, which affect the electric field and its magnitude, are
the electrode diameter D and length L. Fig. shows the electric field along the trajectory
of a proton of energy Ty = 10€V, pitch angle 6, = 45° and phase angle ¢, = 315° for multiple
diameters D of the cylinder electrode. It can be seen that the peak of the electric field at the
electrode entrance decreases for larger diameters, while its reach towards the detector increases.

The effect of the diameter variation on relative deviations Ar,/r, of the gyration radius is shown
in Fig. [5.20b] for the same proton as a function of position z. The electric field strength at larger
distances from the electrode entrance does not increase monotonically with the diameter D. It
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Figure 5.20: (a) Electric field E and (b) relative deviation Ar,/r, of the particle gyration radius as a
function of position z for a proton of initial energy Ty = 10€V and pitch angle 6y = 45° for
multiple electrode diameters D. The proton moves in the direction of increasing position
z. The electrode entrance is marked by the gray dashed line. The peak at the electrode
entrance decreases for larger electrode diameters while the reach of E towards the sensor
increases. This results in a decrease of Arg/r, inside the electrode.
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Figure 5.21: Relative deviation Ary/r, of the particle gyration radius, evaluated at the end of the particle
trajectory, as a function of the proton initial (a) kinetic energy Ty and (b) pitch angle 6y
for multiple diameters D of the cylinder electrode. Note that for a better comparison
of the variations bars, data for protons of kinetic energy 750€V are shifted by 0.2cm in
(a). Relative deviations Arg/r, decrease with increasing electrode diameter for all proton
energies and pitch angles. Effects are more pronounced for low energetic protons with
small initial pitch angles.

reaches a maximum between diameters D of 24 cm and 26 cm?|, similar to the effect observed in
the evaluation of the electrostatic potential at large distances from the electrode in Fig.[5.7a] For
an electrode of diameter 24 cm, oscillations of the gyration radius occur at an earlier position of
the particle trajectory and their amplitude increases in regions outside the electrode, compared
to an electrode of diameter D = 20cm. An increase of the electrode diameter D from 24 cm to

8Evaluations of the electric field strength E at position z = —0.4 m yield 3343V /m, 3470V/m and 3367 V/m
for an electrode diameter D of 20cm, 24 cm and 28 cm, respectively.
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28 cm results in a decrease of the oscillation amplitude of Ar, /7, in regions outside the electrode.
Relative deviations of the gyration radius decrease with increasing electrode diameter inside the
electrode. Fig. shows the relative deviation of the gyration radius Ar, /7, at the end of the
particle trajectory as a function of the electrode diameter D for multiple proton initial energies
Ty and pitch angles 8. An increase of the electrode diameter from 24 cm to 28 cm results in
a decrease of Ar,/r, and of phase angle variations for all proton energies and pitch angles 6.
However, non-adiabatic effects remain significant, especially when compared to the field degrader
(see Fig. [5.19).

The influence of the electrode length L on the electric field E experienced by a proton of
initial energy 10eV and pitch angle 45° as it gyrates towards the sensor is shown in Fig. [5.223
It can be seen that large electric fields are present over the entire length of the electrode and in
front of the electrode entrance for L = 10cm. Hence, the relative change of the electric field
from the electrode entrance to the sensor is smaller. The relative deviation Ar,/r, along the
trajectory of the same proton is shown in Fig. for multiple electrode lengths L. Although,
oscillations of Ar,/r, increase for shorter electrodes outside the electrode, relative deviations of
the gyration radius are significantly smaller inside the electrode. A reduction of the electrode
length from 20cm to 10cm results in smaller relative deviations of the gyration radius at the
end of the trajectory for all proton energies T, and pitch angles 6. This is shown in Fig. [5.23
Note that Ar,/r, reaches a constant value for electrode lengths above 20 cm. If the electrode
is long enough, protons pass a region of constant electric field before arriving at the detector
and non-adiabatic effect are suppressed over this region. Although non-adiabatic effects can be
reduced by adjusting the electrode length and diameter, they remain significant.
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Figure 5.22: (a) Electric field E experienced by a proton of initial energy Ty = 10V, pitch angle 6y = 45°
and phase angle g = 0° when accelerated by the cylinder electrode for multiple electrode
lengths L. The peak at the electrode entrance decreases for larger electrode diameters. The
field inside the electrode decreases slower when a a larger electrode diameter is considered.
(b) Relative deviation Ar,/r, of the particle gyration radius evaluated for the same proton
as in (a) for multiple lengths L of the cylinder electrode. Relative deviations Arg/rg
decrease inside the electrode with increasing length L. For a better comparison, data are
shifted by —0.1 m and 0.1 m for the electrodes of length 10cm and 30 cm, respectively, in
both figures.
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Figure 5.23: Relative deviation Arg/r, of the particle gyration radius, evaluated at the end of the
particle trajectory, as a function of the proton initial (a) kinetic energy Ty and (b) pitch
angle 6 for multiple lengths L of the cylinder electrode. Note that data are shifted by 1 cm
for protons of energies 750 €V in (a) and by 1° for 8y = 45° in (b). Although non-adiabatic
effects observed for low energetic protons can be reduced if an electrode of length 10cm
is chosen, effects remain significant.

Proton Post-acceleration Potential

In order to significantly reduce the magnitude of the electric field, a smaller post-acceleration
potential Ux can be chosen. The peak of the electric field F present at the electrode entrance de-
creases linearly with the post-acceleration potential (see Fig. and particles experience smaller
field gradients over the tracked distance. A significant reduction of relative deviations Ar,/r, of
the particle gyration radius is achieved for all initial proton energies Ty and pitch angles 6y when
a post-acceleration potential |Uy| of 5kV is chosen, as shown in Fig. . Additionally, variation
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Figure 5.24: Relative deviation Ar, /7, of the particle gyration radius, evaluated at the end of the proton
trajectory, as a function of the initial proton (a) kinetic energy Tp and (b) pitch angle 6y
for multiple post-acceleration potentials |Ua| applied at the cylinder electrode. Note that
data are shifted by 1kV for protons of energies 750 €V in (a). Non-adiabatic effects can be
significantly reduced if a low post-acceleration potential is chosen.

bars decrease significantly for high energetic protons. Results obtained for a post-acceleration
potential of 5kV are comparable to the ones obtained for the field degrader (see Fig.|5.19)). The
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amount of post-acceleration required for the detection of decay protons depends, among other
parameters, on the chosen detector type and on the detector performance.

5.4.2 Adjustments to the Field Degrader

Electrode Diameter and Length

Similar to the adjustment of the cylinder electrode diameter, an increase of the field degrader in-
ner diameter can be considered to reduce the electric field strength and, therefore, non-adiabatic
effects, especially for low energetic protons. Fig. shows the relation between the relative
gyration radius Ar,/r, and the electrode inner diameter D; for multiple proton energies 7 and
pitch angles 6. The field degrader length L and outer diameter D, are fixed to 20 cm and 28 cm,
respectively. Although relative deviations Ar,/r, decrease for all proton kinetic energies and pitch
angles if the electrode diameter is increased, non-adiabatic effects remain significant, especially
for low energetic protons. Additional electrode parameters require adjustments to minimize such
effects.
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Figure 5.25: Relative deviation Arg/r, of the particle gyration radius, evaluated at the end of the
proton trajectory, as a function of the initial proton (a) kinetic energy T and (b) pitch
angle 6y for multiple inner diameters D; of the field degrader. Note that data are shifted
by 0.2cm and 0.4cm for protons of energies 4506V and 7506V, respectively, in (a). A
large inner electrode diameter is required to minimize non-adiabatic effects, especially for
low energetic protons with small initial pitch angles.

Electric field experienced by the protons as they gyrate towards the detector can be signific-
antly reduced by adjusting the number of individual rings (and, thus, the electrode length) and
the surface potential applied at the rings. In the following, a field degrader of length L = 20 cm,
30cm and 40 cm composed of 11, 16 and 21 equidistant rings with an increment of the surface
potential of —1.5kV, —1kV and —0.75kV between subsequent electrode rings, respectively, is
considered. The three field degrader setups are described in see Table (labeled as setup 1 to
3). The increment of the surface potential is adapted to the number of electrode rings according
to Ua/(IN — 1), where Ua denotes the post-acceleration potential and N is the total number
of rings. All other electrode parameters remain unchanged. The electric field experienced by a
proton with initial energy T, = 10€V, pitch angle §, = 45° and phase angle ¢y = 0° is shown in
Fig. for the three field degrader setups of length L. For a better comparison, data shown
in this figure are shifted such that the positions of the electrode entrance coincide in all setups.
Results show that the electric field decreases in magnitude if a long field degrader, with a small
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Figure 5.26: (a) Electric Field E as a function of position z for multiple length L of the field degrader
for a proton of initial kinetic energy Ty = 10€V, pitch angle 6y = 45° and phase angle
wo = 45°. The surface potential applied at the electrode rings is adjusted to the number
of electrode plates such that the potential gradient remains linear. This results in an
overall smaller electric field strength for longer electrodes. (b) Relative deviation Arg/r,
of the particle gyration radius as a function of position z for the same proton as in (a)
and multiple electrode lengths L of the field degrader. It can be seen that oscillations of
Arg/r, decreases when a long electrode is considered. Note that for a better comparison
data in both (a) and (b) are shifted by 0.1 m and 0.2 m for the electrodes of length 30 cm
and 40 cm, respectively
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Figure 5.27: Relative deviation Arg/r, of the particle gyration radius, evaluated at the end of the
particle trajectory, as a function of the initial proton (a) kinetic energy Ty and (b) pitch
angle 6y for multiple lengths L of the field degrader. Note that data are shifted by 1cm
and 2cm for protons of energies 450€V and 750€V, respectively, in (a). In (b), data are
shifted by 0.2cm and 0.4 cm for g = 10° and 45°, respectively. Non-adiabatic effects can
be significantly reduces if the length of the field degrader is increased.

increment of the surface potential applied at the electrode rings, is considered. This effect leads
to a reduction of the oscillation amplitude of the relative gyration radius Ar,/r,, as can be seen in
Fig. . The mean value Ar,/r, evaluated at the end of the particle trajectory and variations
with the phase angle decrease with increasing electrode length for all proton energies Tj and pitch
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angles 0. This is shown in Fig. [5.27] Note that the dependence of Arg/r, on the particle initial
energy Ty and pitch angle 6, also becomes smaller for longer electrodes. Although significant
improvements are obtained for the field degrader of length . = 40cm in combination with a
small increment of the surface potential applied at the electrode rings (setup 1), non-adiabatic
effects remain significant for low energetic protons of small pitch angles 6.

One optional feature of the field degrader is the concentric wire grid, that can be mounted
at the electrode entrance ring. In the following, the adiabatic transport of protons which are
accelerated by such an electrode is studied.

Wire Grid Field Degrader

Results presented in Sections [5.3.2] and [5.3.4] have shown that the wire grid used in combination
with the field degrader shields the detection region from the electrostatic potential generated by
the electrode more effectively and improves the potential homogeneity inside the electrode. In
the following, the electric field and relative changes of the particle gyration radius are studied
for the wire grid field degrader in the standard configuration (see setup 1 in Table . The
orientation of the electric field E generated by the electrode is shown in Fig. in the y-z-plane
for x = 0m. The electric field strength E and deviations of the particle gyration radius Ary/r,
experienced by a proton of energy Ty = 10€V and pitch angle 6, = 45° when accelerated by the
wire grid field degrader is shown in Fig. [5.28]
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Figure 5.28: (a) Electric field E and (b) relative deviation Ar,/rs of the particle gyration radius as a
function of position z for a proton of initial kinetic energy Ty = 10V, pitch angle 6y =
45° and phase angle 9 = 0° when accelerated by the field degrader in combination with
the concentric wire grid. The wire grid shields the detection region from strong electric
fields and oscillations of Arg/re are small in this region. Strong electric fields present in
the wire plane cause an abrupt change of the particle gyration radius.

As the proton approaches the electrode entrance it experiences a slowly increasing electric field
and oscillations observed in the gyration radius are small. However, large fields are present in the
wire plane and cause strong relative deviations Ar,/r, of the particle gyration radius. Inside the
electrode, E increases monotonically as the proton moves towards the detector. Relative devi-
ations of the gyration radius Ar, /7., evaluated at the end of the particle trajectory, are shown in
Fig. as a function of the proton initial kinetic energy T, and pitch angle 6,. Non-adiabatic
effects increase for all particle energies and pitch angles, when compared to the field degrader
without the wire grid (see Fig.[5.19). Variation bars also increase significantly, especially for low
energetic protons. These variations arise as protons of the same energy and pitch angle but with
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Figure 5.29: Relative deviation Ar,/r, of the particle gyration radius, evaluated at the end of the
particle trajectory, as a function of the initial proton (a) kinetic energy Ty and (b) pitch
angle 6. Significant field gradients present in the wire plane (see Fig. induce larger
non-adiabatic effects, especially for low energetic protons, compared to the field degrader

without a wire grid (see Fig. [5.19).

different initial phase angle (o, traverse the wire plane at different radial distances from the wires,
where strong electric fields are present.

If such an electrode is considered for the proton post-acceleration, multiple electrode para-
meters require adjustments to avoid strong electric fields at the wire grid and to minimize non-
adiabatic effects. The influence of such adjustments on relative changes of the particle gyrations
are studied in the following.

Strong electric fields experienced by the protons in the wire plane can be reduced if the dif-
ference between the surface potentials applied at the wire grid and the subsequent electrode ring
is small. Two approaches to achieve this are considered in the following: an increase of the field
degrader length by addition of electrode rings and a field degrader with a double wire grid system.

Length Variation of the Wire Grid Field Degrader

First, a variation of the number of electrode rings and of the surface potential applied at the indi-
vidual rings is considered. The electrode of length L = 20cm, 30cm and 40 cm (labeled as setup
1 to 3) is composed of 11, 16 and 21 equidistant rings with an increment of the surface potential
of —1.5kV, —1kV and —0.75kV between subsequent rings, respectively (see Table . All
other electrode parameters remain unchanged. The electric field £ experienced by the particle in
the wire plane and inside the electrode decreases for longer electrodes with a smaller increment
of the surface potential applied at the rings (see Fig. . The relative deviation Ary/r, of
the particle gyration radius, evaluated at the end of the trajectory, is shown in Fig. for
multiple proton kinetic energies Ty and pitch angles 6 as a function of the electrode length L.
The mean value Ar,/r, and phase angle variations decrease for longer electrodes, for which a
smaller increment of the surface potential is chosen between subsequent electrode rings. How-
ever, non-adiabatic effects remain significant, especially for low energetic protons, when compared
to the field degrader with the same geometrical and electrical setup without the wire grid (see

Fig. [5.27).

Double Wire Grid System
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Figure 5.30: (a) Electric field E as a function of position z experienced by a proton of initial kinetic
energy Tp = 10V, pitch angle 6y = 45° and phase angle ¢y = 0° accelerated by a wire grid
field degrader of various lengths L. (b) Relative deviation Ary/r, of the particle gyration
radius, evaluated at the end of the particle trajectory, as a function of the electrode length
L (corresponding to setups 1 to 3 in Table[C.2)) for multiple initial kinetic energies T, and
pitch angles 0y of the decay protons. The field degrader has a concentric wire grid attached
at the electrode entrance. For a better comparison, data in (a) are shifted by 0.1 m and
0.2m for the field degrader of length . = 30cm and 40 cm, respectively. Data are shifted
by 0.2cm and 0.4 cm for initial pitch angles 6y of 10° and 45° in (b).

Another approach to reduce strong electric fields present in the wire plane is to use a double
wire grid system. The two wire grids can be attached to the electrode entrance (wire grid 1) and
to the subsequent ring (wire grid 2). The latter should be operated at a small surface potential
to shield the wire grid at the electrode entrance from large electrostatic potentials and, thus,
electric fields. To avoid large electric fields at the second wire grid, additional adjustments of the
number of electrode rings and of their surface potential is required. Simulations were performed
for multiple setups of the field degrader with a double wire grid system and inclusions of addi-
tional electrode rings. A list of the simulated setups is provided in Tables[C.3|to[C.5] The setups
are divided into three groups based on the number of additional electrode rings considered. The
surface potential applied at the electrode rings R1 to R10 increases from —15kV to —1.5kV in
steps of 1.5kV in all setups, while surface potentials applied at the remaining electrode rings are
varied. To show trends, non-adiabatic effects are studied for comparable setups (number 3, 14
and 33), one from each setup subgroup. Fig. shows the electric field E evaluated along
the trajectory of a proton with kinetic energy T, = 10eV, pitch angle §, = 45° and phase angle
wo = 0° for the three setups. Note that for a better comparison, data are shifted in the vari-
ous setups to match the positions of the electrode entrance. The protons experience significant
electric fields, especially at the second wire grid. The peaks of the electric field present at the
two wires grids can be reduced if multiple rings are added to the field degrader (one and three
additional rings in setup 14 and 33, respectively), which are operated at small surface potentials.
The best results are achieved for setup 33. The relative deviation of the particle gyration radius
Arg /T, evaluated at the end of the trajectory is shown in Fig. as a function of the pitch
angle 6, for a proton of initial kinetic energy T, = 10€V. Relative changes of the gyration radius
and phase angle variations decrease considerably for small proton pitch angles in electrode setup
33. However, non-adiabatic effects remain significant when compared to the field degrader in the
standard configuration.
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Figure 5.31: (a) Electric field E as a function of position z for a proton of initial kinetic energy Ty =
10eV, pitch angle g = 45° and phase angle g = 0° accelerated by the field degrader
in combination with the double wire grid and additional electrode rings (setups listed in
Tablesto. (b) Relative deviation Arg /1y of the particle gyration radius, evaluated
at the end of the particle trajectory, as a function of the initial pitch angle 8y of a proton of
kinetic energy Tp = 10eV and multiple setups of the field degrader. Strong electric fields
present in the two wire planes and inside the electrode can be reduced if the increment of
the electrostatic potential applied at the wire grids and the subsequent electrode rings is
small. The best results are obtained for setup 33, especially for low energetic protons with
small pitch angles. For a better comparison, data in (a) are shifted by 2cm and 6¢cm in
setups 14 and 33, respectively, and by 0.5° and 1° for setups 14 and 33 in (b).

Results have shown that the particle transport is non-adiabatic if the protons are accelerated
by the cylinder electrode and field degrader (standard configurations). Effects are, however, sig-
nificantly smaller in the field degrader setup, where protons cover regions of more homogeneous
electric fields and experience smaller field gradients as they gyrate towards the sensor. Although
multiple electrode parameters can be adjusted to minimize non-adiabatic effects, further investig-
ations are required to evaluate their influence on the ExB drift effect. Such studies are performed
in the following section.

5.5 ExB Drift Effect Studies

Charged particles might experience ExB drifts when they pass regions of crossed electric and
magnetic fields. The orientation of the electric field induced by the cylinder electrode and field
degrader (standard configurations) inside the detection region was shown in Fig. . The
normal electric field components E and E, contribute to the ExB drift effect. Fig. [5.32] shows
the normal field components evaluated in both electrode setups along the trajectory of a proton
with initial kinetic energy Ty = 10€V and pitch angle 6, = 45° which starts 4 cm off-axis. It
can be seen that the normal field component E is dominant in both setups. Since the proton
enters the detection region off-axis, it passes a region of non-uniform electric field while moving
towards the electrode entrance. Both E and E\ reach a minimum in the vicinity of the cylinder
electrode and field degrader entrance. The normal fields experienced by the proton after it enters
the electrode differ in the two setups:

e Cylinder electrode: The orientation of the electric field changes as the proton enters the
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Figure 5.32: Normal electric field components (a) Ey and (b) E\ experienced by a proton of initial kinetic
energy Ty = 10eV, pitch angle 8y = 45° and phase angle ¢y = 0° which is accelerated by
the cylinder electrode and field degrader. The proton experiences large normal electric fields
before it enters the electrode, independent on the chosen electrode. Inside the electrode,
both E and E decrease rapidly towards the proton sensor.

electrode (see Fig. [5.17a)). This is reflected by the change in the sign of both normal
electric field components. Inside the cylinder, ) and E, increase to a maximum close to
the electrode entrance and, subsequently, decrease towards the proton sensor.

e Field degrader: Since the electric field inside the field degrader is oriented predominantly
in direction z, both normal field components converge towards zero.

To quantify the ExB drifts experienced by the protons, the distance D5, 5 by which the particle
guiding center has drifted is evaluated at the end of the particle trajectory as described in Sec-
tion 3.2.3

Fig.[p.33|shows D’ 5 as a function of the initial proton kinetic energy Tj and pitch angle 6,
for a fixed angle 6, = 45° and energy T, = 10¢€V, respectively, in both detection setups. Here,
Dg', 5 is the mean value evaluated over all simulated phase angles ¢ for a given proton energy
and pitch anglﬂ. Variation bars indicate the minimum and maximum deviation from the mean
value D, ;3. Results obtained for all simulated protons show a similar dependence on the particle
kinetic energy and pitch angle. A comparison between the two electrode types shows:

e The drift distance DE. ; is smaller for all proton energies (except for T, = 450€V) and
pitch angles in the cylinder electrode setup. This is caused by the change in orientation of
the electric field and, thus, of the ExB drift velocity vgxp (see Eq. (2.11))) which results
in a compensation of the net drift effect. Phase angle variations are, however, significantly
larger since protons gyrate in a strongly non-uniform electric field.

e Protons of initial kinetic energy T, = 450€V, which enter the detection region on-axis,
drift by a smaller amount if they are accelerated by the field degrader. The electric field
generated by the field degrader in the regions covered by such protons is more homogeneous
and has a lower strength, compared to the cylinder electrode. Since both geometries are
axially symmetric, variation bars vanish.

9Simulated protons have initial phase angle (g in the range 0° to 360° in steps of 45°.

76



e A strong dependence of DE  is also observed for the particle kinetic energy Tj in both
setups. Normal electric field components are zero at the central axis z and their strength
increases for larger distances from the axis. Hence, protons which enter the detection region
off-axis experience larger drifts.

e Phase angle variations from the mean value D§.  increase with the particle energy and
pitch angle in both setups. Protons of higher energies have larger gyration radii and cover
a wider region of strong normal electric fields. The same effect causes an increase of phase
angle variations with the particle pitch angle 6, for a fixed energy Tj.
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Figure 5.33: Comparison of the drift distance Dgch of the particle guiding center, evaluated at the

end of the particle trajectory, as a function of the initial proton (a) kinetic energy Ty and
(b) pitch angle 6 for the cylinder electrode and the field degrader. Here, D’ g is the
mean value over all simulated phase angles g and variation bars indicate the minimum
and maximum deviation from the mean value. Although drifts experienced by the protons
are larger in the field degrader setup, variation bars are significantly smaller for all proton
energies and pitch angles. Low and high energetic protons drift by large distances in both
setups. Note that data for the field degrader are shifted in (a) by 10eV for a better
visualization.

ExB drifts experienced by the decay protons in the two setups are significant, especially for
protons which enter the detection region at larger distances off-axis. To make a measurement
of the decay protons feasible, adjustments of the electrode geometries are required. In the
following, the influence of geometrical and electrical parameters of the two electrodes on ExB
drifts experienced by the decay protons is studied.

5.5.1 Adjustments to the Cylinder Electrode

Electrode Diameter

The electric field generated by the cylinder electrode decreases in magnitude (as shown in
Fig. [5.20a)) and becomes more homogeneous across the regions covered by the proton beam
if the electrode diameter is increased™ Fig. shows the normal electric field components E,

10Studies performed in Section have shown that the homogeneity of the electrostatic potential at larger
distance from the proton sensor increases if the electrode diameter is large. The opposite is observed in the
vicinity of the sensor, however, effects are in the order of 1% in the studied diameter range.
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and L, along the trajectory of a proton with initial kinetic energy 7T, = 10eV and pitch angle
0y = 45° for multiple diameters D of the cylinder electrode. Results show that the absolute
value of both extrema decreases with increasing electrode diameter. Subsequently, ExB drifts
experienced by the protons decrease. The drift distance of the particle guiding center D' ; as
a function of the electrode diameter D is shown in Fig. for multiple proton initial kinetic
energies T and pitch angles 6. Results show that phase angle variations also decrease with
increasing electrode diameter for all particle energies and pitch angles since the electric field in-
duced by the electrode becomes more homogeneous. However, improvements obtained for low
and high energetic protons by increasing the electrode diameter from 24cm to 28cm are not
sufficient.
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Figure 5.34: Normal electric field components (a) Ex and (b) Ey evaluated along the trajectory of a
proton of initial kinetic energy Ty = 10€V, pitch angle 8g = 45° and phase angle g = 0°
for multiple diameters D of the cylinder electrode. The normal fields experienced by the
proton decrease if the electrode diameter is large.

Proton Post-acceleration Potential

The normal electric field components Ey and £ and, thus, ExB drifts experienced by the pro-
tons can be significantly reduced if a lower post-acceleration potential is chosen (see Fig. .
The drift distance of the particle guiding center D§. ; is shown in Fig. as a function of
the post-acceleration potential |Uy| for multiple proton kinetic energies Tj, and pitch angles 6.
It can be seen that Dj.  and phase angle variations decrease significantly, independent on the
particle energy and pitch angle, if the post-acceleration potential is reduced from 15kV to 5kV.
In such a setup, all particles drift by distances below 5 mm.

Electrode Length

The homogeneity of the electrostatic potential (see Fig. and, thus, of the electric field
inside the electrode depends, among other parameters, on the electrode length L. Fig.
shows the normal electric field components £, and E, for multiple electrode lengths L, eval-
uated along the trajectory of a proton with initial kinetic energy Ty = 10eV and pitch angle
0y = 45°. Results show an increase of the electric field maximum present at the electrode en-
trance when the electrode length is increased from 10 cm to 20 cm. Additionally, the strength of
both E, and Ey at the end of the particle trajectory decreases. A further increase of the electrode
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Figure 5.35: Drift distance Df,,  of the particle guiding center, evaluated at the end of the particle
trajectory, as a function of the cylinder electrode diameter D for multiple initial proton
(a) kinetic energies Ty and (b) pitch angles 6y. Low and high energetic protons drift by
smaller distances if the electrode diameter is large. For a better comparison, data in (a)
are shifted by 0.2cm for Ty = 750€eV. In (b), data for 6y of 40° and 45° are shifted by
0.2cm and 0.4 cm, respectively.
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Figure 5.36: Drift distance Dngch of the particle guiding center, evaluated at the end of the particle
trajectory, as a function of the post-acceleration potential |Ua| applied at the cylinder
electrode for multiple (a) proton kinetic energies Ty and (b) pitch angles 6. Drifts of the
protons can be significantly if small a post-acceleration potential is chosen. Variation bars
also decrease considerably. For a better comparison, data in (a) are shifted by 0.5kV for
To = 750eV. In (b), data for 6y of 40° and 45° are shifted by 1kV and 2kV, respectively.

length to 30 cm does not affect the fields at the electrode entrance. However, if the electrode is
long enough, both field components converge inside the electrode towards zero. Although normal
field components increase inside the electrode for longer electrodes, the net drift experienced by
the protons decreases due to larger compensations in the direction of the drift. This is shown in
Fig. , where the drift distance of the particle guiding center DE.  is evaluated as a func-
tion of the electrode length L for multiple initial proton kinetic energies T and pitch angles 6.
Since the magnitude and width of the electric field maximum at the electrode entrance are not
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Normal electric field components (a) Eyx and (b) Ey, evaluated along the trajectory of a
proton of initial kinetic energy Ty = 10V, pitch angle 8g = 45° and phase angle g = 0°
for multiple lengths L of the cylinder electrode. The normal electric fields experienced by
the proton inside the electrode decrease if the electrode is short. Note that for a better
comparison data are shifted by —0.1 m and 0.1 m for electrode lengths of 10cm and 30cm,
respectively.

significantly affected by an increase of the electrode length above 20 cm, Dj;, ;; and phase angle
variations do not decrease sufficiently for low and high energetic protons, independent on the

particle pitch angle 6.
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Drift distance D§. p of the particle guiding center, evaluated at the end of the particle
trajectory, as a function of the cylinder electrode length L for multiple (a) proton kinetic
energies Ty and (b) pitch angles 6. The protons drift by smaller amounts if the electrode
is long. For a better comparison, data in (a) are shifted by 0.5cm for Ty = 750€V. In (b),
data for 6y of 40° and 45° are shifted by 0.5cm and 1cm, respectively.

Results have shown that ExB drifts experienced by the decay protons can not be suppressed
by a simple adjustment of the electrode diameter and length. As in the study of the adiabatic
particle transport, one effective tool to minimize the distance by which the protons drift as they
move towards the detector is the post-acceleration potential applied at the electrode. Further
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geometrical adjustments are however required to minimize energy and phase angle variations of
the ExB drift effect.

5.5.2 Adjustments to the Field Degrader

In the field degrader setup, regions of non-uniform electric fields are present in the vicinity of the
entrance ring (see Fig. . The field degrader should be adjusted such that the extremum of
the normal field components E, and E, present at the electrode entrance is minimized. In the
following, multiple geometrical and electrical adjustments of the field degrader are studied.

Electrode Inner Diameter and Length

Similar to the cylinder electrode, the absolute strength of the normal electric field components
and, thus, drifts of the particle guiding center DE. ; decrease for electrodes of larger diamet-
ers. In the following, a variation of the electrode inner diameter D; for an electrode of length
L = 20cm and outer diameter D, = 28cm is considered. Fig. shows Df' 5 as a function
of the electrode inner diameter for multiple initial kinetic energies Ty and pitch angles 6, of the
protons. It can be seen that D5, 3 decreases approximately linearly (over the range considered)
with increasing electrode diameter for all energies and pitch angles. Since the electric field gener-
ated by electrode of larger inner diameter becomes more homogeneous, variations from the mean
value D 5 decrease for protons with different initial phase angles ¢y. The effects are most
pronounced for high energetic protons with large pitch angles, which cover wider regions of the
electric field, compared to low energetic protons.
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Figure 5.39: Absolute deviation Dj;. ;; of the particle guiding center, evaluated at the end of the particle
trajectory, as a function of the field degrader inner diameter D; for multiple (a) proton
kinetic energies Ty and (b) pitch angles 6y. A large inner diameter of the field degrader is
required to reduce the drifts experienced by the decay protons. For a better comparison,
data in (a) are shifted by 0.2cm for Ty = 750€V. In (b), data for 6y of 40° and 45° are
shifted by 0.2kV and 0.4 kV, respectively.

The increment of the surface potential applied at the electrode rings and the number of
individual rings can be adjusted to reduce the electric field strength (see Fig. and, thus,
the drifts experienced by protons. In the following, a field degrader of length L of 20cm, 30cm
and 40 cm (labeled as setup 1 to 3) composed of 11, 16 and 21 individual rings combined with an
increment of the surface potential applied at the electrode rings of —1.5kV, —1kV and —0.75kV,
respectively, is considered (see Table . All other electrode parameters remain unchanged.
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Figure 5.40: Normal electric field components (a) Ex and (b) Ey as a function of position z for a
proton of initial kinetic energy Ty = 106V, pitch angle 6y = 45° and phase angle ¢y =
0° for multiple lengths L of the field degrader. Note that a variation of the electrode
length is combined with an adjustment of the surface potential applied at the individual
electrode rings according to Table [C.I] Additionally, for a better comparison data are
shifted by 0.1 m and 0.2m for electrode lengths of 30cm and 40cm, respectively. The
normal electric fields experienced by the proton at the electrode entrance decrease if the
electrode is long. However, a second minimum forms in regions close to the electrode end
plate.

Fig. shows the normal electric field components £ and £ along the trajectory of a proton
of initial kinetic energy Ty = 10€V and pitch angle 6y = 45° for the multiple lengths L of the
electrode. Note that for a better comparison, data are shifted for the various electrode lengths
to match the position of the electrode entrance in all setups. It can be seen that the electric field
generated by a longer electrode, combined with smaller increments of the surface potential applied
between subsequent rings, decreases in (absolut) strength. However, the electric field becomes
less uniform in the lower half of the electrode. This is reflected in the presence of a second
minimum for an electrode of length L. = 40cm. Thus, protons might experience additional drifts
over this region. The drift distance Df 5 of the particle guiding center, evaluated at the end of
the particle trajectory, is shown in Fig. as a function of the electrode length L for multiple
initial proton kinetic energies Ty and pitch angles 6,. The drift of the proton guiding center
decreases for longer electrodes, for all particle energies and pitch angles. As the field becomes
more homogeneous for longer electrodes, variations from the mean value D ; also decrease.
The effects become, however, smaller for electrodes longer than 30 cm, since the electric field
becomes less uniform in regions close to the electrode end plate.

One optional feature of the field degrader is the concentric wire grid, which can be attached
at the entrance ring. The ExB drifts experienced by the protons in such a setup are evaluated
in the following.

Wire Grid Field Degrader
According to studies performed in Section [5.3.4] the homogeneity of the potential inside the
electrode can be improved by attaching the circular wire grid at the electrode entrance ring. This

additionally shields the detection region from large electrostatic potentials. The potential gener-
ated by the electrode in the wire plane is, however, strongly inhomogeneous. In the following, a
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Figure 5.41: Drift distance D%;;B of the particle guiding center, evaluated at the end of the particle
trajectory, as a function of the field degrader length L for multiple (a) proton kinetic
energies Tp and (b) pitch angles 6. Note that the length of the field degrader is increased
by adding rings to the existing electrode setup (see Table . The potential gradient
across the electrode rings is linear in each electrode setup. Protons drift by smaller distances
if the length of the field degrader is increased and the increment of the surface potential
applied to the electrode rings is small. For a better comparison, data in (a) are shifted by
0.5cm for Ty = 750€V. In (b), data for 6y of 40° and 45° are shifted by 0.5kV and 1kV,
respectively.

wire grid field degrader described by setup 1 in Table is considered.

The normal electric field components E, and E, evaluated along the trajectory of a proton
of energy Ty = 10eV and pitch angle 6, = 45° are shown in Fig. [5.42] Due to the shielding
effect, normal electric fields experienced by the proton before entering the electrode are small.
However, both field components increase abruptly when the proton passes the wire grid plane.
This is caused by the strong normal electric fields present at the wires (see Fig. . Inside
the electrode, both normal field components are small. Fig. shows the drift distance of the
particle guiding center D§',  as a function of the initial proton kinetic energy Ty and pitch angle
0p. A comparison of the field degrader with and without wire grid (see Fig. shows that
Dg' 5 decreases considerably for all proton energies T and pitch angles 6. Additionally, the
dependence of D, on the particle initial energy is strongly reduced. This is due to the more
uniform electric field generated by the field degrader in the electrode region when combined with
the wire grid. However, variations of Dj. ;; with the particle phase angle ¢, become significant.
As already mentioned in Section [5.4.2] large variations arise as the distance between the wires
and the position of particles of the same energy and pitch angle changes, depending on the initial
phase angle ¢y. Geometrical and electrical parameters of the field degrader require adjustments
to minimize the ExB drifts experienced by the decay protons.

As in the discussion of non-adiabatic effects (see Section [5.4.2), two approaches to minimize
the strong electric fields present in the wire plane are introduced: a combined variation of the
number of electrode rings and of the surface potential applied at the rings and a double wire grid
system. Studies performed in the following focus on the reduction of ExB drifts experienced by
low energetic protons as they are accelerated by a wire grid field degrader.

Length Variation of the Wire Grid Electrode
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ring. Normal electric fields experienced by the proton before it enters the electrode are
small. However, strong fields are present in the wire plane.
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Figure 5.43: Drift distance of the particle guiding center Df\, 5, evaluated at the end of the particle
trajectory, as a function of the initial proton(a) kinetic energy Ty and (b) pitch angle 6y,
for protons accelerated by the field degrader with the concentric wire grid attached at the
entrance ring. Protons experience smaller drifts, compared to the field degrader without
the wire grid (see Fig. . However, variation bars increase considerably.
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The variation of the number of electrode rings and of the surface potential applied at the rings
is first considered. The wire grid electrodes used for the following studies have length L =
20cm, 30cm and 40cm (labeled as setup 1 to 3) and are composed of 11, 16 and 21 equidistant
rings with an increment of the surface potential of —1.5kV, —1kV and —0.75kV at the rings,
respectively (see Table[C.2)). Results presented in Fig. have shown that the strength of the
electric field generated by the electrode decreases for longer electrodes with a small increment of
the surface potential applied at the individual rings. The same is observed for the normal field
components Ey and E (see Fig. . Note that a second minimum of both E, and E, forms
in the lower half of the electrode. Fig. shows the drift distance of the particle guiding center
Dg g as a function of the electrode length L for multiple initial proton kinetic energies T, and
pitch angles 6. Results show that a long electrode can be effective in the reduction of the drifts
experienced by low energetic protons with small initial pitch angles. However, the average drift
is not considerably affected by such an adjustment of the electrode and phase angle variations
remain significant. This is (partially) due to stronger normal electric fields present in the lower
half of the electrode. Thus, further optimizations to the field degrader and wire grid are required

to suppress this effect.
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Figure 5.44: Drift distance of the particle guiding center Df\, 5, evaluated at the end of the particle
trajectory, as a function of the initial proton (a) kinetic energy Tp and (b) pitch angle 6y,
for multiple lengths of the field degrader with the concentric wire grid attached at the
entrance ring (see for setup description). For a better comparison, data in (a) are shifted
by 0.2cm and 0.4cm for Tj) of 450€eV and 750€V, respectively. In (b), data for 6y of 40°
and 45° are shifted by 0.5cm and 1cm, respectively.

Double Wire Grid System

Results presented in Section have shown that non-adiabatic effects can be reduced if the
field degrader is used in combination with a double wire grid system. Here, the same setups
of the post-acceleration electrode, label as 3, 14 and 33 (see Tables to are considered
and the normal electric fields and ExB drifts experienced by the decay protons are compared.
Fig. shows the normal electric field component E, along the trajectory of a proton of
energy Ty = 10eV and pitch angle 8, = 0°. Note that for a better comparison of the three
setups, data are shifted to match the various positions of the electrode entrances. Results show
that strong electric fields are present in the two wire planes, independent on the chosen setup.
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Figure 5.45: (a) Normal electric field component Ey as a function of position z, evaluated for a proton
of initial kinetic energy Ty = 10eV, pitch angle 8y = 45° and phase angle o = 0° for
multiple setups of the field degrader including a double wire grid system attached at the
electrode entrance (see for setup description). (b) Drift distance of the particle guiding
center D 3, evaluated at the end of the particle trajectory, as a function of the particle
pitch angle 6y for Ty = 10eV. For a better comparison, data in (a) are shifted by 2cm
and 6.cm for setups 14 and 33. In (b), data for setups 14 and 33 are shifted by 0.5° and
1°, respectively.

However, the wire grid system is shielded more effectively from large electric fields if additional
electrode rings are added to the field degrader, as in setups 14 and 33. Hence, the normal field
component FE, experienced by the proton when passing the wire grid system decreases. Such
setups come, however, with a disadvantage: the electric field inside the field degrader becomes
less uniform and the minimum of the normal field component E, present inside the electrode
increases. Therefore, protons experience larger drifts, compared to setup 3 of the wire grid field
degrader. Fig. shows the drift distance of the particle guiding D, as a function of the
initial proton pitch angle 6y for a proton of energy 10€V in the three proposed setups. It can be
seen that Df g is below 2mm in setup 3, independent on the particle pitch angle. The largest
drifts are experienced by protons in setup 33, where Df, ; is in the order of 5mm. Phase angle
variations remain, however, significant independent on the chosen field degrader setup.

So far, only variations of geometrical and electrical electrode parameters have been considered in
the studies performed for the adiabatic particle transport and ExB drift effects. Promising results
have been obtained for the field degrader. To further minimize non-adiabatic effects and drifts of
the decay protons, an adjustment of the proton beam can be considered. Studies performed in
the following section aim to determine the effect of a particle beam size and position adjustment
on the systematic effects mentioned above.

5.6 Further Studies

Results have shown that low and high energetic protons follow trajectories along regions of
(strongly) non-uniform electric fields when they are accelerated by the cylinder electrode and
field degrader, if they enter the detection region at large distances from the system central axis z.
Non-adiabatic effects and ExB drifts experienced by such protons are significant. On the other
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hand, effects on protons of initial kinetic energy 450€V, which gyrate around the central axis z
towards the sensor, are suppressed. This is due to vanishing normal electric fields along the axis
of symmetry and the relatively homogeneous electric fields experienced by the gyrating protons.
This feature of the electric field can be used to minimize non-adiabatic effects and ExB drifts
experienced by low energetic protons. Possible geometrical adjustments to achieve this are: a
reduction of the proton beam size by an increase of the magnetic field or a radial shift of the
particle beam and, thus, of the proton sensor. Since the most promising result obtained so far
have been achieved for the field degrader, investigations presented in this section consider only
this electrode type. The focus lies on studies of non-adiabatic effects and ExB drifts.

5.6.1 Proton Beam Size

The proton beam size is determined (among other parameters) on the one hand by the aperture
and on the other hand by the magnetic flux density of the guiding field. The magnetic field
determines the gyrations radius of a particle of energy 1" and pitch angle 6. Particles moving
in larger magnetic fields follow helical orbits of smaller gyration radii and pitch heights (see
Eq. (2.5))). Therefore, protons cover narrower regions of the electric field and experience smaller
field gradients. The magnetic flux density also affects the distance by which the particles drift
inside the Rx B drift region. An increase of the magnetic field results in a decrease of the width of
the drift distance spectrum (and, thus, beam size) as shown in Fig. . In a smaller beam size,
low and high energetic protons follow trajectories closer to the symmetry axis, where the electric
field is more homogeneous and normal components are smaller. Simulations presented in the
following were performed for the field degrader in the standard configuration (see Section [5.1.2)).

Adiabatic Particle Transport

A significant reduction of non-adiabatic effects can be achieved by increasing the magnetic flux
density B of the guiding field. The influence of the magnetic flux density B on the relative
deviation of the particle gyration radius Arg/r,, including phase angle variations, is shown in
Fig. for multiple proton energies T and pitch angles 6. Results show that Ar,/r, and
variation bars decreases with 1/B for all energies and pitch angles. Non-adiabatic effects are
strongly suppressed for magnetic flux densities above 400 mT.

E xB Drift Effect

In addition to the effects of the magnetic field on the proton beam size mentioned previously, an
increase of the magnetic flux density B affects the ExB drift velocity vgcp of the protons (see
Eq. (2.11))). The drift velocity is indirectly proportional to B. Thus, drifts experienced by protons
as they gyrate towards the sensor can be minimized by increasing the magnetic field. Fig.
shows the drift distance D§  of the particle guiding center, including phase angle variations,
as a function of the magnetic flux density B for multiple proton kinetic energies T, and pitch
angles 6, evaluated at the end of the particle trajectory. For a magnetic field of 800 mT, D
is below 2.5 mm for all particle energies and pitch angles. It can be seen that variation bars also
decrease significantly for larger magnetic fields.
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Figure 5.46:

E xB Drift Distance Dﬁch (mm)

Figure 5.47:

Kinetit; Energy T (eV) ; Pitch Aﬁgle 0‘ (deé)
250 010 2000 I 5
4450 . c +10
a00! *750 S 045
[ ] ib
150 <:1 1500
(=}
100 S
S 1000 ’
>
50 g o
of J( % - o £ 5w
g 4
[}
~50 ¥ t &
0 t L L
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Magnetic Flux Density B (inT) Magnetic Flux Density B (mT)
(a) 90 = 45° (b) TO = 10eV

Relative deviation Arg/rs of the particle gyration radius, evaluated at the end of the
particle trajectory, as a function of the initial proton (a) kinetic energy Tj and (b) pitch
angle 6y for multiple magnetic flux densities B. Non-adiabatic effects of the protons are
suppressed for magnetic flux densities B above 400 mT.
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5.6.2 Proton Beam Shift

In Section [5.4] results have shown that non-adiabatic effects and ExB drifts experienced by
medium energetic protons which follow trajectories close to the axis of symmetry z are significantly
smaller, compared to low (and high) energetic protons which enter the detection region at larger
radial distances. To minimize effects observed for low energetic protons, a shift of the proton

beam and,

thus, of the proton detector can be considered. A shift of the proton beam in

positive direction y translates to a shift of low energetic protons closer to the axis of symmetry
z. The opposite holds for high energetic protons. The location of the proton detector needs to
be adjusted accordingly. The following studies consider a shift Ay of the proton beam in the
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range between 0 mm to 40 mm in steps of 10 mm, corresponding to a shift Ay of the simulated
proton spectrum shown Fig. 5.1} Note that a beam shift of 40 mm yields the proton spectrum
considered in the simultaneous measurement of electrons and protons in Chapter [4] (see Fig. [4.17)).
Thus, in such a geometry, a second sensor (of same size) can be fitted into the electrode for
the measurement of decay electrons. In this section, the effect of the proton beam shift on the
particle transport and ExB drifts experienced by protons are studied. A field degrader of length
L = 40cm composed of 21 individual rings with an increment of the surface potential applied
between subsequent electrode rings of —0.75kV (see setup 3 in Table and a magnetic field
of 220 mT are considered. This electrode setup is chosen for the following investigations, since
it provided the best results in the evaluation of the adiabatic particle transport.

To illustrate the effect of a beam shift, the relative change of the electrostatic potential AU,
across the proton beam for a beam shift of Ay of 0 mm and 40 mm s first compared. Fig.
shows AU, in the z-y-plane at x = 0 m for both beam setups, evaluated at a distance of 20 cm
above the sensor, corresponding to the location of the electrode entrance. The reference potential
U.,ef is evaluated at the center of the proton beanﬂ. It can be seen that for a beam shift of Ay
= 40 mm, a second sensor (withe, dashed rectangle) can be fitted at the electrode end plate next
to the proton sensor (withe, solid rectangle) for the detection of decay electrons. Results show
that relative variations of the electrostatic potential increase considerably in the regions covered
by high energetic protons. The maximum relative potential deviation AU, increases by 195 %
to about 62 % at a distance of 40 cm from the sensor for Ay = 40 mm, compared to the initial
beam setup. Further evaluations of the relative potential at smaller distances from the sensor also
yield an increase of AU, with larger proton beam shifts. However, effects remain small in the
vicinity of the proton sensor. At a distance of 1cm from the sensor, variations of the electrostatic
potential remain below 0.5 % across the proton beam for a shift Ay = 40 mm of the proton beam.
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Figure 5.48: Relative deviation AU, of the electrostatic potential evaluated in the z-y-plane at a
distance of 1 cm above the proton sensor for shifts Ay of (a) 0mm and (b) 40 mm of the
proton beam. The proton sensor and the inner edge of the electrode are marked by the withe
rectangle and black circle, respectively. The potential reference value U,es is evaluated at
the center of the proton beam (marked by the withe dot). If the proton beam (and, thus,
the proton sensor) is shifted by 40 mm in positive direction y, the electron detector (withe,
dashed rectangle) can be fitted into the electrode for a simultaneous measurement of the
decay particles. However, high energetic protons cover regions of strongly inhomogeneous
potentials as they gyrate towards the proton sensor.

1 The center of the proton beam is located at position y = 0.5cm and y = 4.5cm for a beam shift of Ay of
0mm and 40 mm, respectively.
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Adiabatic Particle Transport

In the following, effects of the proton beam shift on the adiabaticity of the particle transport
are studied. Fig. shows the relative change of the particle gyration radius Ar,/r, along the
trajectory of a proton of pitch angle 5° and an initial kinetic energy Ty of 10€V and 750¢€V for
multiple shifts Ay of the proton beam. Oscillations of Ar,/r, for the 10€V proton decrease for
larger shifts of the proton beam. Effects are suppressed when the beam is shifted by 40 mm.
However, if such a setup is considered, relative changes Ar, /1, of the gyration radius of a 750 eV
proton increase considerably inside the electrode.
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Figure 5.49: Relative change of the particle gyration radius Ar,/rs as a function of position y for a
proton of initial pitch angle 6y = 5° and kinetic energy T of (a) 10eV and (b) 750eV.
The location of the electrode entrance is marked by the gray, dashed vertical line. (a)
Oscillations of the gyration radius are suppressed if the proton beam is shifted by 40 mm as
the proton enters the detection region on-axis. (b) The proton gyrates towards the sensor
at large distances from the axis of symmetry for larger shifts of the beam. Non-adiabatic
effects increase considerably for such protons.

The relative deviation of the particle gyration radius Ar,/r, at the end of the particle tra-
jectory is shown in Fig. as a function of the proton kinetic energy Ty, at a fixed pitch angle
0y = 5°, for multiple shifts Ay of the proton beam. Results show that:

e Relative deviations Ar,/r, and yg-variations can be considerably reduced for protons with
initial kinetic energies up to 350€V for shifts of the proton beam below 30 mm.

e For kinetic energies above 450 eV, Ar,/r, and p(-variations increase for all beam shifts Ay.
This is due to significant potential and electric field gradients experienced by the protons,
which enter the detection at larger distances from the central axis z.

e Relative changes of the gyration radius for medium energetic protons (which are most
abundant) are less affected by the shift of the proton beam.

This behavior is also reflected in the absolute deviation of the particle gyration radius Ar}
between two consecutive beam shifts Ay and Ay'~!, defined as

Ary o = ATy — Ary e (5.1)

i
g,rel

as shown in Fig. [5.50b]
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Figure 5.50: (a) Relative deviation of the particle gyration radius Arg/r, as a function of the initial
proton kinetic energy Ty for a pitch angle 6y = 5°, evaluated at the end of the particle
trajectory. (b) Absolute deviation of the particle gyration radius Arg o] between consec-
utive shifts of the proton beam as a function of the initial proton energy Ty for 8y = 5°.
Non-adiabatic effects are minimized for protons of kinetic energies up to 350 eV for shifts of
the proton beam below 30 mm. However, effects increase considerably for higher energetic
protons.

Additional information on systematic effects introduced by a misalignment between the pro-
ton beam and proton detector can be obtained from Fig. [5.50b, Absolute deviations Arig,rel are
small for protons of initial kinetic energy 350€V for misalignments of up to 40 mm between the
proton beam and sensor. Effects become, however, significant for low (10€V) and high (750eV)
energetic protons.

E xB Drift Effect

Normal electric fields experienced by a decay proton are weaker if the particles gyrates towards
the sensor at small distances from the axis of symmetry z. Fig. shows FE, evaluated along
the trajectory of a proton with pitch angle 6y = 0° and a kinetic energy T, of 10eV and 750€V.
The normal electric field experienced by the low energetic proton decreases significantly with
increasing beam shift Ay and vanishes for Ay = 40 mm, when the proton enters the detection
region on-axis. The high energetic proton, on the other hand, follows trajectories at larger dis-
tances from the axis of symmetry, where the normal field components are large. The minima
present at the electrode entrance and in the lower electrode half increase significantly with Ay.
This causes larger drifts for higher energetic protons.

The drift distance of the particle guiding center Dj. ;, evaluated at the end of the particle
trajectory, is shown in Fig.[5.52]as a function of the initial proton kinetic energy Ty for a pitch angle
Oy of 45°. ExB drifts experienced by particles of energies below 400 eV decrease considerably for
shifts of the proton beam up to 40 mm. This trend is observed for all proton pitch angles 6,. For
such protons, drifts of the guiding center D, are below 5 mm. For protons of energies above
400eV, D and variation bars increase for all (positive) shifts Ay.

As in the adiabatic particle transport, a misalignment between the proton beam and sensor
introduces uncertainties in the determination of the distance by which the protons drift. Fig.
shows the absolute deviation A D, of the particle guiding center between two consecutive shifts
of the proton beam Ay' and Ay'~!, which is defined as

ADEs = |DEs — DESs', (5.2)
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Electric Field Component Ey (kV/m)

Figure 5.51: Normal electric field component Ey as a function of position
= 45° and kinetic energy Tj of (a) 10eV and (b) 750€V, evaluated for multiple
beam shifts Ay. Low energetic protons follow trajectories closer to the axis of symmetry z,
where normal electric field components are small, if the beam is shifted by larger amounts.
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Figure 5.52: (a) Drift distance of the particle guiding center D,
kinetic energy T for a pitch angle 6y = 45° and multiple shifts Ay of the proton beam,
evaluated at the end of the particle trajectory. (b) Absolute deviation of the particle guiding
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as a function of the particle initial kinetic energy Ti for a pitch angle 6, = 45°. Results show
that the effect of a misalignment is largest for low energetic protons. The uncertainty in the
ExB drift is, however, below 0.25 mm for a misalignment of 1 mm between the proton beam and
Sensor.

5.7 Summary

The NoMoS experiment aims to measure the spectra of the electron and protons emitted in the
decay of the free neutron. Since the decay protons are low energetic, a high voltage electrode
is required to post-accelerate the protons to detectable energies prior to detection. The main
focus of this chapter were investigations of systematic effects introduced by the high voltage
post-acceleration electrode, based on the electrode requirements presented in Section [3.2] in the
context of an individual measurement of the decay protons.

Studies performed in this chapter assume a symmetrical distribution of the proton drift dis-
tance spectrum around the central axis z at the end of the RxB drift region. For the proton
post-acceleration, two electrode types were proposed: cylinder and field degrader. A comparison
of the geometrical and electrical features of the two electrode types was presented in Sections[5.1
and 5.2 The cylinder electrode can be operated in two distinct modes, depending on the materi-
als used in the manufacturing process. If the cylinder is a conductor, the electrode is operated at
a constant surface potential U,. Alternatively, a resistive foil can be used to induce a potential
gradient across the cylinder surface when a potential difference is applied between the electrode
entrance (ground potential) and end plate (Ua). A similar effect can be achieved using a field
degrader. Such an electrode is composed of one circular end plate and multiple rings, which
can be operated at distinct surface potentials. This introduces more flexibility in the design of
the electrostatic potential and electric field generated by the field degrader inside the detection
region, compared to the cylinder electrode. One optional feature of the field degrader is the con-
centric wire grid, which can be attached at the electrode entrance to further shape and restrict
the electrostatic potential generated by the electrode.

Investigations of the electrode requirements discussed in Section have shown that the two
proposed electrodes do not fulfill all design criteria. The main findings are summarized in the
following.

e Electrostatic potential at large distances from the electrode

It was found that the electrostatic potential reaches wide into the detection region for both
electrode types. The minimum length of the detection region, required to avoid potentials
above —10mV in the RxB drift region, was obtained for the resistive cylinder and the wire
grid field degrader, with a minimum length of about 1.1 m and 0.9 m, respectively.

e Penning traps

A Penning trap is present above the grounded entrance ring of the field degrader. Although
the trap is not directly located in the regions covered by the decay protons, its depth is
significant (AU = 484V). lts elimination is crucial for the suppression of background
effects. It was found that the trap depth can be minimized by increasing the electrode
inner diameter or by tilting the entrance ring away from the central axis z. For a tilt of
90°, AU was reduced to 260 V.

Additional Penning traps (AU = 105V) are present above the individual wires, when the
field degrader is used in combination with the concentric wire grid. Results have shown
that a dense wire grid, with wires of large diameters, is required to minimize the trap depth
AU.

93



e Homogeneity of the electrostatic potential

Investigations of radial variations of the electrostatic potential at small distances from the
proton sensor have shown that the potential is most homogeneous (|AUS™| < 1) when

either the resistive cylinder or the wire grid field degrader is considered. Good results were
obtained also for a cylinder electrode of length L = 30 cm.

Potential inhomogeneities increase at larger distances from the proton detector in both
detection setups. A large electrode inner diameter is required to achieve a better potential
homogeneity in these regions, independent on the electrode type. For the field degrader, it
was found that a gradual rotation of the individual electrode rings reduces inhomogeneities
of the electrostatic potential at the electrode entrance. Both electrodes require, however,
further adjustments to minimize radial potential variations at

When used in combination with a wire grid, significant potential inhomogeneities arise in
the wire plane of the field degrader. Results have shown that a sparse wire grid composed
of thin wires is required to achieve a better homogeneity of the electrostatic potential in
this plane.

e Adiabatic particle transport

It was found that the particle transport, especially of protons with low initial kinetic energy
and small pitch angles, is non-adiabatic in both setups. Protons experience large electric
field gradients within one gyration period which cause oscillations of the particle gyration
radius. Non-adiabatic effects are, however, significantly smaller in the field degrader setup.
When used in combination with the wire grid, protons experience strong electric fields in the
wire plane and relative changes of the particle gyration radius are significant. The following
adjustments to the electrode have been found effective in the reduction of non-adiabatic
effects:

— Cylinder electrode: Reduction of the post-acceleration potential U, applied to the
electrode surface to —5kV. Relative deviations of the particle gyration radius remain,
however, significant for low energetic protons with small initial pitch angles.

— Field degrader: Increase of the number of electrode rings combined with a small
increment of the surface potential applied between consecutive rings. The best results

were obtained for a field degrader composed of 21 rings with an increment of the
surface potential of 0.75kV (setup 3 in Table [C.1)).

— Wire grid field degrader: Increase of the number of electrode rings combined with a
double wire grid system. The surface potential applied at the two wire grids and to
the additional rings should decrease in small steps. Improved results were obtained
for setup 33 of the wire grid field degrader listed in Table [C.5

e ExB drift effect

Results have shown that low and high energetic protons, which follow trajectories at large
distances from the central axis z, experience large normal electric fields as they gyrate
towards the sensor in both setups. This causes significant drifts of the protons. Although
protons drift by smaller distances when they are accelerated by the cylinder electrode,
effects show a strong dependence on the initial proton phase angle. The field degrader can
be used in combination with the wire grid to obtain a more uniform electric field in the
regions covered by the decay protons and to minimize the dependence of the ExB drift on
the initial proton kinetic energy (and, thus, entry position) and pitch angle. The following
adjustments of the various electrode types have been found most effective in the reduction
of ExB drift effects:
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— Cylinder electrode: Post-acceleration potential Uy: Independent on the initial kinetic
energy and pitch angle, drifts of the protons are below 5 mm if the post-acceleration
potential is reduced to —5kV.

— Field degrader: Increase of the number of electrode rings in combination with a small
increment of the surface potential applied between subsequent rings. Improved results
were obtained for a field degrader of length L = 40 cm composed of 21 rings with an
increment of the surface potential of 0.75kV (see setup 3 in Table .

— Wire grid field degrader: Increase of the number of electrode rings combined with a
double wire grid system. The increment of the surface potential applied at the two
wire grids and to the additional rings should be small. The best results were obtained
for setup 3 of the wire grid field degrader listed in Table [C.3] Here, drifts of the
protons are in the order of 2 mm.

Additional investigations of the adiabatic particle transport and ExB drift effects have been
performed in Section considering variations of the magnetic field (and, thus, of the particle
beam size) and shifts of the proton beam relative to the electrode. The studies were performed
for the field degrader in the standard configuration (see Section and for a field degrader
composed of 21 rings with an increment of the surface potential applied at the individual rings
of 0.75kV (see Section [5.6.2), respectively. It was found that:

e Non-adiabatic effects are suppressed for magnetic flux densities above 400 mT. A suppres-
sion of ExB drifts was achieved for a magnetic flux density of 800 mT.

e The smallest mean relative change of the particle gyration radius was obtained for a beam
shift of 30 mm. EXxB drifts experienced by medium and high energetic protons increase
considerably if the proton beam is shifted.

Finding suggest that a measurement of decay protons might be feasible in a detection setup
composed of the field degrader if a magnetic field of 800 mT is considered. Protons follow
trajectories closer to the axis of symmetry z, where normal electric fields and relative changes
of the electric field within one particle gyration are small. However, further adjustments of the
field degrader are required to eliminate Penning traps present above the grounded entrance ring.
Additionally, superconducting coils are required for the generation of the strong magnetic field.
This increases manufacturing costs considerably.

Promising results have also been achieved for the field degrader used in combination with
a double wire grid system. The mean drift distance experienced by protons of kinetic energy
10eV is below 2mm for all initial particle pitch angles. However, non-adiabatic effects remain
significant for low energetic protons with small initial pitch angles. Further optimizations of the
wire grids and the surface potential applied at the grids are required to eliminate Penning traps
present above the the individual wires.
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Chapter 6

Conclusions and Outlook

The free neutron beta decay, described in the framework of the Standard Model of particle physics
(SM), is a useful tool to test the weak interaction and to set limits on various extensions of the
SM. A variety of precision experiments have been designed to measure several parameters of the
decay. NoMoS is a new experiment which aims to perform precise measurements of the spectra
of the charged decay products (electrons and protons) and to determine the angular coefficient a
and Fierz interference term b (Section . The charged decay particles are separated according
to their momentum prior to detection using the RxB drift effect present in curved magnetic
fields. The resulting drift distance spectra are than measured on spatially resolving detectors. An
overview of the experimental setup was given in Section [3.1] Protons emerge from the neutron
decay with a maximum kinetic energy of 751eV and need to be post-accelerated to higher
energies to produce a detectable signal in the sensor. The required electric field is provided by
the high voltage post-acceleration electrode. The focus of this thesis were studies of multiple
electrode designs and of systematic effects induced by the electrode for the simultaneous and
single measurement of electrons and protons, which should serve as a base for future design
studies.

The post-acceleration electrode introduces systematic effects which need to be investigated
and understood to make a measurement of the decay particles feasible and to achieve the desired
measurement sensitivity. An overview of such effects and requirements to the electrode design
were given in Section [3.2] Two crucial factors in the design of the post-acceleration electrode are
the adiabatic transport of the decay particles inside the experiment and the suppression of ExB
drift effects. The latter might either lead to a detection of protons at detector positions which are
not representative of the given proton energy or protons might even miss the sensor. Investigations
of systematic effects rely on detailed numeric simulations of the electrostatic potential and electric
field generated by the post-acceleration electrode and on particle-tracking simulations. The
methods employed for the various simulations were described in Section [3.3]

The NoMoS experiment enables multiple options for the measurement of the decay electrons
and protons. The charged decay particles can be measured either simultaneously or independently.
Two detection setups for the simultaneous measurement of electrons and protons were proposed in
Chapter[4] In these two setups, electrons and protons are either measured on a common detector
surface (setup A, see Fig. or on individual sensors which are spatially separated (setup B,
see Fig. . Cylinder electrodes have been considered for the proton post-acceleration in both
setups. The electrode and the proton detector are operated at a common surface potential Uy
(—15kV) in both setups while the electron sensor is either operated at potential Uy (—15kV)
or connected to ground potential in setup A and B, respectively. Further geometrical electrode
parameters are described in Section [4.2] Results have shown that a simultaneous measurement
of the charged decay particles is difficult to achieve. It was found that the electric fields induced
by the two cylinder electrodes are non-uniform and decay protons experience significant ExB
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drifts. Normal electric fields vanish at the central axis z and increase at larger distances from
the axis in the axially symmetric setup A. In setup B, normal electric fields increase with the
distance from the central electrode axis. Approximations of the ExB drift distance Dgyp for the
proton spectrum described in Fig. (for a magnetic field of 220mT) have shown that low
and medium energetic protons experience smaller ExB drifts (< 1cm) in setup A. This is due to
lower normal electric fields experienced by these protons, which enter the detection region closer
to the central axis z (which coincides with the central electrode axis). In setup B, strong normal
electric fields are induced by the grounded electron detector. This causes significant drifts of low
energetic protons. High energetic protons cover regions of strong normal electric fields and drift
by significant amounts in both setups. The drift experienced by a 750 €V proton was estimated
(overestimation) to about 3cm and 2cm in setup A and B, respectively.

Multiple geometrical and electrical parameters of the two detection setups have been studied
for the reduction of ExB drift effects. In setup A it was found that the proton beam and, thus,
the proton detector can be shifted in negative direction y to reduce mean drifts experienced by
protons. Drifts experienced by medium and high energetic protons decrease significantly if the
beam is shifted by 3 cm such that protons with an initial kinetic energy of 400 eV, which are most
abundant, enter the detection region on-axis. In such a setup, drifts experienced by protons of
400 eV are suppressed, while protons of energy 750V drift by about 2 cm.

In setup B, results have shown that a large axial distance between the electrode and the
grounded electron sensor is required to minimize drifts experienced by low energetic protons. It
was found that drifts experienced by a proton of 50€V can be considerably reduced from about
5cm to 1 cm when the distance between the electrode entrance and electron detector is increased
from 10 cm (initial setup) to 50 cm. This setup adjustment comes with an additional advantage:
the Penning trap, present both in the path of decay electrons and protons when the grounded
electron detector is located at a small distance from the electrode entrance, vanishes.

Studies of ExB drift effects in dependence of the post-acceleration potential applied at the
electrode and of the magnetic field used to guide the decay particles have shown that small post-
acceleration potentials or large magnetic fields are required to suppress drift effects. To avoid
the requirement of large magnetic fields, a small post-acceleration potential |Ux| < —5kV can
be considered to reduce ExB drifts below 1.5cm and 3cm for all protons in setups A and B,
respectively. If large post-acceleration potentials are required for the proton detection, magnetic
fields larger than 400 mT should be considered to suppress ExB drift effects. Further adjustments
of the post-acceleration electrodes in setups A and B are required to suppress systematic effects
and to fulfill all requirements to the electrode design.

For the individual measurement of decay protons, two post-acceleration electrodes, cylinder
(Fig. and field degrader (Fig. , were proposed in Chapterand systematic effects induced
by the electrodes have been studied. The geometry of the detection region is axially symmetric
in both setups. Tracking-simulations have shown that protons experience large electric field
gradients within one gyration period in both setups. This makes the particle transport non-
adiabatic, especially that of low energetic protons with small initial pitch angles. Such protons
enter the detection region off the central axis z and follow trajectories in regions of non-uniform
electric fields. Additionally, low and high energetic particles experience significant ExB drifts
as they gyrate towards the sensor in both setups. Non-adiabatic effects are significantly smaller
when the protons are accelerated by the field degrader, while the opposite holds for ExB drift
effects. Both systematic effects additionally show a strong dependence on the initial pitch and
phase angles of the decay protons. However, variations of non-adiabatic effects and ExB drifts
with the initial phase angle are significantly smaller in the field degrader setup, since the electric
field induced by this electrode is more homogeneous.

Although multiple parameters of the cylinder electrode, such as the electrode diameter or
the post-acceleration potential applied at the electrode, can be adjusted to reduce non-adiabatic
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effects, effects remain significant compared to the field degrader. ExB drifts and phase angle
variations thereof decrease considerably if the post-acceleration potential |Uy| applied at the
cylinder electrode is decreased from 15kV to 5kV. In such a setup, drifts experienced by 10eV
and 750¢€V protons are reduced from 8 mm and 7.5 mm to about 5mm and 3 mm.

For the reduction of non-adiabatic effects in the field degrader setup it was found that a
large number of electrode rings combined with a small increment of the surface potential applied
at subsequent rings is required. Alternatively, a large magnetic field (> 400 mT) and, thus, a
narrower proton beam are required to suppress non-adiabatic effects. These adjustments to the
field degrader have been found useful also in the reduction of ExB drifts experienced by the
decay protons as they gyrate towards the sensor. Drifts experienced by protons of initial kinetic
energy 10eV and 750 €V are reduced from 12.5 mm to about 8 mm and 9 mm when the number of
electrode rings is increased from 11 to 21 (see setups 1 and 3 in Table[C.1] for the corresponding
electrical setup). An increase of the magnetic field (corresponding to a decrease of the proton
beam size) to 800 mT leads to the suppression of ExB drift effects, independent on the initial
particle energy or pitch angle.

One optional feature of the field degrader is the circular wire grid which can be attached
at the electrode entrance. Such an electrode has shown multiple benefits. It can be used to
obtain a more homogeneous electric field inside the electrode, to shield the detection region from
large electrostatic potentials and to minimize ExB drift effects and their dependence on the
initial proton energy and pitch angle. However, a careful design of the wire grid field degrader
is required to avoid large electric fields in the wire plane and the formation of Penning traps in
regions covered by the decay protons. Promising results have been obtained for a field degrader
composed of 12 individual rings in combination with a double wire grid system (see setup 3 in
Table for the electrical setup) in the reduction of ExB drift effects. Drifts experienced by
the decay protons when accelerated by this electrode are in the order of 2mm. The maximum
tolerated ExB drift of the decay protons mainly depends on the detector technology used for
the proton measurement and on its spatial resolution. Further adjustments of this electrode are,
however, required to minimize the dependence of the ExB drifts on the initial particle phase
angle and to suppress non-adiabatic effects.

Results suggest that a field degrader combined with a double wire grid system might be
used to make a measurement of the decay protons in a low magnetic field environment feas-
ible. One advantage of low magnetic fields are reduced manufacturing costs. A wire grid field
degrader might additionally enable a simultaneous measurement of the decay electrons and pro-
tons. Alternatively, a simple field degrader and a narrow particle beam might be considered for
the simultaneous measurement of the decay particles to suppress non-adiabatic effects and ExB
drifts. This might constitute the object of future investigations.

Outlook

In Chapter [5] we proposed a cylinder electrode made of a resistive foil which generates a sim-
ilar electric field to the field degrader inside the detection region. Due to software restrictions,
particle-tracking simulations were not performed for the resistive cylinder in this thesis. Future
work should include such simulations to evaluate the adiabatic particle transport and ExB drifts
effects for both the single and simultaneous measurement of the decay particles.

For the simultaneous measurement of electrons and protons, the resistive cylinder electrode
might be used in combination with a wire grid to obtain a homogeneous electric field inside the
electrode and to shield the electron detector in setup B from large electrostatic potentials and
electric fields and, thus, eliminate the Penning trap present at the sensor. Alternatively, the
surface potential applied to the electron detector might be chosen according to the electrostatic
potential induced by the electrode in the sensor plane. Such an adjustment does, however,
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affect the number of detected electrons, since a fraction of electrons might be reflected by the
electrostatic potential.

Studies performed for the cylinder electrode have shown that a small electrode diameter is
required to obtain a homogeneous electrostatic potential in the vicinity of the proton sensor, while
the opposite hold for larger distances from the sensor. To balance effects in these two regions
and improve the overall potential homogeneity, a conical electrode might be considered.

Although promising results have been achieved using the field degrader, further optimizations
of the electrode are required to make a measurement of the decay protons feasible. We propose
multiple aspects of the field degrader which should be considered in future investigations, both
in the context of an individual and a simultaneous measurement of the decay particles:

e Proton post-acceleration potential: Studies of the adiabatic particle transport and of ExB
drift effects performed for the cylinder electrode have shown that effects increase with the
square root of the post-acceleration potential applied at the electrode. Similar studies
should be conducted for the field degrader. A low post-acceleration potential might also
increase the fraction of detected electrons in a simultaneous particle measurement, since
less electrons might be reflected by the electrostatic potential.

e Surface potential applied at the entrance ring and the wire grid: It was found that a
Penning trap is present above the electrode entrance ring (and at the wires) when the
ring is operated at ground potential. Investigations of the Penning trap depth for multiple
surface potentials of the entrance ring should be considered in future studies.

e Wire grid shape: Due to software limitations, studies presented in this thesis only include
circular wire grids. Future work should consider multiple shapes of the wire grid (e.g.,
rectangular grid) and their influence on the decay protons.

e Distance between consecutive electrode rings: Studies performed in this thesis consider
only equidistant electrode rings. The electrostatic potential and electric field induced by
the electrode might be considerably affected by this electrode parameter. The distance
between two electrode rings should be, however, large enough to avoid strong electric fields
between the rings.

e Number of wires and wire diameter: One key aspect in the wire grid design is the trans-
missibility which is in first order determined by the area covered by the wires. Results
have shown that a sparse wire grid is required to obtain a more homogeneous electrostatic
potential in the wire plane. The wire diameter might affect the electric field strength at
the wires. Future studies should investigate the influence of the wire diameter and the wire
grid density on the adiabatic particle transport and ExB drift effects.

e Field emission studies: Sharp edges should be avoided in the design of the electrode to
avoid the emission of secondary electrons and vacuum breakdown.

Studies presented in this thesis were performed for a fixed setup of the vacuum tube. The
electrostatic potential and electric field generated by the electrode inside the detection region is
affected, among other parameters, by the grounded vaccum tube. Investigations of systematic
effects introduced by the post-acceleration electrode should be conducted for various diameters of
the grounded vacuum tube. A wider vacuum tube enables the construction of a wider electrode.
This might be a useful parameter for the suppression of multiple systematic effects, especially in
the simultaneous measurement of the decay particles.
Ultimately, future simulations should be conducted in a more realistic setup including

e the electrode fixation system and insulators,
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e a more realistic magnetic field environment in the detection region,
e the RxB drift region and

e the exact drift distance spectra obtained after the particles have drifted in the RxB drift
region.
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Appendix A

ExB Drift

This appendix contains the derivation of the analytical distance Dgyg by which charged particles
drift due to non-aligned electric and magnetic fields.

An approximation of the drift distance Dgyp can be derived by integration of vgyp (see
Eq. ) over a time interval [ty,t;], assuming that the drift velocity is constant. For simplicity,
a magnetic field B which points in the direction of the central axis z

B=2B,-é&, (A.1)
and an electric field £
E=F & +FLE,- ¢, (A.2)
are considered. Here, &; denote unit vectors. The drift velocity vgyp can be written a
EI‘ A
VExB = C- B, €. (A.3)

A charged particle of mass m moving in this electromagnetic field with a pitch angle 6, = 0°
drifts by the distance

t1
DE><B = C'/t UEdet (A4)
Jto
B, E. A
— C‘i‘At‘éx:C'i‘is'éx,
2 2 )

in the time interval At = ¢; — ¢, over the distance As = At -y in the direction of the magnetic
field vector B. The longitudinal particle velocity is denoted by UHE| and is assumed to not be
significantly affected by ExB drift effects. To obtain the drift distance, an expression for the
particle velocity v is required. In the following, a particle pitch angle ¢ of zero is assumed. The
absolute energy of a particle moving from a region of electrostatic potential U to a region of
potential U is conserved

T,+V,=T,+q-U=Ty+q-Uy =Ty + V. (A.5)

Here, T}, and V, denote the final kinetic and potential energy of the particle and 7j and V}
represent the initial particle kinetic and potential energy, respectively. Solving for the final kinetic

energy T, yields '
T,=Ty—q-(U-U) = 5mvﬁ. (A.6)

1Since the drift distance is derived for a particle with initial pitch angle 0°, the particle transversal velocity v
is zero.
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The longitudinal velocity component v can be written as

o= \/Q[TO — e(U - Up)]

m

and Eq. (A.4) yields
1 E.
Dgxp=c-— -
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Appendix B

Particle-Tracking Simulations

This appendix contains descriptions of the proton initialization in particle-tracking simulations
(Appendix [B.1)) and of the routines used for data post-processing (Appendix B.2)).

B.1 Particle Initialization

Particle-tracking simulations presented in this thesis were performed using multiple software pack-
ages developed by F. Gliick. A comprehensive description of the software and its methods is
provided in [23]. In the following, parameters which are required for the initialization of tracking-
simulations performed for this thesis are described.

The following input parameters, which are stored in the file settings.ini, are required to
initialize the trajectory computation using Maintraj.cc:

r_start (cm)

z_a, z_b, z_step (m)

T_start (eV)

phi_a, phi_b, phi_step (°)

theta_a, theta_b, theta_step (°)

efield
gc

radial coordinate of the particle starting position rgxp
axial coordinate of the particle starting position z

in the interval [z,, 2p] with a step size zgep

initial particle kinetic energy T'

initial particle phase angle ¢ in the interval [p,, ©p]
with step size Ystep

initial particle pitch angle 6 in the interval [0, 61]
whit a step size Ogtep

scaling factor for the electric field: off (0) or on (1)
boolean describing the method used to initialize

the starting position

Two methods are available for the initialization of the proton starting position using the parameters

r_start and gc:

e gc = 0: The parameter r_start denotes the radius of a circle centered at the axis of
symmetry z. The starting position of a proton is determined by:

Tstart = Tstart COS(5>7 (Bl)
Ystart = Tstart Sin(é)a
Zstart — <a- B.3
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e gc = 1: The position of the particle guiding center at the start of the trajectory is
determined by Py = (Tsart, 0, Zstart). 1O construct the starting position of a proton,
the particle gyration radius 7, is first determined at position P, using the initial particle
properties defined in the initialization file and the local magnetic field. The coordinates at
which a proton of initial phase angle y is initialized are determined using:

Tstart = Tstart + Tg COS(QOO)v

Ystart = T'g Sil’l(@o),

Zstart — <a- (B6

In this thesis, tracking-simulations are performed for a given electrode and coil geometry for mul-
tiple spatial distributions of the proton drift distance spectrum both in the absence (efield = 0)
and the presence (efield = 1) of electric fields. The axial coordinate of the initial particle po-
sition z_a is chosen to coincide with the axial position z where the magnetic field generated by
the coil reaches a maximum.

B.2 Data Post-Processing
Output Files

The cartesian coordinates of the particle position are written to file after each Runge-Kutta
step together with multiple properties of the tracked particle and of the electromagnetic field
environment. The output is divided into multiple files as follows:

e simfile: contains the initial parameters of each tracked proton described in the previous
section and the total number of Runge-Kutta steps.

e trajfile: contains various particle properties, such as position, velocity and kinetic erergy
and properties of the electromagnetic field environment which are stored after each Runge-
Kutta step.

e detfile: contains the same parameters as the trajfile, however, only evaluated at the
last Runge-Kutta step of the particle trajectory.

Post-processing

Particle-tracking simulation are performed for studies of ExB drift effects and of the adiabatic
transport of decay protons. Using the programs trajanalyzed.cc and detanalyzed.cc, the
longitudinal kinetic energy and pitch angle of tracked protons is calculated from the paramet-
ers stored into the files trajfile.txt and detfile.txt in the adiabatic approximation (see
Section [2.2.3). These are than used to compute absolute and relative variations of the longit-
udinal proton kinetic energy and pitch angle according to tracking and those obtained in the
adiabatic approximation. Additionally, the particle gyration radius and relative deviations thereof
(see Section are evaluated at every point of the trajectory using Eq. (2.5)).

For the computation of the Ex B drift distance D5, 5 of the particle guiding center as described
in Section [3.2.3] the position of the guiding center

vxX B

G=x—r,———
T < B

(B.7)

is calculated at the last step of the particle trajectory using detanalyzed.cc. Here,  and v
denote the final particle position and velocity vector, respectively, and the particle gyration radius
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is represented by r,. The magnetic field vector is denoted by B. The magnetic field inside the
detection region of NoMoS is designed to be predominantly aligned in the direction of axis z,
thus, B = (0,0,b,). This yields

Uy

vX B=b,|—vy (B.8)
0

v x B|| = b, - \/vZ +v2. (B.9)
Inserting Eq. (B.8)) and Eq. in Eq. (B.7) yields

and

Yy
Te w | (B.10)

\/ Vs + 3 _0

G=x-
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Appendix C

Electrode Setups

This appendix lists various setups of the field degrader with and without a wire grid system
considered in Chapter 5] The following holds for all electrode setups. The inner and outer
electrode diameter are fixed in all setups to 24 cm and 28 cm, respectively. The distance between
two subsequent electrode rings is d, = 2cm. The surface potential applied at individual electrode

rings increases in steps of AU from the electrode end plate (—15kV) towards the entrance ring
(0kV).

C.1 Field Degrader

Field degrader setups considered in Chapter [§] are listed in Table [C.1]

Table C.1: Field degrader setups: The electrode is composed of N rings and has a length L. The surface
potential applied at individual rings surface. Note that in Chapter [5] setup 1 is referred to as
the standard configuration of the field degrader.

Setup
Description 1 2 3
Number of rings N 11 16 21
Length L (cm) 20 30 40

Potential Step AU (kV) 1.50 1.00 0.75

C.2 Wire Grid Field Degrader

C.2.1 Single Wire Grid

Setups of the wire grid field degrader considered in Chapter [ are listed in Table[C.2] The wire
grid is composed of 22 equidistant (dyi. = 5.14 mm) circular wires of diameter Dy;e = 200 pm
and is connected to ground potential.
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Table C.2: Setups of the wire grid field degrader: The electrode is composed of N rings and has a
length L. The surface potential applied at individual rings surface. Note that in Chapter [5]
setup 1 is referred to as the standard configuration of the field degrader.

Setup
Description 1 2 3
Number of rings N 11 16 21
Length L (cm) 20 30 40

Potential Step AU (kV) 1.50 1.00 0.75

C.2.2 Double Wire Grid

Multiple setups of the field degrader with a double wire grid system considered in Chapter [5| are
listed in Tables to [C.5] The two wire grids have identical geometrical properties. These
corresponds to the ones described in Appendix [C.2.1] The two wire grids are attached at the
electrode entrance and at the subsequent ring, respectively.

Table C.3: Setups of the field degrader with a double wire grid system: The electrode is composed
of multiple rings R; each operated at a surface U;. Electrode rings are labeled as in the
numbering scheme considered in Fig.[5.3] The surface potential applied at the the two wire
grids is highlighted in blue.

Setup
1 2 3 4
Ring ID Surface Potential U; (kV)

1 —-15.00 —-15.00 —15.00 —15.00
2 —-1350 —-1350 —13.50 —13.50
3 -12.00 -12.00 —-12.00 —12.00
4 —-10.50 —-10.50 —-10.50 —10.50
5 —9.00 —9.00 —9.00 —9.00
6 —7.50 —7.50 —7.50 —7.50
7 —6.00 —6.00 —6.00 —6.00
8 —4.50 —4.50 —4.50 —4.50
9 -3.00 —3.00 —3.00 —3.00
10 —1.50 —1.50 —1.50 —1.50
11 —0.005 —0.01 —0.05 —0.10
12 0.00 0.00 0.00 0.00
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Appendix D

Additional Plots

This appendix provides additional plots for studies performed in Chapter [5]

D.1 Magnetic Field

The magnetic field used in particle-tracking simulations was designed to fulfill the adiabatic
condition AB/B <« 1 within one gyration period of a tracked proton. Fig. shows the
relative change of the magnetic field AB/B along the trajectory of a proton of initial kinetic
energy 1o = 10V, pitch angle 6, = 45° and phase angle oy = 0° moving in a magnetic field
B = 220mT. Here, AB/B is evaluated after each complete gyration of the proton. Results
show that variations of the magnetic field are well below 1%. There are no evaluation points
beyond the electrode entrance since the proton does not complete a gyration inside the electrode

anymore (see Section [5.4)).
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Figure D.1: Relative deviation of the magnetic field AB/B experienced by a proton within one gyration
period. Input: Ty = 10eV, 0y = 45°, o9 = 0°, B =220mT.

D.2 Cylinder Electrode
This section provides additional plots for studies performed in Section which consider vari-
ations of the post-acceleration potential U, applied at the cylinder electrode. The electrode has

diameter D = 24.cm and length L = 20cm (see also Section [5.2)).
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The electric field norm E experienced by a proton of initial kinetic energy T, = 10€V, pitch
angle 6y = 45° and phase angle g = 0° when accelerated by the electrode is shown in Fig.
for multiple post-acceleration potential |[Us|. The geometrical setup of the cylinder electrode is
described in Section[5.2] The maximum of E present at the electrode entrance decreases linearly
with the post-acceleration potential.
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Figure D.2: Electric field norm E experienced by a proton when accelerated by the cylinder electrode
operated at the surface potential |Ua|. Input data: Ty = 10eV, 6y = 45°, ¢y = 0° and
B =220mT.

Fig. @ shows the normal electric field components Ey and E, along the trajectory of a
proton of initial kinetic energy Ty = 10€V, pitch angle 6, = 0° and phase angle ¢y = 0° which is
accelerated by the cylinder electrode, evaluated for multiple post-acceleration potential |Ua|. A
lower post-acceleration potential can be chosen to minimize the normal electric field and, thus,
the ExB drifts experienced by the proton as it gyrates towards the sensor (see Fig. .
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Figure D.3: Normal electric field components E, and E experienced by a proton when accelerated
by the cylinder electrode operated at various post-acceleration potentials Ua. Input data:
To=10eV, 6y =0° g =0°and B =220mT
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D.3 Wire Grid Field Degrader

D.3.1 Transmission

The transmission 1" of a circular wire grid can be obtained from the ratio between the total
surface area covered by the wire grid Ay, and the interior area A, described by the electrode of
inner diameter D, as follows:

A
T=1-""8 D.1
A, (D.1)
The surface area A, is determined by the sum over all areas A; enclosed by each of the N

individual wires of diameter De:

N N 7 Dyire(2i — 1)(Dey + Diyire)
A —_ A — wire € wire ) D2
wg ; ? Z 2N—|— 1 ( )

=1

For this thesis, a field degrader of inner diameter D, = 24 cm has been considered in combination
with a circular wire grid composed of 22 wires of diameter Dy;.. = 200 pm. The transmission T’
for this electrode yields T' = 0.964.
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Figure D.4: Transmission T as a function of the number N of concentric grid wires located at the
entrance of an electrode of diameter D, = 24 cm. Wires have a diameter Dyire = 0.2 mm.

z

L.

dyire

Wire Grid

N T N R R R RN NEONE 2

Figure D.5: Sketch of a wire grid composed of N equidistant (dyixe), circular wires of diameter Dyiye
which is attached at the entrance ring of a an electrode of inner diameter D,.

D.3.2 Electric Field

The field degrader can be used in combination with a circular wire grid to shield the detection
region from large electric fields and to obtain a homogeneous electric field inside the electrode.
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This section provides additional plots to studies performed in Chapter |5 using a wire grid field
degrader. In the following, a field degrader with an inner and outer diameter of 24 cm and 28 cm
is considered. The electrode is composed of 11 rings which are separated by the distance d,,. The
geometrical setup of the wire grid is described in Appendix [C.2.1] Table gives an overview
of the surface potential applied at individual electrode rings.

The orientation of the electric field generated by the wire grid field degrader inside the de-
tection region is shown in Fig. [D.6] It can be seen that such an electrode generates a uniform
electric field inside the electrode region, especially in the areas covered by decay protons. One
disadvantage of the wire grid electrode are, however, strong normal electric fields present at the
wires.
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Figure D.6: Electric field E generated by the wire grid field degrader combined with a circular wire
grid which is attached at the electrode entrance (z = —0.10m). Note that the plot gives
information only about the orientation of the electric field and not about its magnitude.
The proton beam and the location of the wire grid are marked by the gray area and the
dashed, red line, respectively. It can be seen that the electric field at the electrode entrance
is strongly inhomogeneous.
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Figure D.7: Normal electric fields Ex and E experienced by a proton when accelerated by the wire grid
field degrader of length L of 20cm, 30cm and 40cm (see text for an exact geometrical
description). Input data: Tp = 10eV, 6y = 0°, g = 0° and B =220 mT.

These strong normal field components present at the wire grid can be reduced if a smaller
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surface potential is applied at the electrode ring which is subsequent to the entrance ring where
the wire grid is attached. Fig. shows the normal electric fields E and £ experienced by a
proton of initial kinetic energy T, = 10€V, pitch angle 6y = 0° and phase angle ¢y = 0° when
accelerated by a field degrader of length L of 20cm, 30cm and 40 cm composed of 11, 16 and
21 rings (see setups 1 to 3 in Table , respectively. The increment of the surface potential
applied between two subsequent electrode rings is adapted to the total number of rings according
to Ua/(N — 1). Here, Uy is —15kV and N represents the total number of electrode rings. It
can be seen that the normal field experienced by the proton before entering the electrode and
at the wire grid decreases for longer electrodes with a smaller increment of the surface potential
applied at the electrode rings. Inside the electrode, the absolute values of F, and £ remain well
bellow 0.5kV/m in the chosen setups.
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