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1. Introduction

In the standard model 3 neutrinos (tau-,muon- and electron neutrino) exist. They belong into
the Lepton family as massless, electrical neutral particles with 1/2-spin. But the observation
of oscillation of the weak eigenstates of neutrinos showed that the neutrino possesses a non-
vanishing mass. Today this is one of the biggest trails towards physics beyond the standard
model. But the absolute mass of the neutrinos has yet to be found. Since it is an important
parameter not only in particle physics but also in cosmology and astrophysics, a lot of exper-
iments searching for the neutrino mass have been conducted. While cosmological experiments
have set good boundaries on the neutrino mass, their results are model-dependent and so a
kinematic approach to determine the neutrino mass is necessary[D*13].

1.1. The discovery of the neutrino and beta decay

In 1914 J. Chadwick experimentally found that the S-spectrum was continuous|Chald|, contrary
to the expected discrete spectrum which had already been found in a- and ~-decays, which was
in agreement with the new picture of a quantized nucleus. At first this even lead to the
assumption that energy- and momentum-conservation could be violated in the g-decay. But
calorimetric measurements, conducted by C.D. Ellis and W.A. Wooster[EW27], showed that
energy was still conserved. Around 1930 Wolfgang Pauli suggested the existence of a third
neutral particle, which took away the missing momentum, breaking with the picture of a two-
body process, which the radioactive disintegration was thought of up till then[Pau64].

In the f~-decay a neutron decays into a proton, emitting an electron and an anti-electron
neutrino. Taking place inside an atom it is described by the formula

(A7) > (A Z+ 1) +e +7.+ Q. (1)

(A, Z) and (A, Z + 1) describe the mother and daughter nuclei, respectively, and Q denotes
the energy that is set free in the decay process.
Enrico Fermi was the one to succeed in giving a theoretical description of a S-decay with a
third partner in 1934[Fer34]. To distinguish the new particle from the much heavier, but also
neutral neutron it was called neutrino. The experimental discovery of the neutrino took until
1956, when F. Reines and C.L. Cowan could observe the inverse -decay[RC59],

Vet+p—n+et. (2)

The reason to why it is so challenging to detect the neutrino mass, is that the neutrino does
not interact via the electro-magnetic nor the strong interaction and since its mass is very small,
the only way to detect a neutrino at all is via the weak interaction, e.g. through [S-decay.

1.2. Kinematic search for the neutrino mass in tritium S-decay

In the endpoint region of the S-spectrum the imprint of the neutrino mass is the strongest.
A shift of the highest electron energy and moreover a change in the shape of the spectrum,
corresponding to the neutrino mass, should be visible if the neutrino mass is nonzero, as seen
in figure 1.

KATRIN (KArlsruhe TRItium Neutrino experiment) is an experiment currently looking for



the change in the spectrum via the MAC-E-filter principle, succeeding the Mainz and Troitsk
MAC-E-filter experiments, which have set a boundary for the neutrino mass of 2.2 eV /c?[KT05]
and 2.5 eV /c?[Lob03] respectively. KATRIN aims at a precision of 0.2 eV/c? at 90% C.L. and
can detect a neutrino mass down to 0.35 eV /c%.

Unfortunately the endpoint region only contains a very small fraction of decays. Therefore a (-
emitter needs a low half-life to ensure a suitable count rate. In the aforementioned experiments,
tritium was chosen as the S-emitter, with a half life of 77, = 12.3 a and an endpoint energy of
Ey = 18.6 keV. The endpoint energy is also an important factor for the election of a S-emitter
discussed in chapter 2.

This work covers the design of a tabletop MAC-E-filter. Optimizing and testing of the design
will be done via, simulation of the electron trajectory.

Figure 1: electron energy spectrum of the tritium beta-decay(a) with a close up of the endpoint
region(b). The picture in the endpoint region shows the analytical spectrum(blue line,
m, = 0 eV) and the expected shape for a spectrum with a non-vanishing neutrino
mass(red line, m, =1 ¢V). Taken from the KATRIN design report[IKKAT04]

2. MAC-E-filter principle

A general problem in using electric retardation is that they only analyze energy parallel to
the electric field. The magnetic adiabatic collimation with an electrostatic filter(short MAC-
E-filter) is a working principle for a spectrometer aiming to allow the analysis of the total
energy of a particle, by combining electric retardation and an inhomogeneous magnetic guiding
field[PT92].
As shown in figure 2 the electron is placed inside a static magnetic field, which guides it from
the source to the detector. The field strength is maximal at the source and detector and drops
over several magnitudes in between, reaching its minimum at the point of maximal retardation,
which is called the analyzing plane.

An electron emitted into the MAC-E-filter with a starting _energy Egort, under an angle
0 = /(B,p) between its momentum p and the magnetic field B, performs a cyclotron motion
around the field line in which the perpendicular energy

EJ_ = Estart Sin2(¢9) (3)
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Figure 2: Cross section of a MAC-E-Filter setup. The source is located in the left solenoid at
a magnetic field strength of By. At the analyzing plane the magnetic field decreases
to Bj, transforming most of the perpendicular energy of the electrons into parallel
energy, which is analyzed by the electric potential of the ringelectrodes. Figure taken
from [P192]

is stored, thus creating an orbital magnetic moment

q = B
— 4

=
where [ is the angular momentum. Through the gradient of the magnetic field a force parallel
to the field lines is applied, and since the energy is conserved in a static magnetic field the energy
perpendicular to the field lines E| is converted into parallel energy E).
Another requirement of the MAC-E-filter is the adiabatic movement of the electron, which
means that the change of the magnetic field in one cyclotron motion is sufficiently low!. If
this requirement is fulfilled, the product of the absolute value of the magnetic moment and the
relativistic lorentz factor v are a constant of motion. Since electrons from tritium S-decay only
reach v ~ 1.04, it can be said that
= % = const. (6)

Which immediately allows to determine the change of the perpendicular energy and the angle
 between a starting point p; and an endpoint py:

By
E,s=FE ;—. 7
J-vf J—J Bz ( )
LA mathematical expression of the adiabatic criterium is
1dB qB
’Bdt L eye =" 5)



2.1. Energy resolution and transmission function

Now the energy resolution can be found by looking at the extreme case of an electron starting
with a 90° pitch angle. The initial energy is completely stored in the perpendicular direction
(Estart = E, ;). Assuming the electron passed from maximal to minimal magnetic field strength,
transforming as much of the energy into parallel energy as possible, the remaining perpendicular
energy is

Bmzn
8
Bmaa: ( )
Theoretically the energy resolution only depends on the inhomogeneity of the field. But there
is another practical reason which limits the energy resolution of a MAC-E-filter. The magnetic
flux,

AE Estmt

d = / BdA, (9)

is a conserved quantity, i.e. at the point of the lowest field strength the spectrometer radius
needs to be in proportion to the ratio from the maximal field strength to the lowest field strength
and the size of the source area. The source area itself also cannot be arbitrarily small, since
only about 107! of all decay electrons reach the detector and a suitable count rate has to be
guaranteed. Here the count rate becomes the same magnitude as the estimated background
rate, so the resolution is also limited by the cross-section area in the analyzing plane that is
practically realizable.
To be transmitted through the MAC-E-filter, an electron needs to fulfill the requirement

E((7) > qU(A) Y 7 (10)

Therefore the MAC-E-filter is a high-pass filter for electrons. Using equation (3) we can
express this requirement in dependence of the angle to the magnetic field

B
.92 ana
E||,ana = FEstart (]- — Sl Qstart

> qUana, 11

Bsource) 1 ( )
where F)j| ana; Bana 18 the parallel energy and the magnetic field in the analyzing plane respec-

tively and Biource is the magnetic field strength at the source.

Assuming Egort > qUana, equation (11) can define a cone of emission in which all electrons

fulfill the requirement to pass the MAC-E-filter:

Es art — U Bsrc
0 < 0,4, = arcsin <\/ tart — 470 ) . (12)

Estart Bana

Given the angular acceptance of the spectrometer of A2 = 27, the fraction of electrons that
pass the filter is described by the transmission function:

fOI’ Estart < qUO;
T(Buares aUo) = { 1 - ¢ 1 Bugth e for By (1= 522) < U < B, (13)
for qUO < Estart <1 - M) .




However this is only correct if the magnetic field strength at the source is the maximum field
strength in the setup. Using a field strength higher than the source strength creates a magnetic
mirror, which reflects all electrons with a larger angle than

By, .
omer, — i e . 14
start arcsin < B ) ( )

max

A magnet that produces this kind of field is called pinch magnet.
Cutting off electrons with higher angles is a method to reduce the effects of inelastic scattering
inside the source and thus reduce systematic errors.
If there is a field strength B,,,, > Bs,. in the setup, the transmission function normalized to
one becomes:

0 forEstart < QU(),
17\/17w% i
T(Estart7 qUO) = 17\/1?!1};2# fOI’qUQ S Estart S qUom’ (15)
Bmal‘
1 foquO < Esta’rt <1 - _ga%:f) .

Figure 3 shows a transmission function for a MAC-E-filter with a pinch magnet.
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Figure 3: Normalized transmissionfunction 7'(qUy, Fgart) plottet after equation 15. The maxi-
mum angle(f = 64.86°) and energy resolution (AE = 102 eV) are calculated for the
field strengths in the setup explained in chapter 4.1.

For different retarding potentials the electrons that pass the filter are counted. The spectrum
that is measured with a MAC-E-filter is an integrated one. By differentiating the measured
spectrum it is possible to compare the results with the analytical spectrum, which leads to the
mass of the neutrino.



2.2. Preliminary setup

The preliminary idea to create a tabletop MAC-E-filter came from E.W.Otten. His original
magnetic and electrostatic setup are schematically pictured in figure 4 and 5 respectively. These
pictures are taken from the program FEMM (finite element method magnetics[Meel0]), which
will be explained in detail in chapter 3.1.

The geometry of the experiment is placed inside a cylindrical vacuum chamber and is sym-
metrical around the z-axis and x-axis, which allows to observe the whole setup in a 2D-cross
section, from the symmetry axis (r = 0) to the outer wall (r = 115 mm) and from the analyzing
plane (z = 0 mm) to the top cover(z = 110 mm).

In contrast to the setup from the Troitsk, Mainz and KATRIN-experiments, here the magnetic
field is produced by a single permanent magnet instead of solenoids. The magnetic flux flows
from the north to the south pole of the magnet, where the S-emitter and detector are respec-
tively placed.

To increase the inhomogeneity of the field, a magnetic screen was implemented in the setup. It
is made of soft iron and absorbs the magnetic field lines, weakening the field strength behind
the screen and shifting the analyzing plane closer to the center of the setup. The inner radius
of the screen is r; = 45 mm and itA “s 2.5 mm thick.

| Electrode | Voltage [V] |

1+38 5600
2+9 3060
3+ 10 1800
4+11 1140
o+ 12 690
6+ 13 410
7T+ 14 260

Table 1: retardation voltages of the electrodes in the preliminary setup

Another difference to the in chapter 2 mentioned MAC-E-filter setup, is that the field lines
do not exit the magnet parallel to the symmetry-axis. The opening angle only amounts to
aq ~ 70° clockwise, of course the solid opening angle is still A2 = 27, with a counterclockwise
opening angle of a.y; ~ 130°. But since the electric field exits normal to the surface electrons
with the same starting angle starting clockwise and counterclockwise experience a different field
in the beginning. If this results in a difference of the adiabatic motion and with it a difference
in the transmission function is analyzed in chapter 4.3, since this phenomenon is also occurring
in the final setup.

The electric field in this setup is produced by several toroidal electrodes, as well as the outer
walls, the central magnet and the magnetic screen, which are all used as electrodes for the
electric field.

The toroid electrodes are placed on both sides of the central field line to form the electric field
parallel to the central field line, therefore opposing electrodes are also put on the same voltage.
Since the cyclotron radius increases along the way to the analyzing plane due to the decreasing
magnetic field strength, the distance of the electrodes to the central field line increase along
the way. Table 1 lists the retarding potentials of the electrodes as they are numbered in the



figure from left to right.
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Figure 4: (150 x 200 mm)Cross section of the preliminary magnetic setup. The electrons are
starting at the top end of the central magnet(left,h = 100 mm,r = 20 mm) and
are guided to the detector located at its bottom end. The analyzing plane is shifted
closer to the central magnet by the help of a magnetic screen(r,sige = 47.5 mm),
with the same height as the central magnet. The geometry is divided into two semi
circles, a smaller(r = 100 mm) and a bigger one(r = 300 mm), that define two areas

analyzing plane

magnetic screen

FEMM area border

of different grid size inside the FEMM program(see chapter 3).

The electrons start at a voltage of 18600V on the central magnet at (r = 12.6 mm,z =
50 mm) and are then retarded by the electric potential. To control the voltage in the ana-
lyzing plane, the outer wall and the magnetic screen are put on the same voltage (V = 0 for

lqUs| = 18.6 keV).

As this experiments intended usage is the employment in student laboratories, this bachelor
thesis intends to look for a more simple electrode setup. Also first simulations showed that
electrons with high azimuthal angles did not pass the filter, because they would collide with

the electrodes.
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Figure 5: Preliminary electrostatic setup. The electrons start at the top of the central
magnet(—18600 V) and are guided along the central fieldline to the analyzing plane.
The toroid electrodes are placed around the central magnetic field line(red line).
The outer walls of the vacuum chamber are set on ground level(0 V) to retard the

electrons.
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3. Electric potential and magnetic field calculations and
particle tracking

3.1. FEMM

FEMM (finite elements method magnetics[Meel0]) allows the calculation of electric and mag-
netic fields in a finite geometry. It is also used as a solution for heat flow problems. The
calculation is done by dividing the geometry into discrete sub regions (‘elements’) whose con-
nection points are called ‘nodes’.

To find the solution of the potential inside the whole geometry a set of linear elemental func-
tions is set, as an ansatz for the wanted solution inside each element. These functions will then
be solved in regard to the initial conditions that are set for the geometry.

3.1.1. Preprocessor

The preprocessor is used to define the geometry, boundary conditions and materials used inside
the model(figure 6 shows a screen shot of the preprocessor). FEMM is not able to create 3-
dimensional pictures, but can create models for 3-dimensions if the problem possesses cylindrical
symmetry or is infinitely long with a constant cross section.

The geometry is defined by placing points that can be connected by straight or curved lines.
Curved lines are defined by the arc angle that they close in between the two connecting points.
For every line a boundary condition can be set (for a look at all boundary conditions look at
the FEMM wiki?). The boundary condition that was used in the scope of this bachelor thesis
is the (‘mixed’) boundary condition,

1 0A
— A = 1
(,u(),u7«> 87” + (6] + Co 0, ( 6)

where 11 is the vacuum permeability, u,. is the relative permeability of the material and ¢, ¢;
are coefficients. FEMM can only calculate fields inside a finite area, but the magnetic problem
that is faced creates a field that goes to 0 in an infinite distance. Luckily an analytical solution
in a finite distance r for a field with this kind of boundary condition exists. In 2-dimensional
polar coordinates (7, 0) it takes the form:

o0

A(r,0) = Z i—z cos(nr + ay,). (17)

By differentiating this form in respect to r and only looking at the leading harmonic n we
get
0A

n
1 ZA=0. 1
or r 0 (18)

www.femm.info/wiki
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Looking at equation 16 we see that this is the form given in the mixed boundary condition,
which leads to the following coefficients:

n
Co = )
HoTo

6120,

where rq is the radius of the area that is modeled.
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Figure 6: Screen shot of the preprocessor in the FEMM programm, for a magnetic problem. The
yellow grid shows the borders of the subregions in which the fields will be calculated.
The green dots are elements in the programm allowing the assignment of the material
for the surrounding area. The blue lines define a region with its own material and
grid size.

The field created in a model is of course dependent on the materials used. FEMM already
offers a library of predefined materials, but also the option of adding new materials to the
library.

The permanent magnetic materials in FEMM are categorized after their energy product £ =
BH,,.., the maximum product of the magnetic flux density B and magnetic field strength H
that can be simultaneously achieved as shown in figure 7.
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Figure 7: Maximal Energyproduct, B - H that can be simultaneously achieved, of a permanent
Magnet visualized in its hysteresis curve.

The energy product is given in MGOe, where Oersted 1 Oe = 1000/47 A/m is an older unit
giving the magnetic field strength and Gauss 1 G = 107 T is used as a unit for the magnetic
flux density. The energyproduct has a unit J/m3, or energy per volume.

An area can also be assigned to a circuit in the magneto-static processor to, for example:
model a coil. The circuit is either a serial or a parallel circuit and otherwise only defined by
the strength of the current.

3.1.2. Postprocessor

Fields calculated by FEMM are then displayed in the postprocessor, where all the field values
are stored. The readout of these values can be done in the postprocessor or by using the script-
language Lua®. A Lua interpreter is embedded into the femm program. The Lua-commands
also allow to write the field data at the requested points into a data or text file. This is used
to access the field values inside the simulation program.

A lot more functions are available in FEMM, for a complete overview look at the femm manual.

Swww.lua.org
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3.2. Particle tracking

Inside an electromagnetic-field a particle with the charge ¢ experiences the Lorentz-force
x

F=m|y|=q(UxB+E). (19)
Z

Taking a look at the force acting on a particle induced by the magnetic field, we can see that
it is always perpendicular to the velocity vector. This leads to a circular motion around the
magnetic field line. This motion is called cyclotron motion and its radius is described by

muv (N
Tewe =5 T (20)

where m is the mass of the electron, v, the velocity component perpendicular to the magnetic
field and w is the frequency of the perpendicular motion.
Since equation (19) cannot be analytically solved, a numerical approximation is needed. Here
the 4-th order Runge-Kutta-method was chosen. It approximates the solution of a first order
ordinary differential equation (ODE) Ly(z) = f(z,y) over an Interval from z, to o + h from
a given solution at y(zo) = yo and the knowledge of the derivative at all points.
Other methods solving this problem exist, but the Runge-Kutta-method was chosen, because it
offers the best precision for the accuracy and time effort that is desired in the implementation as
well as in the simulations. It is also a well-known method used, for example in the KASSIOPEIA
tracking system used for the KATRIN-experiment.
The easiest way to approximate the solution for the problem mentioned above is the Euler
formal

y(wo + h) = hf(zo,y0) + y(xo). (21)

However it only uses the derivative at the start point of the interval, which makes it an
asymmetrical method not used in actual simulations. The error of the Euler formal is of order
O(h?*). Methods with an error of O(h™"*1) are of n-th order. To get to the 4-th order and
gain more precision, the idea of the runge-kutta-method is to do 3 intermediate steps and use
the derivative and the approximated solution at the points reached to get closer to the exact
solution, as picture 8 shows. Mathematical this leads to the following equations:

ki = hf(zo,yo) (22)
h kq
kzzhf($o+§,y0+3) (23)
h k
k:s:hf(l”o+§,yo+32) (24)
ky = hf(zo+ h,yo + k3) (25)
B ki ko ks Ky 5

6 3 3 6
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Figure 8: Figure of the trial steps taken in the 4th order runge kutta method. v, shows the
starting position, while point 2, 3 and 4 show the trial steps taken, after the evaluation
of the derivative in the points reached before. y, .1 is the final function value that is
calculated. Figure taken from [PTVEF92].

Now equation (19) is a second order ODE in three dimensions, but every ODE of n-th order,
y ™ = F(z,y,y,..,y™ V), can be transformed into a first order ODE by the substitution
y; =y, where y™ is the (n)th derivation of y. Now v/, = F(x,y,y1,...,yn) is a first order
ODE. Applying this to (19) we get the functions

n x
Y2 Y
- Ys z
— = 27
7=, o (27)
Ys Uy
Ye U,
and therefore
Ya
Ys
j = v . (28)

%(y4Bz - QSBy + Ea?)
%(yS)Bx - ySBz + Ey)
%(yiSBy - y4B:p + Ez)

Now another factor deciding the precision of this numerical solution is the choice of the
step size h. Of course if h is too big, the precision will diminish, and if A becomes too small,
unnecessary much time will be spent on the calculation. To set h into a physical context we
see that it defines a time interval over which the ODE will be integrated. If we look at the
cyclotron frequency (equation 20), because the cyclotron motion is dominant while the electron
drifts along the field line, we pick

h = — | wit n being any even, positive number. (29)
wn

This way we approximate the circular motion with a n-edged polygon.

15



4. Design of a tabletop MAC-E-filter

4.1. Magnetic setup

The magnetic setup for the MAC-E-filter can be seen in picture 9 and possesses the same
symmetry as already shown in section 2.2. The mentioned field values refer to the values
occurring along the central field line. All magnets that are shown here are neodymium-iron-
boron (NdFeB) magnets and can be found in the assortment of HKCM Engineering company
4
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Figure 9: Simulated magnetic setup. On the top end of the magnet the electrons are started
and pass through the pinch magnets. The field in the analyzing plane is supported
by a coil and shifted towards the central symmetry axis(r = 0 mm) by a magnetic
screen.

twww.hkem.de
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The central magnet in this setup is a ring magnet, which possesses an energy product of
52 MGOe (this is the highest possible energy product for a NdFeB-magnet), a height of 80 mm,
an inner radius of 3 mm and an outer radius of 20 mm. Above the north pole of the central
magnet, two ring magnets form a pinch producing the highest field strength in the setup with
Biar = 0.915 T. Both magnets are placed with 1.5 mm distance to the main magnet at
z = 41.5 mm. The inner ring magnet has an energy product of 45 MGOe, an inner radius
of r; = 5.65 mm and an outer radius of r, = 9.4 mm, its height is h = 2 mm. Likewise the
geometry of the outer ring magnet is r; = 12.5 mm, r, = 17.5 mm and A = 3 mm, but its
energy product is 35 MGOe. Figure 10 shows a close-up picture of the two ring magnets.
Even though the outer magnet possesses a lower energy product, the produced field elevation
is nearly equally distanced between the two ring magnets, since the lower energy product is
compensated by the bigger volume of the outer ring.
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Figure 10: (14 x 22 mm)screen shot of the top end of the central magnet. Here the electrons
are started and then pass through the pinch, genereated by the two pinch magnet
rings. On the left the inner magnet ring can be seen and on the right the outer ring
is visible.

The central field line exits the main magnet at (10.19,40) mm at a source field strength of
0.75 T and then travels through the pinch magnet, with a field strength of 0.915 T. Using
equation(14) all electrons with angles over ©,,,, = 64.86° will be reflected by the pinch.

Upon reaching the analyzing plane(96.7,0) mm, the field strength drops to about 5 mT. The
theoretical energy resolution (equation 8) of this setup is then

0.005 T
0914 T
As can be seen in figure 9, the field in the analyzing plane is supported by an air-coil placed

AFE = 18600 eV - ~ 102 eV. (30)
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on the outside wall of the vacuum chamber(18 AWG?® copper wire, 2 turns and —250 A).

The magnetic screen has an inner radius of 42.5 mm, is 5 mm thick and is composed of Armco
iron. A resizing of the screen could bend the field lines strong enough to fit inside the spec-
trometer, but it would reduce the field strength even further, which would lead to a bigger
cyclotron radius. The implications of this are discussed in chapter 4.3.

4.2. Electrostatic setup

The electric setup can be seen in figure 11. Contrary to the preliminary setup, the central
magnet and the pinch magnet rings are set to ground level (0 V), because the readout of the
detector will be simplified this way. The pinch magnet also needs to remain on ground level,
because electric retardation inside the pinch magnet would alter the pinch angle, which would
violate the condition for calculating the reflection angle inside the pinch and also strongly
violate the adiabaticity of the filter. Still a difference in voltage of =~ 700 V remains along the
field line. The consequences of this are shown and discussed in the next chapter.

The electrodes in this setup are copper wires imprinted on printed circuit boards (pcb) of
FR4-material (relative permittivity e, = 4.7 é—;), which is a epoxy impregnated glass-fiber
matte.

Overall, there are 12 electrodes on the lower pch and 27 on the upper one. The exact voltage
of each electrode can be seen in the tables 3 and 2 respectively. The voltage change on both
pcbs is AV = (=12970 V) — (—18310 V) = 5340 V. Even though the electrodes are not
symmetrically aligned alongside the central field line as in the preliminary setup, the produced
field is estimated to mostly parallel to the magnetic field, so that the adiabatic retardation is
still ensured.

The magnetic screen and the outer wall of the spectrometer are also set on electric potential to
set the voltage in the analyzing plane. For an analyzing voltage qU, = 18600 eV the wall and
the screen are both set on —18635.5 V.

5 American Wire Gauge
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Figure 11: Simulated electrostatic setup. On the top of the central magnet the electron start
on ground level (0 V) and then pass through the pinch magnets, that are also set on
ground level. The retarding electrodes are mounted on printplates. The outer Wall
(r = 115 mm) and the magnetic screen (r = 45 mm) are set on negative potential
to generate the analyzing Voltage qU,.
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4.3. Particle tracks

The program which is used to simulate the electron tracks, is written in the C+-+-language.
The whole code can be seen in the appendix.

To analyze the transmission function of the MAC-E-filter, simulation were run for different
surplus energies of the electron. The analyzing voltage was set to qUy = 18600 eV, the energy
of the electrons ranged from 18600 eV to 18745 eV , with a step size of 5 eV. For every surplus
energy the starting angle was varied from 0° to 90° in 5° steps. The result is pictured in figure
12.
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Figure 12: Simulated transmission of electrons through the MAC-E-filter setup. A red cross
marks an electron, with the corresponding starting energy and starting angle 6.,
that passes through the filter. A green cross marks the electrons that do not pass.
The blue line represents the theoratically expected border(derived from equation
(15)), where all electrons above the line should pass the filter and the ones below
should not.

Now the tracks with starting angles 35°,40°,50° and 55° differ strongly from the expected
behavior. While electrons with a starting angle of 50°,40° and 35° are starting to pass the filter
at a much higher surplus energy than expected, electrons with a starting angle of 55° show a
different behavior and pass the filter with lower surplus energies than expected.

By taking a look at the relative change of the magnetic momentum

Ap = M7 (31)
Ho

we can take a closer look at the energy transformation along the track of the electron. By

20



5.900e-003 : >6.000e-003
5.800e-003 : 5.900e-003
5.700e-003 : 5.800e-003
5.600e-003 : 5.700e-003
5.500e-003 : 5.600e-003
5.400e-003 : 5.500e-003
5.300e-003 : 5.400e-003
5.200e-003 : 5.300e-003
5.100e-003 : 5.200e-003
5.000e-003 : 5.100e-003
4.900e-003 : 5.000e-003
4.800e-003 : 4.900e-003
4.700e-003 : 4.800e-003
4.600e-003 : 4.700e-003
4.500e-003 : 4.600e-003
4.400e-003 : 4.500e-003
4.300e-003 : 4.400e-003
4.200e-003 : 4.300e-003
4.100e-003 : 4.200e-003
<4.000e-003 : 4.100e-003

ensity Plot: |B], Tesla

[=]

o4

Figure 13: Simulated track (red line) for 0 = 55°, Egy = 18640 eV (left) and 0 = 40°, Egore =
18710 eV (right) approaching the analyzing plane

looking at equation 6 we can derive that the perpendicular energy of an electron with a changed
magnetic moment Ay is

BdeE
BST’C ,

expressed in terms of the perpendicular energy in the totally adiabatic case E, 4. This
helps estimating the violation of the adiabatic criteria and the transformation of the energy.
By looking at Ay along the whole track (figure 14) we can see that the magnetic moment is
oscillating along the field, which is expected due to the cyclotron motion of the electron, but
at two points this oscillation is interrupted.

EL = EL,ad(A,U/ + 1) (32)

The first one is at the very beginning of the track, when the electron passes through the
pinch magnet. Here the electron experiences a strong shift in the magnetic field strength and
the magnetic field is very inhomogeneous over one cyclotron motion. Especially when the
electron leaves the pinch, an abrupt change of the magnetic moment can be seen. A look
at the electron track at this point (figurel5) shows that the electrons pass through a change
of about0.2 T inside one cyclotron motion, while exiting the pinch. Afterwards the magnetic
moment no longer oscillates around its initial value pg, but around the value it takes on after
exiting the inhomogeneous field area of the pinch. This can lead to either a lower magnetic
moment (0 = 55°, Egq = 18640 €V) or an increase (6 = 40°, Egqre = 18710 €V), as can be
seen in the simulation.

At the second point the electron, due to its cyclotron motion, enters into a very inhomoge-

neous field and reaches a local minimal field value of nearly the analyzing field strength and
then moves back into a higher B-field. This happens repeatedly as can be seen in picture 13.
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Figure 14: relative change of the magnetic moment along the track for § = 40° and a starting
energy of 18710 eV(red line) and 6 = 55° and a starting energy of 18640 eV(green
line)

i
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Figure 15: Simulated track (red line) for § = 40°, Fgqy = 18710 €V and 6 = 55°, Egory =
18640 eV at the start point, passing through the pinch magnet.
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As discussed before, this violates the MAC-E-filter principle since the electron should only ex-
perience a decreasing field until it reaches the analyzing plane. Also when the electron travels
from a lower to a higher field strength, parallel energy is reconverted into perpendicular energy.
This means the perpendicular energy of the electron oscillates between two points, depending
on the magnetic field strengths it oscillates between, which can also be seen in the oscillation
of the magnetic moment.

The discussed effects can decrease or increase the transmission of an electron through the an-
alyzing plane. If the oscillation of the magnetic moment is at a minimum, when the electron
reaches the minimum of the B-field (as seen in picture 15, green line), the perpendicular energy
will then oscillate at a lower offset, as if the magnetic moment is at a maximum(picture 15, red
line). So these effects are not dependent on the starting energy or starting angle the electron
has, but rather on the path of flight it takes through the filter, which is not predictable from
the initial conditions.
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5. Conclusion and outlook

The analysis showed that the tested setup does not allow for an adiabatic transmission for all
electrons, which would lead to a deformed spectrum. Also the impact on the transmission of
the responsible effects cannot be foreseen by looking at the initial conditions, which disqualifies
this setup for actual use.
Seeing that the cyclotron motion causes the non-adiabatic transformation of energy, a smaller
cyclotron radius in the vicinity of the analyzing plane would be needed to improve the perfor-
mance of this setup. This could be achieved by decreasing the energy even stronger until the
electron reaches the inhomogeneous B-field, but even if this could be achieved the electrons on
the neighboring field lines would still experience strongly inhomogeneous fields and thus deform
the measured spectrum.
Another possibility would be to increase the analyzing field strength, which would reduce the
energy resolution, but improve the homogeneity of the field in the analyzing plane.
The pinch magnet is another part of the setup that causes a non-adiabatic motion. A smoother
decrease of the field strength is needed, by either decreasing the overall pinch strength, which
in return would result in a bigger cutoff angle and also decrease the energy resolution, or to
abstain from using a pinch. In the small geometry of this setup the difference in track length
may not be significant and thus it could in principle work without a pinch. The conducted
simulations did not consider background implications and the pinch magnet was included on
the experience from the foregone MAC-E-filter experiments, so this would have to be discussed
in another thesis.
The electrode system in the setup was simplified in regards to the first setup, but a more com-
plex setup could lead to an electric field aligned more parallel to the magnetic field. Since the
problems in the magnetic setup are clearly dominant, the differences are not directly visible
and so the electrostatic setup needs further investigation.
Overall the field strengths reached in this setup seem too strong to allow an adiabatic trans-
mission of electrons. Settling with a lower resolution would give another chance to this setup.
An alternative setup to the discussed one, is shown in figure 16. Two identical magnets are
placed inside a vacuum chamber, with the same orientation. With a distance of » = 100 mm,
an electrode is placed in the space between the magnets. Thus creating the analyzing plane of
this setup in the middle of the space between the magnets, where the magnetic field strengths
drops to a minimum.

This setup is very similar to the KATRIN setup, but another electrode at the height of the
analyzing plane is added, to support the electric field. Thus the analyzing plane is a circular
ring between the two electrodes.
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MAC-E-filter design, magnetic setup(left) from the symmetry axis(r = 0 mm) to r
= 115 mm and the electrostatic setup(right) from the symmetry axis to r = 100 mm.
The electron start from the bottom of the upper magnet(z = 100 mm) and are guided
to the top of the lower magnet(z = —100 mm). Two electrodes on —18600 V retard
the electrodes in the analyzing plane (z = 0 mm).
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A. Electrode voltages

| Electrode | Voltage [V] | Electrode | Voltage [V] |

1 —12970 15 —17520
2 —13478 16 —17605
3 —13986 17 —17690
4 —14494 18 —17775
5 —15002 19 —17855
6 —15510 20 —17936
7 —15842 21 —18015
8 —16173 22 —18090
9 —16505 23 —18165
10 —16800 24 —18200
11 —16940 25 —18233
12 —17090 26 —18267
13 —17230 27 —18310
14 —17375

Table 2: retardation voltages of the electrodes on the upper printed circuit board in the setup

| Electrode | Voltage [V] |

1 —12970
—14190
—15412
—16300
—16905
—17245
—17562
—17760
—17955
10 —18145
11 —18235
12 —18310

© 00 ~J O U W N

Table 3: retardation voltages of the electrodes on the lower printed circuit board in the setup
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Listing 1: rkd.cpp

#include "stdafx.h"
#include <fstream>
#include <iostream>
#define _USE_MATH_DEFINES
#include <math.h>
#include <vector>
#include <sstream>

using namespace std;

// approximates the field values at (r,z) ’'field’ from the stored field values
— ’'Field’
// through bilinear interpolation
void field_approx(double r,double z,double &field, vector<double>& Field){
double appl,app2,rc,zc;
//locate next point of the field value grid next to the current electron
— position
rc = (rxled4-fmod(rxled,1l))xle-4;
zC = (zxled-fmod(zxled,1))x*le-4;
//get array key of the field value of the next grid point
int R = rcxle4;
int Z = zcx1le4;
int KO = R+1152x%Z;
//bilinear interpolation
try{
appl
app2
— Field.at(KO+1152)+(r-rc)*(Field.at(K0+1153)-Field.at(K0+1152))/0.0001;
}catch(out_of_range e){
throw e;
}

field = appl+(z-zc)*(app2-appl)/0.0001;

Field.at(KO)+((r-rc)=*(Field.at(KO+1)-Field.at(K0))/0.0001);

}

//readout of several variables
void param(vector<double> y,vector<double>& BR, vector<double>& BZ,
— vector<double> V,
double& v_par, double& v_nor, double& B, double& Volt, double& br, double&
— bz,
double& er, double& ez, vector<double>& ER, vector<double>& EZ){
double r = pow(y[0]*xy[0]+y[1]xy[1],0.5);
double z = y[2];
try{
field_approx )
field_approx );
field_approx )
field_approx(r, z ez, EZ),
field_approx(r,z, Volt V);
}catch(out_of_range e){
throw e;
}

// b-field value
= pow(brxbr+bz+bz,0.5);

r,z,br,BR
r,z,bz,BZ
r

—~ o~ o~ —~

’

//calculate parallel v_par and perpendicular v_nor velocity components
//through the scalar product with the b-field values
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}

double v_tot = pow(y[3]*y[3]+y[4]xy[4]+y[5]*y[5],0.5);
v_par ((y[3]*brxy[0]/r+y[4]*br+xy[1]/r+y[5]*bz)/B);
v_nor pow(v_totxv_tot-v_parxv_par,0.5);

//calculates stepsize for the runge-kutta-method at a point y
// n 1is the number of steps that are taken to approximate one cyclotron motion
double stepsize(int n, vector<double> y,vector<double>& BR, vector<double>& BZ){

}

const double q = 1.602176e-19;//absolute of the electron charge [Axs = (]
const double m = 9.109382e-31;//electron mass [kg]
double stepsize,B,br,bz;

//calculate position in (r,z)-grid
double r = pow(y[0]*xy[0]+y[1]*y[1],0.5);
double z = y[2];
//get field values at (r,z)
try{
field_approx(r,z,br,BR);
field_approx(r,z,bz,BZ);
}catch(out_of_range e){
throw e;
}

B = pow(brxbr+bzxbz,0.5);
stepsize = m/(g*Bx*n);
return stepsize;

// get the derivative dydx of y
void derivs(vector<double> y, vector<double> &dydx, vector<double>& ER,

— vector<double>& EZ
,vector<double>& BR, vector<double>& BZ)

// go into (r,z) coordinate system
double r = pow(y[0]*y[0]+y[1]*y[1],0.5);
double z y[2];

double er,Ez,br,Bz;

// approximate field data at y

try{
field_approx(r,z,er,ER)
field_approx(r,z,Ez,EZ)
field_approx(r,z,br,BR)
field_approx(r,z,Bz,BZ)

}catch(out_of_range e){
throw e;

}

// go back into (x,y,z) coordinate system
double Ex,Ey,Bx,By;

’
’
.
’
’

Ex = erxy[0]/r;
Ey = erxy[1]/r;
Bx = brxy[0]/r;
By = brxy[1]/r;

// calculate derivative compoonents
const double g = -1.602176e-19;//Axs = C
const double m = 9.109382e-31;//kg
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dydx[0] = y[3];
dydx[1] = y[4];
dydx[2] = y[5];
dydx[3] = (g/m)*(Ex+y[4]1xBz-y[5]*By);
dydx[4] = (q/m)*(Ey+y[5]1*Bx-y[3]*Bz);
dydx[5] = (g/m)*(Ez+y[3]1*By-y[4]*Bx);

}

// calculates angle between z-axis and b-field at (r,z)
double startAngle(vector<double>& BR, vector<double>& BZ, double r, double z){
const double pi = M_PI;
double br,bz;
field_approx(r,z,br,BR);
field_approx(r,z,bz,BZ);
// scalar product between (r,z)-vector and b-field vector
double alpha = acos(bz/pow(bzxbz+brxbr,0.5))*180/pi;
return alpha;

}

//calculate start velocity for starting energy Ener,
//starting angle between momentum and b-field theta,
//starting azimuthal angle phi
void startvelocity(double Ener, double theta, double phi, double alpha,
— vector<double> &v){
const double pi = M_PI;
const double c = 299792458;// speed of light [m/s]
const double m = 510.998;// mass of the electron [keV/c"2]
double vO;
//calculate v using transformation from spherical coordinates to cartesian
<+ coordinates
//the velocity vector is calculated for a cartesian coodinate system with
— the b-field vector as the z-axis
double total_v = cxsqrt(2xEner/m);

v[0] = total_v x sin((theta)*pi/180)*cos(phixpi/180);// m/s
v[1l] = total_v * sin((theta)*pi/180)*sin(phixpi/180);

v[2] = total_v * cos((theta)*pi/180);

//transform the velocity components into the laboratory system
vl = v[0];

v[O] cos(alphaxpi/180)*v[0]+sin(alpha*xpi/180)*v[2];

v[2] cos(alpha*xpi/180)*v[2]-sin(alphaxpi/180)=*v0;

}

// calculation if the runge-kutta-method with the derivative dydx and the
— 1intial position y,
// the fieldvalues ER,EZ,BR,BZ and the stepsize h
void rk4(vector<double> &y, vector<double> &dydx, double h,
vector<double> &yout,vector<double>& ER,vector<double>& EZ,vector<double>&
— BR,vector<double>& BZ)

int i;
double xh,hh,h6;

int n=y.size();

vector<double> dym(n),dyt(n),yt(n);
hh=hx0.5;

h6=h/6.0;

xh=hh;

//first trial step with stepsize hh
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int

for (i=0;i<n;i++) yt[il=y[il+hhxdydx[i];
try{

derivs(yt,dyt,ER,EZ,BR,BZ);
}catch(out_of_range e){

throw e;
}

//second trial step with stepsize hh
for (i=0;i<n;i++) yt[i]l=y[i]+hhxdyt[i];
try{

derivs(yt,dym,ER,EZ,BR,BZ);
}catch(out_of_range e){

throw e;
}

// third trial step with stepsize h
for (i=0;i<n;i++) {
ytlil=y[i]+h*dym[i];
dym[i] += dyt[i];
}
try{
derivs(yt,dyt,ER,EZ,BR,BZ);
}catch(out_of_range e){
throw e;
}

// calculate final step
for (i=0;i<n;i++)

yout[i]=y[i]l+h6x*(dydx[i]+dyt[i]+2.0xdym[i]);

_tmain()

double r,z,erbuff,ezbuff,brbuff,bzbuff,vbuff;
vector<double> v(3);
char c;

const int pointnumber = 981504;//number of field data points
vector<double> ER(pointnumber);//radial electrical field vlaues
vector<double> EZ(pointnumber);//axial electrical field values
vector<double> BR(pointnumber);//raidal magnetic field values
vector<double> BZ(pointnumber);//axial magnetic field values
vector<double> V(pointnumber);//voltage values

//field data readout

int R = 0;

ifstream file_one ("Efin.dat", std::ifstream:

while(file_one.good()){
file_one>>r>>z>>erbuff>>ezbuff>>vbuff;
ER[R] = erbuff;
EZ[R] = ezbuff;

VI[R] = vbuff;
R++;
if (R == pointnumber)break;
file_one.get(c);
¥
file_one.close();
R =0;

ifstream file_two ("Bfin.dat", std::ifstream:
while(file_two.good()){
file_two>>r>>z>>brbuff>>bzbuff;
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:in);//electric field data

:in);//magnetic field data



BR[R] = brbuff;

BZ[R] = bzbuff;

R++;

if (R == pointnumber)break;

file_two.get(c);
}

file_two.close();
double h;//stepsize variable

double En[] = {18.6};//starting energy in kel
double theta[] = {40};//starting pinch angle in degrees
double phi[] = {0};//starting azimuthal angle in degrees

double rStart = 0.0102;//radial starting point

double zStart = 0.040;//axial starting point

double alpha = startAngle(BR,BZ,rStart,zStart);//starting angle between
— Zz-axlis and B-field

double pinchangle;

for(int k = 0;k<36;k++){//k number of simulations

startvelocity(En[k],theta[k],phi[k],alpha,v);//calculation of starting
— velocity components

double yo[] = {rStart,0,zStart,v[0],v[1],v[2]};//starting array y =
— (r,v)

vector<double> y,dydx(6),yout(6);

for(int i = 0;1 < 6;i++){
y.push_back(yo[i]);//starting components are red into vector element

std::stringstream filename;// filename for .dat file in which the
— simulated variables are written into

filename << En[k]*1000 << "_" << thetal[k] << "_" << phi[k] <<
— "_fin_hl6.dat";

string s;

filename >> s;

// v_par,v_nor velocity components parallel and perpendicular to the
— magnetic field

// B is the B-field strength

// Volt is the Voltage

// br,bz,er,ez variables for field values storage and later input into
— fielstream for data storage

double v_par,v_nor,B,Volt,br,bz,er,ez;

for(int n = 0; n < 5000;n++){
try{

// first get the derivative at the startpoint of the
— runge-kutta-step

derivs(y,dydx,ER,EZ,BR,BZ);

// readout of field values at startpoint for data storage

param(y,BR,BZ,V,v_par,v_nor,B,Volt,br,bz,er,ez,ER,EZ);

ofstream myfile;

myfile.open (s,ios::app);

// relevant variables are read into file

myfile << y[0] << " " << y[1l] << " " << y[2] << " " << B << " "
<< br << " " << bz << " " << er << " " <<ez << " " <
— Volt;

myfile.scientific;
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myfile.precision(13);

myfile << " " << v_nor << << v_par<<
< y[4] << " " << y[5] << "\n";

myfile.close();

// calculate current pinch angle

pinchangle =
— 180*acos(v_par/(sqrt(v_parxv_par+v_norxv_nor)))/M_PI;

// interrupt simulation if the pinch angle is above 90°,
— because than the electron has been reflected

if(pinchangle > 90)break;

//interrupt simulation if the electron is out of bounds

if(y[2] < 0)break;

// calculate stepsize for the next runge-kutta-step

h = stepsize(16,y,BR,BZ);

// calculate next runge-kutta-step

rk4(y,dydx,h,yout,ER,EZ,BR,BZ);

// save current position

y = yout;

}catch(const out_of_range e){
cout << e.what()<<"\n";
break;

<< y[3] << " " <<

}
}

return 0;
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