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CHAPTER1

INTRODUCTION

The goal of this thesis was to investigate the origin andifigtion of the expected muon-induced
electron background in the main spectrometer of the KATRIgdtiment. First, we will give a
brief overview of the historical progression of neutringypics leading up to the KATRIN Ex-
periment, followed by a description of what the KATRIN Expeént is, what its goals are, and
its realisation. Finally, an overview of the physics behthd causes of the expected electron
background is given.

During the development of the simulations, it became appalat new experimental data was
required in order to accurately model the low-energy mu@oséaries; therefore, an experiment
was planned and conducted at the electron spectrometer fafrther Mainz Neutrino Mass Exper-
iment to resolve these outstanding issues. Unfortunatedyesults of these measurements did not
agree with measurements done previously to investigateabkground in KATRIN. A dedicated
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experimental setup was then constructed ianster to clarify these issues, which ultimately led
to results agreeing with our previous measurements in Mdihe measured angularly dependent
secondary electron yield was then used in the simulationiseo&xpected cosmic muon-induced
low-energy background of the KATRIN Experiment.

1.1. Neutrinos

The neutrino was originally postulated by W. Pauli on Decen#ih, 1930[Pau30], when search-
ing for a solution to the beta decay problem: the electronshwyere emitted in the beta decay
were found to have a continuous energy distribution, andottta decay violated the conserva-
tion of angular momentum. Pauli postulated the emission e¢@nd particle which corrected
for the missing angular momentum and carried the remainmgggy. In 1934 E. Fermi calcu-
lated the mechanics of the three-body beta-decay usingudetgm field theory, and named the
third particle “neutrino“[Fer34]. The first experimentalopf of neutrinos was done by Reines
and Cowan[Rei59] in 1956, via an experiment utilizing the rseebeta decay. Because of the
extremely small cross-section of this decay, this was onlsble by using the intense neutrino
flux produced by a nuclear reactor.

Currently, neutrinos have been accepted into the StandadeMd particle physics, which states
that neutrinos are massless leptons interacting via th& imézraction. Similar to electrons, there
are three generations (often called flavors) of neutrifwsgetectron\{e), muon ¢,), and tau ¥;)
neutrino.

Measurements such as the Homestake Experiment[Dav946PayR. Davis et al. resulted in
discrepancies between the solar neutrino flux predictechéyStandard Model and the actually
measured flux, with a detected neutrino rate two thirds sn#ian expected. While other exper-
iments confirmed the deficite of solar neutrinos, it was ndil tmrty years afterwards that the
results of the SNO (Sudbury Neutrino Observatory) expenime&hich was sensitive to the neu-
trino flavor, were used to explain this phenomenon. The thebneutrino oscillations, which was
originally postulated in 1957, was confirmed: neutrinoslizge between flavors during their life-
time, resulting in a lower-than-expected count rate ofaiertlavors and a corresponding excess
of others. These oscillations are only possible if eachrmeuflavor is a mix of neutrino mass
eigenstates, which is only possible for massive neutrinos.

Experiments such as Super-Kamiokande, K2K (KEK to Kamip&ayl KamLAND have measured
v-oscillations and determined the corresponding diffeesraf neutrino mass squares between fla-
vors by determining the oscillation length; however, unblw no measurement of the absolute
neutrino mass has resulted in anything other than an uppér Recently, doublg3 decay exper-
iments have hinted at the neutrino mass; however, theseunggasnts must still be confirmed.

An additional outstanding problem which is directly rethte the neutrino masses is the question
of the neutrino mass hierarchy, e.g., how the masses of titameflavors are ordered, i.e. whether
they follow a quasi-degenerate or a traditional hierar@scheme.
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1.1.1. Measurement of the neutrino mass

The mathematical description of the beta decay by E. Ferrdeendent on the mass of the
electron neutrino. Therefore, a precise measurement aslthpe of the beta spectrum allows a
determination of the neutrino mass.

The decay rate is given by:

d?N

atag ~ R(E) V(Eo—E)2—m2 o0 (Eg — E —my, %) (1.1)
with
2
R(E) = 5i750% (6c) MF (2,E) p(E +mec?) (Eo— ). (1.2)

Here,E is the kinetic energy of the decay electron, with as the electron masg, as the mo-
mentum of the electron, arteh as the endpoint energy (maximumEef for a zero neutrino mass.
F(Z,E) is the Fermi function, an® ensures energy conservation. Furtherm@ejs the Fermi
constantfc the Cabibbo angle, ard the nuclear matrix element. Boi as well as=(Z,E) are
independent of the neutrino mass; the only dependenceilibg isquare root term in eqn. 1.1.
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Figure 1.1.: Left: The tritium beta decay spectrurRight: Closeup of the endpoint of the beta spectrum.

Two different curves are shown, for neutrinos with a mass of 1eV andfssless neutrinos, to illustrate
the difference.

The dependence of the energy spectrum offihedectrons on the neutrino mass becomes more
pronounced close to the endpoint of the spectrum, hencééssable to maximize the portion of
decays within this endpoint region. Therefore it is idealte isotopes with low endpoint energies.
The isotopes with the lowest endpoint energies are tritiht) &nd rhenium¥’Re. The influence

of the neutrino mass in the tritium beta decay is shown in Eid.
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3H —3He" +e +Ve

Tritium has a short half-life of 13y and a simple nuclear and electronic structure allowirgy th
precise calculation of the nuclear matrix elements and cutde effects, as well as allowing the use
of gaseous sources, which prevents errors induced by ceadematter physics effects. Therefore,
it is an ideal, often-used candidate for neutrino mass éx@ats. The latest of these are the
Troitz and the Mainz experiments, which set new upper limitshe electron-antineutrino mass of
2.1eV/c?[Lob03] and 23eV/c?[Kra05], respectively. The most important experimentatdas
affecting the precision of the determined neutrino massimtype of experiment are the energy
resolution affecting the precision of the determinatedposhaf the beta decay spectrum endpoint,
and the count rate in order to measure this in finite time witfigent statistics. (The halflife of
(*®'Re is several billion years, which makes usage of this isotogeactical.)

Several alternative methods of measuring the neutrino rfnags also been attempted, such as
by measuring the neutrinoless double beta decay. Here ehigimo emitted by a beta decay is
absorbed by a second simultaneous beta decay in the sameisiuasulting in the full decay
energy being imparted to the emitted electrons. This woesdlt in a sharp peak at the end of the
summed energy spectrum, as the electrons carry the fullygndowever, thd33-decay requires a
neutrino as well as an antineutrino: In order for this prededake place, neutrinos would have to
be their own antiparticles, i.e. Majorana particles.

Another method which has been attempted by Super-Kami@{ha2] is to measure the dura-
tion of a neutrino burst which originated from a supernovantévNeutrinos with different starting
energies have differing gamma factors, therefore requisilghtly different amounts of time to
arrive; by determining the differences in arrival times émelcorresponding energies, the neutrino
mass may be determined.

1.2. The KATRIN Experiment

The KATRIN (KArlsruhe TRItium Neutrino) Experiment is an expeent which will measure the
neutrino mass with a sensitivity of DeV/c? (90% CL) or, failing this, determine a new upper
limit for the mass. The neutrino mass is derived from a measant of the endpoint region
of the tritium decay spectrum. Following similar experirtgeeauch as the Mainz Neutrino Mass
Experiment[Kra05] and Troitz[Lob03] with a sensitivity 8&V/c2. Thus KATRIN aims for an
order of magnitude improvement to the sensitivity of thetrm@no mass compared to the Mainz
and Troitz experiments.

The total length of the experimental setup is 70m, with gasdadtium entering the setup at the
source end, and the decay electrons being magneticallgduidough the various sections until
they reach the detector. An overview of the experimentalpset shown in Fig. 1.2. The experi-
ment itself is being set up at the Forschungszentrum Kdms(EZK), making use of the existing
tritium know-how and the infrastructure at the largestl@wi tritium laboratory in the world, the
Tritiumlabor Karlsruhe (TLK). The major components of thetugp fall into two groups, those
inside the TLK with the corresponding tritium containmeeatjuirements such as double-walled
vacuum sections, x-rayed welds, etc., and those which aetdd outside this hall, namely both
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spectrometers and the detector system. A short descrijhteés® components follows; for details
see the Katrin Design Report 2004 [Ang04].

(e)
(c)
(a) ==zttt

(b)
(d)

Figure 1.2.: Overview of the KATRIN Experiment. (a) The WGTS section, within whichdEcays, emit-

ting neutrinos which escape from the experiment, and electrons which gmeetiwlly guided to (b), the
transport section. This section consists of the differential and crgbagpsections, which work together
to remove the remaining undecayed tritium gas from the experiment. The aekectwatinue on to (c), the
prespectrometer, where an initial energy filtering is done, and then on),tthédmain spectrometer, with
the final filtering. Electrons not removed by the MAC-E filters are then dedday the detector (e).

1.2.1. Source

The secondary electrons originate in the windowless gasé&dium source (WGTS) section,
within which the tritium decays occur. Here, tritium gashwét central pressure of8 10-3mbar
enters the vacuum at the center of a 10-m-long tube, and guésty drifts towards both ends
resulting in a column density @fd = 5- 10'”moleculegcn?. As the name implies, this is a win-
dowless source: While most of the tritium gas is removed frioevacuum by turbopumps at each
end of the section, some will continue to diffuse throughtibamline, as there are no windows
preventing the gas from exiting this section. Utilizing esgaus source removes the uncertain-
ties involved in the condensed-matter physics involved $ol&d source, such as the one used in
the Mainz experiment. The tritium temperature (27K) andspuoee in this column must remain
constant, as fluctuations here would smear the decay speotducing the total mass sensitivity;
achieving the required stability level in a tritium-ceeidi system requires surmounting incredible
technical difficulties. The source section itself contanperconducting magnets creating a 3.6T
field along the beam axis, which guide the isotropically &ditdecay electrons along the pipe,
either towards the detector or to the monitoring sectionlace at the back end of the source;
a maximum angle of 5@7° is accepted. Additionally, the entire source section is @orstant
electrical potential, thereby ensuring a uniform accéienaof decay electrons, no matter where
in the section the decay took place. The removed tritium ahidim gas is then recycled and puri-
fied by additional hardware located in the TLK section of KANRthis hardware is not shown in
Fig. 1.2).
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1.2.2. Transport section

A further reduction of tritium pressure is mandatory in artteprevent decays from taking place
outside the source, which would contaminate the spectiaingbrrect energies. The next section
is an additional pumping section consisting of two parspiirpose is to remove any remaining
tritium gas from the vacuum. First, in the additional diffatial pumping section (DPS2), turbo-
pumps are used to reduce the tritium flux td-A0~" mbar-1/s. Here the beampipe is zigzagged
in order to increase the likelihood that the neutral tritiatams will collide with the walls and are
deflected towards the turbopumps. In the second part of éimspiort section, the cryo-pumping
section (CPS), an argon frost coating is applied to the watlssobeamtube via liquid-helium cool-
ing, trapping any remaining tritium. This results in a resittritium flux of at most 10%*mbar-1/s
and a tritium density of 16?°mbar in the spectrometer sections. Again, superconduntagnets
are used to guide the decay electrons through this section.

1.2.3. Spectrometers

The electrons then enter the two spectrometers, both apgnaa the MAC-E Filter principle,
explained in subsection 1.2.6. The prespectrometer wighgth of 35m and diameter of. Im is
operated at 100 200V below the tritium endpoint energy, resulting in a redrcof the incoming
electron rate from 1% electrons per second to 36lectrons, with an energy resolution of 75eV,
thus removing all electrons which are significantly beloe/tifitium endpoint energy. MAC-E type
spectrometers are integrating spectrometers allowingladitrons above a given minimal energy
to pass. Scanning the cut-off energy enables the genewdtiotegral electron fluxes, from which
the tritium spectrum is derived. In addition, the magnegtdfistrength is increased, thus limiting
the accepted angles of the decay electrons via magnetictrefl®f large angles, ensuring that the
likelihood of inelastic collisions remains low.

The main spectrometer, shown in Fig. 1.3, with a diametefaon1a length of 23 m, and weighing
over 200t, then reduces the electron rate further, down ésvaniHZ in the vicinity of the tritium
endpoint. Due to this low count rate, the electron backgdauost be kept below 10 mHz to remain
within the acceptable statistical error. The spectromietera surface area of 636nassuming

a cosmic muon background rate of 188°s[Bog06], this results in a muon intersection rate to
the order of 10 muons per second. A shielding electrode is being constiuetéch will reduce
the electron background originating from these muons irsgeetrometer vessel, as well as from
radioactive decays in the 200 tons of stainless steel. Hmgding electrode is in the form of wire
electrodes (see next subsection). This results in a vemwigight construction with very little
mass, and whose background contribution is minimal.

1.2.4. Wire Electrode

In order to reduce the background, a double-layered wiretrelde was designed[Val09] and is
being constructed in Mhster[Hil10] which will raise the inner tank potential b@V in two

1The exact rate is strongly dependent on the retarding valtag
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Figure 1.3.: Photo of the KATRIN main spectrometer during transport to FZK.

N

Figure 1.4.: Inset A completed module on the QA measurement table in thimater cleanroomFull
image Such modules are tiled inside the main spectrometer, so as to fully cover taheesur

100V steps, allowing only background electrons with a madiperpendicular energy of at least
200eV to enter the flux tube and reach the detector. Thisreltonsists of three major parts: a
rail system mounted to the inside of the spectrometer as atimgubase, wire electrode modules
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mounted upon this, and full-metal shielding and groundilegteodes close to each end of the
spectrometer, the small conus areas (details of the efeatyoetic design process are available in
[Val09]). The modules themselves consist of two “combs‘lidmbtogether via C profiles, holding
the wires. A total of 240 modules is required, which are cacséd from 480 combs arnd22000
wires, with a constant wire layer offset of 70mm. In order tmimize the background contri-
bution of the wires, several stainless steel wires weredefstr radioactivity before choosing the
manufacturer (see [Geb07, Ben09]). In order to cover the bapvgeen modules, thin endcaps are
currently being designed for the central modules which ediler the teeth of two adjacent combs,
smoothing the electric potential in the spectrometer. lEdu2.4 shows both a completed module
in the cleanroom, and the placement of the modules in the speEatrometer.

1.2.5. Detector

Only electrons with an energy above the main spectromettesding voltage arrive at the detec-
tor. As they are leaving the spectrometer with its potemtiat —18.6kV, they are reaccelerated,
which allows them to deposit enough energy to be detectdlle detector itself is a circular sili-
con PIN diode detector, with a radius of 4.5cm which is dididgo 148 segments. This pixilation
allows the rejection of events in noisy segments as well &veffits in segments shown to be un-
reliable by calibration with an electron gun. It also alloiws corrections depending on the local
transmission function of each pixel. The detector will besunded by massive shielding consist-
ing of alternating layers of lead and copper, as well as ameastuon veto, in order to reduce the
background.

1.2.6. MAC-E Filter

Both the aforementioned spectrometers operate via the MAG&gheticAdiabaticCollimination
combined with arElectrostatic Filter) Filter principle[Bea80, Pi92a, Lolj89n such a filter, a
strong magnetic field is generated both at the entrance andféke spectrometer, resulting in a
minimal extent of the flux tube in the central magnet planssyall as a magnetic field minimum
in the center of the spectrometer, as shown in Fig. 1.5. Thdtieg gradient of the magnetic field
strength results in an adiabatical transformation of th@datyon energy of the electrons to longi-
tudal energy, with a minimum of the cyclotron energy in thetca plane of the filter. At the same
time, the interior of the entire vessel has a uniform eleatrield, with the result that the electrons
which enter the spectrometer have to surmount an electiegddigradient, thereby decreasing their
longitudinal energy. In the central plane of an ideal MAC-€k, the entire electron’s energy is
longitudinal, resulting in a sharp cutoff on the electrongial energy, independent of the starting
angle. However, in an actual MAC-E-Filter, the magnetic falgngth is not infinitesimally small
in this plane. Therefore, the electrons have residual ¢tyartoenergy which is dependent on the
ratio of the central magnetic field to the outer field as foow

AE o Bmin
E Brmax

This defines the transmission width of the filter. In the cddb®main spectrometer, a resolution
of 0.93eV is achieved.

(1.3)
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detector

p. (without E field)

Figure 1.5.: Schematic of the MAC-E filter principle. The path taken by a decay electrdmoisrg along
with the corresponding change in radial energy.

1.2.7. Maximum allowable errors

The allowed systematical and statistical errors in the KAYEkperiment aré2,,,= 0.018e\?/c*
andAgyS: 0.017e\?/c?, respectively[Ang04]. This includes the error induced bg tlectron
background since the use of an incorrect factor when cangefir the background electron count
rate falsifies the actual count rate and thereby falsifiesekalting neutrino mass. Therefore,
a limit on the background count rate bf= 10mHz for energies near the endpoint energy was
defined as the maximum acceptable rate.

1.3. Backgrounds

There are two primary sources of background in this kind of émunt rate experiment. These
are radioactive decays in the materials comprising ther@xpat and its surroundings, and inter-
actions between cosmic rays and the experiment (see sdctipnWhile careful selection of the

materials comprising the experiment and its surroundisgsedl as the usage of shielding can re-
duce the impact and count rate of radioactive decays, thisjaeckly become exceedingly costly

and greatly increases the time required to set up the expetinCosmic rays, the other source
of background, cannot be efficiently shielded against. Lownt rate experiments, such as dark
matter search experiments, are performned inside deepgrodad laboratories, which reduces
the cosmic ray flux, still without fully eliminating it, andso leads to a new source of background,
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namely decays in the rock used as shielding. This optiontiswvenlable to all experiments, again
due to cost, logistical requirements, and experiment size.

1.3.1. Backgrounds in the KATRIN Experiment

In the KATRIN Experiment, both sources of background aregmeand must be understood and
reduced. The previously mentioned wire electrode, the einof which has been sucessfully
tested in the Mainz Neutrino Mass Experiment]iDR], serves as the primary means of reducing
background originating from the walls of the spectromateiuced both by radioactive decay and
cosmic rays. Additional background reduction methods thuce the detection probability of
primary background particles are in place around the datecthus, the principle sources of
background consists in electrons originating in the wdlthe spectrometers, which still may pass
through the wire electrode in small quantities, dependimghe local magnetic field strength and
the background electron’s energy, as well as those elecproduced during the ionization of the
remaining air molecules (g0 10~ mbar).

1.3.2. Effects of background electrons in the spectrometer

Electrons ejected from the walls of the spectrometer arelacted towards the entrance/exit of
the spectrometer due to the electric potential, and guigeithds magnetic fields. Depending on
their starting location and energy, these electrons eghegr the central flux tube, subsequently
reaching the detector and causing background events wattgiexs similar to the tritium endpoint,
or they enter the prespectrometer, or are trapped in a pgmrap (see [Zac09, Hug08] for a de-
tailed description of the penning traps in the main spectten). Secondaries with significantly
higher energies are easily rejected in the detector dueetdatiyer energy deposition; however,
these may strike other components ejecting further secmsdaA large number of trapped elec-
trons can lead to damaging discharges, or falsification @ktiergy of electrons originating in a
tritium beta decay.

1.3.3. Background electrons induced by cosmic rays

One source of secondary electrons is cosmic muons (seersdcti) passing through the spec-
trometer vessel twice. These may also intersect the gragredectrode or components of the wire
electrode. As muons are minimally ionizing particles, tlceytinuously create secondary elec-
trons in their wake when passing through matter. Dependmtheir interaction location in the
material, their energy, and the density of the materiakérsecondaries may reach the surface and
enter the vacuum. A portion of these may ultimately reachditector. Therefore, simulations
were designed to calculate the muon rate passing througptwrometer surfaces, as well as the
number of secondary electrons ejected.
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1.3.4. Background electrons induced by radioactive decay

Another source of electrons is radioactivity caused by geochatoms in the material of the spec-
trometer itself, as well as by decays in the hall containlrgggpectrometers. Stainless steel con-
tains several long-lived radioactive isotopes, the mostipminant of which ar€Co, 1¥'Cs and
40K. As these predominately decay by beta radiation, electaomsroduced which may enter
the vacuum. In addition, the interaction of gammas produmethe thorium and uranium decay
chains present in the concrete of the building via the comptad photo effect with the electrons
present in the spectrometer walls leads to further backgrelectrons.

1.4. Cosmic rays

Space is filled with many high-energetic charged particfesotar, galactic, or even intergalactic
origin. These particles are primarily protons, comprisii®§o of the primary spectrum, with he-
lium comprising 147%, while heavier nuclei’'s percentages are mostly ordeyeahdss[Yao06].
Antiprotons are also present; however, they arel®* times less abundant than protons. The
lower-energy portion of the incoming cosmic ray flux varieshwthe location on earth, due to
its dependence upon the local geomagnetic field strengteksis with the solar wind strength,
which is dependent on the current solar activity. The ensggctrum of primary cosmic rays is
shown in Fig. 1.6, the spectrum is initially proportionakt’, with two steps visible, nicknamed
“the knee*, at roughly 510'°eV and “the ankle®, at: 5-10'8eV. While cosmic rays with lower
energies arrive isotropically, experiments such as thed2ikuger Observatory in Chile attempt
to measure the origin distribution of ultrarelativisticsoaic rays, and initial results show strong
indications for a nonisotropic source distribution at tighlest energies.

1.4.1. Air Showers

These cosmic rays collide with atomic nuclei in the uppercsphere, leading to a shower of
secondary particles due to the ultrarelativistic energiethe incident particles. The resulting
particles also continue interacting with the atmosphegsulting in a long chain of collisions.
The high energies of the primaries result in cone-shapedeshprofiles with a hadronic core, as
well as a large number of electromagnetic subshowers witligeet opening angle. Most of the
created secondaries are electrons and photons, with theioeweunt being an order of magnitude
smaller. While the half-life of muons and pions is of the ordéis, they are traveling with
relativistic speeds which allows them to penetrate deeyty the atmosphere, e.g. muons have a
typical decay length of 15km. Figure 1.6 shows a small aingro

1.4.2. Cosmic rays at sea level

The distribution of shower secondaries at ground levekigdi in table 1.1, taken from [Bog06].
The electrons and gammas can be blocked-shds cm of lead shielding. The muons, however,
penetrate such shielding with a negligible energy loss.
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Figure 1.6.: Left: Cosmic ray energy spectrum, along with the upper detection limits of varigesiexents
which are investigating these. Image taken from [EngB8¢ht: An example of the interactions present in
air showers. (Image by CERN)

While the angular distribution of the incoming cosmic rayssistropic when hitting the upper
atmosphere, the distance between the starting point ofvaestand the surface varies greatly de-
pending on their relativ incident angle to the surface ndohthe atmosphere, due to the curvature
of the earth. Because of the previously mentioned decayHefewer particles from showers with
shallow incident angles reach the surface, when comparsbdwers with a steep zenith angle,
which have the highest percentage of secondaries readmingurface. A cdsangular depen-
dence can be used to describe the atmospheric depth for mithrnsteep zenith angles; however,
for larger angles, more detailed distributions must be peith correct for the curvature of the
atmosphere (see subsection 1.4.3).

Water as well as rock may be used to shield against incomiransjunowever, these are needed in
large amounts. Therefore, low count rate experiments wtaghire a very low background such
as neutrino experiments or dark matter experiments sucN@s the XENON Dark Matter Search
Experiment, and OPERA are conducted in underground labreeatehere hundreds or thousands
of meters of rock will reduce the muon flux (shielding valupitally given as m.w.e. (meters
water equivalent)); lceCube[Gol01] follows an alternatmethod of shielding as it is conducted
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Total flux Muons| Secondary neutronsElectrons| Protons, pions
3-10%cm st | 63% 21% 15% <1%
Table 1.1.: Sea-level cosmic ray flux components
under~ 1.5km of ice.
1.4.3. Angular dependence of cosmic rays at ground level
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Figure 1.7.: The two most common approximations of the cosmic muon angular spectra, as\wedl cos
distribution. The discontinuity in the origial counction is clearly visible near 85 The corrected function
is also shown, with the discontinuity removed. The finite probability for lamgeaincident muons is
visible. This probability accounts for the curvature of the earth’s atmasphialike the cosdistribution
which approaches zero for shallow incident angles. Muons with an abghe 90 are very unlikely due to
shielding by the earth itself and therefore are ignored.

A precise description of the angular cosmic muon spectrusirequired for the simulations (see
sections 2.3 and 5.1.2), an approximation proposed by Sinhushin et al.[KIi00] was used which
contains correctional factors for large zenith angles. érstescription of this cdsdistribution
follows:

cos 6 =5(0)-cos*6 (1.4)

with
S(0) = 0.986+ 0.014- sed® (1.5)
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being used for s <= 20

cos™ 0 is a polynomial fit of the form

4

Ci-cosO 1.6

i; i (1.6)

with the coefficients depending on the value of @dssted in table 1.2.

coso Co C1 (03 C3 Ca Max error [%0]
0-0.002 |0.11137 0 0 0 0 0.004
0.002 - 0.2| 0.11148| -0.03427| 5.2053 | -14.197 | 16.138 0.3
0.2-0.8 | 0.06714| 0.71578| 0.42377| -0.19634| -0.021145 0.7

Table 1.2.: Coefficients for the cdsmuon incident distribution. The error refers to the discrepancy between
this solution and an analytical solution also defined in [KIiOQ].

The angular distribution shown in Fig. 1.7 exhibits a digearity which was presumably caused
by an incorrect factor in equation 1.4. This was corrected:

S(6) = 0.986-+0.05-0.014- se® (1.7)

The resulting distribution is also shown in Fig. 1.7.

1.5. Monte Carlo Methods

Not all physical problems can be solved analytically or ntioadly. Monte Carlo methods may
be utilized to approximate solutions to complex problerhgse use random-number generators
which reflect the probability of different effects occugirand arrive at a result via the summation
of many initial random events.

Originally named “Monte-Carlo” by Los Alamos National Labtory physicists during the 1940s,
with the advent of powerful computing resources these nusthwave proven useful in many
branches of physics. An example of this is the Geant4 tdélga03, All06] developed by a
CERN-based collaboration for use in particle physics apfdina.

1.5.1. Example: Monte Carlo Calculation

As an example, we will show how to create an isotropic poistriiution in a cylinder with an
inner radius ofR; and an outer radius d&,, e.g. radioactive decays in the volume of a cylinder
oriented along the Z axis, via two alternative approaches.

The simpler method is the Von Neumann method. Here, randonisoare generated in a box en-
closing the cylinder, and then a test is conducted to che@kiven the point is within the cylinder.
While this approach “wastes* some computation time in theklaad possible subsequent regen-
eration, for solid cylinders (with, = 0) which fill 78.5% of the box volume the relatively simple
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required by the V.N. method may result in this being the fastglementatiol (with random
numbersg, r1, andrz € [0..1]).

X=-Ro+r0-(2-Ro) (1.8)
Y = Rotr1-(2-Ro) (19)
Z =12 (Zmax— Zmin) + Zmin (1.10)

The first two steps must be repeated until the condXér- Y2 < RZ is fulfilled.

However, once we begin searching for decays in hollow cglisgdsuch as a cylinder with a wall
thickness of 2cm and a diameter of 10m, a very large numbesiofgmust be generated in order
to find an acceptable one, with the additional conditif:+ Y2 > R?

Here the second approach becomes more practical. By cahguthe probability density func-
tion (PDF) of a cylinder with inner radiug and outer radiu&, and inverting this function, we
arrive at a distribution function which then is used to gateevents which are evenly distributed
throughout the volume (with random numbegsri, andrz € [0..1]).

a=rp-21 (1.11)
N2 N2
et (32 o0 (1 (32 02
X =sin(a)-R (1.13)
Y =coqa)-R (1.14)
Z=r3- (Zmax_ Zmin) + Znmin (1.15)

Here, every randomly generated point is automaticallydesie volume and therefore requires no
further testing, which results in this more complex codegydraving to be executed one time.

These methods may also be combined by approximating the R®Esang this to generate values
for the V.N. method. Using these methods for more advancellgtilities, such as those required
to describe the angular and energetic distribution of cogmions, one can create simulations
which accuratel§ recreate physical phenomena.

1.6. Electromagnetic simulation tools

Several programs were used to calculate the electric clarggties of different geometries. These
were developed by F. Gtk. (Forschungszentrum Karlsruhe) (Sedjf@a, Gli06a, Gli09a]) and
maintained by S. ¥cking (Universiat Miunster, see [¥c07]). These programs are:

2This depends on the CPU architecture, and the complexityeofitilized random number generator.
3Assuming accurate input models and sufficiently largesttas
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Magfield2: Magfield2 calculates the magnetic fields of a given set ofmeég coils, with
fixed dimensions and currents, allowing the calculationhef field strength at any point,
with Legendre polynomials used for most points to simplhg talculations. These coils
must be orientated along a single axis.

Magfield3: This is an updated version of Magfield2 allowing tilted sals well, and coils
which are not centered on the axis.

ELCD3.2: This determines the electric potentials of conic ele@sdllowing the determi-
nation of the electrostatic fields of rotationally symmedtigeometries. The entire geometry
may be mirrored.

ELCD3.3: This determines the electric potentials of a nonaxialipsyetric geometry. Un-
like in ELCDS3.2, here the geometry is described by a multitafleectangular electrodes
and solid cylindrical electrodes.

Eltraj : This program tracks particles through a given geometnyguboth Magfield and
ELCD routines for the determination of the trajectory.

Both ELCD3.2 and ELCD3.3 store the generated fieldmap or caaifisin a datafile. The gener-
ation of this file is very CPU- and memory-intensive, with meynosage rising with the second
power and CPU time with the third power of the number of elemeifiterefore, a balance was
struck between the detail of the geometries and the CPU tiradeteto determine the Coulomb
matrix. In addition, when determining the field strengthmée surface of an electrode, elliptical
integrals are used, which are CPU-intensive as well. Fudbtails of these programs and of the
geometric approximations undertaken during the desigheoétectrode system due to the memory
limitations may be found in [Val09, HugO08].
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1.7. Thesis overview

This thesis is structured as follows:

The second chapter contains a brief introduction to Geanparticle physics simulation frame-
work, via the use of an simple simulation as an example; théesaription of the simulation of
the KATRIN main spectrometer follows, as well as the resultte simulations conducted with
this software.

The third chapter describes tools used to analyze both ttaerdaulting from these simulations,
as well as the data recorded by a new DAQ system used in sesgratiments conducted both
in Munster as well as in Mainz. In the process, a short overviegiwven of modern methods of

analyzing signals by describing the algorithms utilizedtfee analysis of the data taken during
measurements in Mainz.

The next chapter explains the design and construction oflaVvoltage vacuum chamber which
was used to measure the emission rate of secondary eleejemtsd from stainless steel by cosmic
muons.

The fifth chapter then describes the analysis of the recaddeland presents the results of these
measurements.

Finally, we review the results of this thesis and give anamklon possible future topics of inves-
tigation which would refine these results.






CHAPTER 2

GEANT4

Geant4 (GEometry ANd Tracking)[Ago03, All06] is a Monte Ga(MC)-simulation framework

developed by a CERN-led collaboration of particle physidistshe simulation of the passage of
particles through matter, with a full description of possiphysical interactions. First proposed
in 1994, the initial aim of the Geant4 project was to enabk stmulation of the then planned
next generation detectors, and cumulated in an initiabssdn December 1998. The toolkit is
now being used for many different applications in particleclear, and accelerator physics, from
experiments with very high energy scales such as TeV coflidewn to low-energy processes
on the order of a few hundred or thousand eV. This toolkit canneluded in user-developed
programs, and the provided physics, tracking, geometny,ather modules can be utilized and
modified; or, if required, additional modules can be writtBnevious versions up to Geant3 were
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written in Fortran, however, starting with Geant4 the framek was completely rewritten in C++,
with support for the inclusion of Fortran code.

The Geant4 framework was used to develop the SiKatrin sitoalaa full-fledged background

simulation program for KATRIN’s main spectrometer, allogiithe simulation of background

electrons produced by radioactive decays or by cosmic mumtiee main spectrometer vessel,
subsequently tracking these, and the determination of ldarens’ spacial distributions during

any phase of their existence as well as their energy disimist

In the following section, the basics of this framework wi# Hescribed, using a small simulation
which was written to determine a detector’s acceptancerfact

2.1. Simulation of 83 ™Krypton in an enclosed volume

During the course of verification measurements usirifRbsource at Minster by M. Zboril[Zbo10]
and M. Rasulbaev[Ras10], a small experiment was set up in twd#termine the count rate of
the conversion electrons produced during the deca@?®r, a short lived {/2 = 1.83h) decay
product of®3Rh in a vacuum system. To accomplish this the rubidium souras attached to a
small CF48 vacuum setup, containing a silicon pin diode. While the coate could be mea-
sured and the branching ratios of krypton were known, thiel smigle was not known; in order to
determine this a small Geant4 simulation was written. It wssumed that the krypton gas was
distributed homogeneously in the volume.

2.1.1. Geometry

One of the most important aspects of this simulation was plsityet accurate representation of
the experimental geometry. The experiment itself congistea four-fold CF40 cross-piece with

two closed sides, where one was closed by the valve and adégamblind flange, the detector

was attached to the third side, and the last opening was ctathé the capillary of the source

(see Fig. 2.1 to view the resulting geometry). The detects asilicon PIN diode attached to a
BNC feedthrough flange. The legs of the diode were not includé¢lkde simulation as they were

directly soldered to the feedthrough and would not affeetttital volume significantly.

However, before the geometry which was used in the simulatiald be created, the materials of
these components must be defined. In Geant4, one can defioesvalements, isotopes, and com-
pound materials consisting of these elements. Stainlesbwas used for the vacuum components,
and silicon and polystyrene for the detector (See listidgf@: the implementation). Additionally,

a material must be defined for the vacuum contained withirsétep, with the appropriate den-
Sity.

Listing 2.1: Creating stainless steel as a Geant4 material, using component elements.

1 Create the elements
[.--1]
a = 14.0kg/mole;
G4Element elN = new G4Element(”Nitrogen”, "N", z=7., a);

1CF40 is equivalent to CF35 and refers to the vacuum compsieving an inner diameter of 35mm
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a = 16.06-g/mole;
G4Element elO = new G4Element(”Oxygen”, "0", z=8., a);

11 Create the material

density = 1.29e03«g/cm3;

G4Materiak Air = new G4Material ("Air", density , nel=2);
Air—>AddElement(eIlN, .7);

Air—>AddElement(elO, .3);

11 Density is air at 1 bar. devide by 10°(n+3) for pressure inilkibar.
G4Materiak Vac = new G4Material ("Vacuum”, z= 1., a= dg/mole, density / 100000000.); 11 10°—5 millibar

density = 1.032g/cm3;

G4Materiak Polystyrene =new G4Material (name="Polystyrene”, density, nel=2);
Polystyrene>AddElement(elC, natoms=19);

Polystyrene>AddElement(elH, natoms=21);

G4double d; // density
d = 8.02g/cm3 ;

G4Materiak matsteel =new G4Material ("Stainlesssteel”,d,5);
matsteel-> AddElement(elMn, 0.02);
matsteel-> AddElement(elSi, 0.01);
matsteel-> AddElement(elCr, 0.19);
matsteel—> AddElement(eINi, 0.10);
matsteel—> AddElement(elFe, 0.68);

After defining the various materials required in the simolatthe volumes used to describe the
actual geometry could be defined. In order to implement tloengdry of an experiment, a basic
understanding of Geant4’s geometry subsystem is need€&kdnt4, the user can define different
volumes, which are instances of classes derived from a gevaume class. Geant4 provides
rudimentary shapes, such as tubes, boxes, and spheres|l @s were advanced shapes such
as a twisted prism. An important principle in the design ob@d geometries is the concept of
daughter volumes, i.e. volumes which are completely eedby another volume, e.g. the volume
containing vacuum is located inside the volume descrithegaicuum chamber. Utilizing daughter
volumes vs. limiting the inner extent of the chamber volumngpdifies volume placement, as well
as the calculations for particle locations and the volumegnblaries. For example, there are two
methods of placing a cube inside a larger one, either twoobeld be created, the smaller placed
as a daughter volume of the larger cube, or six rectangukmpmay be used to construct a hollow
cube around the separately defined inner cube.

The most important volume in any Geant4 simulation is therfdfosolume, which acts as a parent
for all other volumes, and defines the extent of the simulsystem. The actual experimental setup
is subsequently placed inside this volume.

Additionally, there are Boolean-logic-like classes whidmbine volumes, using operations such
as AND or OR. TheG4UnionSolid class was utilized to combine two overlapping volumes into
one. This functionality is very helpful, as overlappingwales in the geometry will lead to errors
in the simulation, and the construction of more complicatieapes such as a cross-piece is close
to impossible without this functionality.

Listing 2.2: Creating the vacuum chamber and detector volumes.

©ONOUAWNER

G4Tubs =VertPipe
G4Tubs x«HoriPipe

new G4Tubs(”VertTube”, @m, .04«xm/2, 180xmm/2, Oxdeg, 360xdeg);
new G4Tubs("HoriTube”, @&m, .04«xm/2, 135xmm/2, Oxdeg, 360xdeg);

G4VSolids« Cross = new G4UnionSolid("Cross. Steel”, HoriPipe, VertPipe, detRot, G4ThreeVector(0,0)0
Crosslog = new G4LogicalVolume(Cross, matsteel, "CrosSteel”,0,0,0);
Crossphys = new G4PVPlacement(0, 0, Croskog, "Cross.Steel”, experimentalHalllog, 0, 0);

G4Tubs =«VertPipeAir = new G4Tubs(”"VertTube”, @m, 34.6:mm/2, 125mm/2, Oxdeg, 360xdeg);
G4Tubs x«HoriPipeAir = new G4Tubs("HoriTube”, @&m, 34.6«mm/2, 125mm/2, Oxdeg, 360xdeg);

G4VSolidk CrossAir= new G4UnionSolid("CrossAir”, VertPipeAir, HoriPipeAir, detRot, G4ThreeVector(®,0));
CrossAirlog new G4LogicalVolume (CrossAir, Vac, "Cros#ir”,0,0,0);
CrossAirphys new G4PVPlacement(0, 0, CrossAilmg, "Cross.Air”, Cross.log, 0, 0);
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CrossAirlog—>SetVisAttributes (green);

G4Tubs «VertSmPipeAir = new G4Tubs(”VertTube.Small”, 0xm, 26x«mm/2, 24&mm/2, Oxdeg, 360x
deg);

G4LogicalVolume +VertSmPipelog = new G4LogicalVolume (VertSmPipeAir, Vac, "VeuSmall-Air",0,0,0);

G4VPhysicalVolume +VertSmPipephys = new G4PVPlacement(detRot, G4ThreeVector{0,25«mm/2—24xmm/2,0) ,
VertSmPipelog, "Vert_-Small_-Air", Cross_log, 0, 0);

VertSmPipelog—>SetVisAttributes (blue);

G4Box «DetectorBack = new G4Box(”"DetectorBack”, 11xmm/2., 1.5% mm, 11lxmm/2.);

G4LogicalVolume +detectorbacklog = new G4lLogicalVolume (DetectorBack , matSi, "DetectorBack”,, @, 0);

G4VPhysicalVolume +detectorbackphys = new G4PVPlacement(0, G4ThreeVector (O«@m, 31.5 x mm, Owmm),
detectorbacklog , "DetectorBack”, CrossAirlog, 0, 0);

G4Box +Detector = new G4Box("Detector”, 9xmm/2., 0.5 % mm/2, 9xmm/2.);

detectorlog = new G4LogicalVolume(Detector, matSi, "Detector”, 0, 0, 0);

detectorphys = new G4PVPlacement(0, G4ThreeVector (Ow@m, —1.25 x mm, O«wmm), detectorlog, "Detector”,
detectorbacklog, 0, 0)

Figure 2.1.: The geometry for the Krypton83m simulation. The interior of the green arel\@lumes is

filled with vacuum, and the detector is visible floating at the left.

2.1.2. Physics processes

In every simulation, the relevant physics processes mushbgen and activated. Geant4 provides

many models of individual processes which can be includad, agygregate models for energy

ranges which can be utilized. It is up to the user to choosetwimodel to use, and if necessary

adapt and extend this model.

In this case, the Radioactive Decay Model (RDM) was utilizetl the low-energy options acti-
vated. The RDM package contains all processes relevant toacive decay: the decays them-

selves as well as the Compton effect, photo-effect, and qimresses. With these enabled the

unstable isotopes created as events with the GenerallBe&tiarce (GPS) will immediately decay

according to their branching ratios.
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2.1.3. Event generation

The next step after selecting the physics and constructieggeometric description is to create
events. To achieve this, a class must be derived from theali@4VUserPrimaryGenerator-
Action class. Then th&eneratePrimaries()function must be implemented, which is called once
at the beginning of every event. As can be seen in listingrardjom points are generated in the
vacuum via the Von Neumann Method (see section 1.5) in oalgenerate the starting location
of a decay event. Then a random direction is selected, andesnt is generated. The particle type
was previously defined in the constructor (not shown).

Listing 2.3: Event generator which creates 32keV particles throughout the volume

void SIPrimaryGeneratorAction:: GeneratePrimaries (G4EwemnEvent)

{
if (anEvent>GetEventID () % 20000 == 0)
G4cout<< "Event.number:.” << anEvent>GetEventID () << G4endl;

particleGun>SetParticleEnergy (32keV);
G4double X, Y, Z;

bool Inside = false;
do

{

X = G4UniformRand () + 180 x mm — 90 % mm;
Y = G4UniformRand () « 180 x mm — 90 % mm;
Z = G4UniformRand ()« 180 * mm— 90 * mm;

if (XsX+YxY < 34.6/2 * 34.6/2 * mm +* mM & Z >= —62.5 x M && Z <= 62.5 * mm) 1 horizontal cylinder
Inside = true ;

if (X«X+Z+Z < 34.6/2 * 34.6/2 x mm+* M && Y >= —62.5 * M && Y <= 62.5 * mm) 1l vertical cylinder
Inside = true ;

if (XsX+Z+Z < 26/2. « 26/2. x mMm * M && Y <= —62.5 + mMm && Y >= —86.5 x mm) 1 additional vertical
cylinder
Inside = true;
if X>= 45 «m& X <= 4.5 +mMM&E& Z >= —45 +mm& Z <= 4.5 «xm&Y >= 29.5 x M && Y <= 30.5 x mm) 11
and not in the detector
Inside = false;

while (!Inside);
particleGunrn>SetParticlePosition (G4ThreeVector(X, Y, Z));

G4double direction (G4UniformRand () ¥ 360 x deg;

G4double Zdirection std ::acos (¥ 2 x G4UniformRand()) = rad;

G4ThreeVector v( std::cos(direction / rads std::sin(Zdirection / rad),
std ::sin(direction / rad)x std::sin(Zdirection / rad),
std ::cos(Zdirection / rad) )

particleGun>SetParticleMomentumDirection (v);
particleGun>GeneratePrimaryVertex (anEvent);

In this simulation, only a single primary particle (or “vext) is generated per event. Using re-
peated calls tparticleGun->GeneratePrimaryVertex() would result in the generation of several
decays per event. This allows the generation of a random euaflilecays per event. Generating
multiple peaks per event would also result in multiple el@ttpeaks appearing in the simulated
energy spectrum. The number of vertices per event may beedtlapdescribe the time resolution
of the simulated detector.

2.1.4. Event Detection

Apart from generating events, the software also requirds tmanalyze what happens during these
events, such as recording the energy deposition in a detecttetermining the energy of a particle
at any point along its track, both at the boundaries betwekmes and during the transversal of a
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volume. For this, the default Geant4 toolkit provides salvabstract classes which can be extended
by the user and then inserted into the tracking and event geamant routines. For example, the
G4UserSteppingActionclass contains a virtual function called at the end of eattutation step,
which is overridden in the derived class with a function thetords the pertinent data. In the
simulation, this class is instantiated and passed to that@éacking routines. Afterwards, every
time a tracking step is completed, this function is callethwine data of the current step. Similar
abstract classes exist for entire tracks; these contastifurs called when starting and ending the
simulation of a track.

For the simulation of detectors, volumes can be defined asitsee volumes®. Doing this links the
volume to an instance of a class derived fr@4VSensitiveDetectoy which contains functions
which are run at the beginning and end of every event, as wedlagh time a physics process
returns a “hit", simulating energy deposition in this volenit is also possible to link an instance
of a G4VSensitiveDetectorclass to multiple volumes. Thus, when simulating a PET syste
and searching for coincidences, or simulating multipleedigrs with no interdependencies, an
instance of this class may be used for all detectors, ornostaof different classes derived from
G4V SensitiveDetectormay be used for different detectors. An example of this isstheulation

of veto detectors, which would record time intervals dunvigich they are active, while the main
detectors record the arrival time and energy of particles.

As the intent of thé3Kr simulation is the calculation of the solid angle of the d&igdhe only
information required is the total energy deposition in tle¢edtor per event, and additionally the
incident angle for a possible backscattering correctioowéler, neither the precise interaction
types nor the exact interaction locations of individualrggedepositions caused by multiple phys-
ical interactions of the same electron are needed. Theeatkdlass generates both a histogram
containing a binned energy spectrum, and a listing of alhts/an an output file for further analy-
sis. At the beginning of each event, the total energy deiposi set to zero and then incremented
during each energy deposition “hit*. At the end of the evéettbtal energy deposition is used to
increase a bin in the histogram, as well as output the dataeitidt file. After the simulation is
finished, the contents of the histogram are also stored.

In order to store the incident angle, tB&lUserSteppingActionclass is subclassed. The derived
class checks whether the track crosses from the vacuum ealuim the detector volume during
the current step, and, if this is the case, records the intalggle.

2.1.5. Event interpretation

In order to understand the results which are generated Ilsg thienulations and to compare these
with results from real-world experiments, the generatetsp may be adjusted in order to account
for various possible effects. In the demonstration simoitatthe most important difference is
that the energy resolution is infinite, which may result ircpa which appear to be incorrect.
However, either the histogram or the event-by-event engegysition log may be multiplied with

a known energy resolution function to convert these spantmestimated real-world spectra.
When simulating a fulP3Kr spectrum this broadens the peaks, thereby reducing the etunfib
perceived peaks. Figure 2.2 shows this broadening effeélseispectrum resulting from simulating
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Figure 2.2.: Top: The resulting energy distribution measured when using 32keV electsomsmary par-
ticles in the®3Kr simulation, along with three broadened distributions for different deteeswlutions.
Bottom: The resulting energy distribution when simulating.8eV gamma source with a shielded ger-
manium detector, along with similar broadened curves.

only electron events, as well as in the gamma energy spegraduced by another simulation of
a high-energy gamma source.

2.2. Advanced Geant4

2.2.1. Geometry import

Starting with version 4.9.1, Geant4 natively supports thpart of GDML files. Previous to this,
additional libraries had to be included. GDML itself is an XMxtension designed to exchange
geometric information between different applications.
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Figure 2.3.: Left: The results of converting a comb from CAD to .gdml format. Visible is the végi de-
tail level, which translates to a very large memory requirement, and result®ity ascurate representation.
Right: The inported main spectrometer vessel, which unfortunantly was urssiatte

We attempted to use the GDML format to import the KATRIN geametThe only program
available which could export to the GDML geometry formatstRAD by TRAD?, was unable to
read anything but .STEP (AP203, AP214) files. This requirgtbtfirst export the Inventor CAD
files to .STEP format, load these files into FastRAD, and thgroexhe loaded geometry as a
set of GDML files; during this export, the geometry data iscisized into triangular surfaces.
Finally, when loading the GDML files into Geant4, these ampgr@sentated as tessellated solids
(GATessellatedSoligl The direct conversion of .STEP files to GDML while keepimg true
shapes is currently not possible. This is most likely duéneodifferent design approaches in the
representation of geometry data: CAD files often utilize @&d solids which are insufficiently
supported in Geant.

The detailed discretization leads to a large memory remers, as a simple cylinder require many
triangles in order to be approximated well, instead of ong/tieight, inner radius, and outer radius.
In addition this leads to a slight loss in geometric precisi@/hile converting a subsection of the

inner electrode system as a test, using high precisionitegsin a memory requirement of over

2GB*,

The primary reason why direct conversion was not used waattig¢hat the conversion of the
main spectrometer vessel failed spectacularly as is shaviig. 2.3, leading us to doubt the
accuracy of other converted geometries. As the discraiizgenerates a large amount of surfaces,

°TRAD: Tests and RADiation. http://www.fastrad.net

3Geant4 currently only supports an extruded polygon, whd®@®rograms allow the extrusion of circles and other
shapes. Also, Geant4 cannot limit extruded solids by tieérsection with another solid.

4In the future it may be possible to reduce this extremelydargmory footprint by optimizing the use of repeated
volumes by the GDML module of Geant4, however currently Géamly supports repeated volumes as CSG
solids, while the tessellated solids required for GDML imt@ye BREP volumes.
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these exceed the surface count limit of the electromagtretiking code, as the memory usage is
proportional to the square of the volume count, and comjautéitme to the cube.

The optimal solution to the issue of geometric descriptga unified apporach for the generation
of the various types of geometric descriptions; creatingogi@mam which uses configurable param-
eters to generate either Geant4 volumes via the use of sonetized GDML, and a corresponding
ELCD3.3 formatted output file for the electromagnetic tragkiThis would ensure the simulation
uses a consistent geometric model and allow easy versioagearent. Currently, the tool devel-
oped by S. Voecking[¥c07] and updated by M. Zacher[Zac09], MainSpec, is useéneiate the
ELCD3.3 geometries with approximations, which are then irtgzbinto Geant resulting in a loss
of precision; an alternative method is creating the geopnatectly in Geant4. Such a unified tool
has recently been discussed during the MC-BASI phone canfese

/\
\V
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Figure 2.4.: Far Left: Basic tooth model constructed with Geant4 primitivéseft: Basic tooth model
constructed with rectangular electrodes. The low number of surfagddesna rapid calculation of the
electric potential.Right: The advanced tooth model constructed out of rectangular electreti€D3.3
description). The high discretization required for the tooth head is vidHaleright : The new tooth design
in solid form, containing an opening for the wire, as well as a rounded.Headt: Close-up view of the
head of the more detailed tooth model.

A more detailed tooth model was required for simulationshef ¢lectrode endcap design by F.
Gluck. This was used as a testcase, with a C++ Tooth class wwitierin has configurable param-
eters for the radius of the comb and the required discratizat generating ELCD3.3 output, as
well as containing a function which uses the same internainggtric information in order to create
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a solid Geant4 volume accurately portraying the teeth (gpe2H for a comparison of the old and
new tooth models.

2.2.2. Low-energy shortcomings

Geant4 unfortunately has a lower limit of 250eV for all loweegy processésunder which sec-
ondaries are not created,; this results in an inadequateseqiation of the lowest energies of the
background, which was the primary goal of the planned sitrarla. While it was possible to
override this limit by modifying the cuts below which patés are aborted, reviewing the physics
process code showed that many physical process implenmergtatse binned input data for this
low-energy region, this would result in an incorrect restithese energies. In addition, this would
not magically add support for low-energy phenomena whichbeignored when one works with
MeV and TeV energies, such as phonons and plasmons, (qoasital structure effects, localized
work functions and the influence of the work function in getheaind so on.

Therefore, a measurement of the low-energy spectrum ohslecy electrons emitted from a stain-
less steel surface due to the impact of cosmic muons wasdnm Mainz, intending to use this
data to implement a custom physics process which would gémsecondary electrons on the sur-
face of the simulated spectrometer at the exit points of raygassing through the spectrometer
components. Due to unforeseen circumstafidbese measurements did not result in a low-energy
spectrum, but rather resulted in the need for further erpamts. One such experiment was then
conducted in Minster (see chapters 4 and 5 for details); it resulted in anrate representation
of the angularly dependent yield of low-energy secondaggtebns; however this experiment was
not able to determine a precise energy distribution foraledsctrons, only an upper limit of some
hundred eV was determined for these electrbns.

2.3. Simulation of the KATRIN main spectrometer

2.3.1. Geometry

The SlKatrin simulation includes different approacheseaéring the experimental geometry, ei-
ther via importing and parsing ELCD and Magfield input filesyiar the direct definition of the
geometry, as well as a combination of both these methods.itidddlly, stub code is in place
for a future return to GDML import. Conventions used in pres@eometrical descriptions were
maintained, resulting in the Z-axis corresponding to trentlene, the X-axis corresponding to the
width, and the Y-axis corresponding to the height.

The ELCD option uses a custom parser which can load ELCD3.2, BLERnd MagField2 as
well as MagField3 files.

5The newly released G4DNA processes are now an exceptionseThewever, are not applicable since an ideal
spectrometer would not contain biological material reiggithe simulation of interactions between particles and
DNA, and if it did, the precise energy deposited in such nialewould not be relevant.

5The actual electron emission rafe se not matching expectations.

“Limited by the statistics and the detector resolution.
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ELCD3.2 files, which describe rotationally symmetrical gebnes, store a collection of line seg-
ments equivalent to a 2d cut through the 3d object. Howeliesd lines describe the full inner
surface of the spectrometer, ignoring the outer surfacehiesults in infinitely thin volumes. In
order to partially correct for this, the collection of lineggments is scanned for enclosed shapes
by linking the endpoints of each wire segment with all oth@evsegments sharing this endpoint,
and then recursively searching for loops in the resultingcstire. If any loops are located, these
are assumed to be enclosed shapes, and equivalent polarenedded to the geometry. For the
remaining surfaces very thin conic sections are used anstiheture remains infinitely thin.

Figure 2.5.: Left: View of half the Katrin spectrometer, including inner electrode systemsteulevia
parsing of elcd datafileRRight: Closeup view of the teeth. The 2D rectangles were given a large thieknes
in order to illustrate the issues with overlaps which are encountered wiating three-dimensional shapes
from a two-dimensional description; in actual simulations the rectangles aferenuch smaller, but still
finite, thickness.

ELCD3.3 files are not analyzed for structures, as during tpemeration the hollow cones repre-

senting the main spectrometer and inner ring electrodeamr®ximated with many rectangular

electrodes, therefore, reconstructing the original shapelose to impossible. Massive cylinders
orientated along the Z-axis however are not discretizedmrg &s they are solid, these massive
cylinders and rectangular surfaces are directly insertemithe simulation geometry. Figure 2.5

shows the spectrometer along with the wire electrode system

Both types of MagField files can only contain massive cylisdeith a fixed inner and outer radius
describing the location of the magnets, these shapes camduo#iydconstructed in Geant4 using
instances of th&4Tubs class.

The CAD-RAILS and CAD-NORAILS option uses preprogrammed fumtdiand sizes in order to
directly create the main spectrometer vessel, with theagadaken from the original CAD designs.
Unlike in the ELCD geometries, the three large pump portsrasieided;, with CAD-RAILS spec-
ified, the rail system used to mount the inner electrode cemla¢ created. Figure 2.6 shows the
constructed main spectrometer.
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Figure 2.6.: A view of the hardcoded SIKatrin main spectrometer, the entrance of te&rgpeeter is visible
in the bottom right pump port. The actual shape is round, the angular r@ngesstems from the OpenGL
viewer.

Lastly, MIXED-RAILS and MIXED-NORAILS are available, whichreate the spectrometer ves-
sel using the previously described CAD option and also loa@[Eliles. The electrode surfaces
which describe the spectrometer must be removed from trdetb&LCD files in order to pre-
vent volume overlaps which might lead to incorrect resuiee section 2.4 for a simulation run
with this geometry option, simulating the number of cosmigom hits on various spectrometer
components.

2.3.2. Event generators

The SIKatrin simulation includes two different event gexters. The first one is designed to gen-
erate cosmic muons. Muons with incident angles generateordiag to the angular spectrum
described in section 1.4.3 are created together with staidications which are distributed homo-
geneously on a 1kfplane above the spectrometer. An initial test is done toraete where a
muon with a specific incident angle and location would irgetshe plane below the spectrometer;
using the starting and ending X and Z values, it is determileether this muon passes through a
20m by 20m by 70m cube around the spectronfetéthe muon does not enter this box, the event
is rejected, the event counter increased, and a new muonesaed. If, however, the muon enters
this volume, an energy and muon typeHor pu—) are selected according to the distribution mea-
sured by [Kre99]. Alternatively, “geantinos” may be usedtesincoming particle; these have no

8This large size allows the future inclusion of the prespogter as well as the full beamline
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associated physics processes and thereby do not intemabljreg very fast computation times for
simulations solely utilizing UserStepping- and UserTiagkbased routines for data generation.

Due to the rejection of a large number of events and the lowirmam of the internal Geant4 event
counter, the internal counter is not updated with the vafuk@muon generator’s internal counter
as otherwise the simulation runs would end very quickly. ideo to determine the true muon
count, the muon generator’s internal counter is outputiedyel 00K events and also stored in a
file at the end of a run.

The second generator was designed as a general-purpodegewnenator which can handle all

types of radioactive sources required for the simulatiobatkgrounds emitted from the tank

materials. Therefore, this class utilizes a General Rai@ource (GPS) in order to be able to either
generate secondary particles directly (e.g. electromangzs), or simulate a full decay scheme of
an unstable isotope using the relevant decay channels. gEmisrator can either generate the
decays on the surface of the physical volufes in the actual spatial volumes of the physical
volume.

In addition, the generator can select a subgroup of theextgatysical volumes, within which or
upon which the events are then placed. For this, either arralktean isotope is selected. Then, the
event generator searches the entire geometry (or optyadbdlaughter physical volumes of a given
physical volume) for physical volumes composed of this malter containing the given isotope.
Using the found physical volumes, a linked list is generatéith stores the spacial volurdfe
of each individual physical volume, as well as the total sgdamlume of all physical volumes
found so far, thereby allowing a quick location of the phgsionlume concerned when generating
a decay location. By storing the final list in an array with eatdgmentN storing the cumulative
total spatial volumes of the elements.lll, and generating a random number between zero and
the total spacial volum¥s, the element with the smallest total volume greater thargénerated
volume can be found i® = In(N) time, enabling quick event localization even when using ver
complex geometries. Then a random point is generated aifiti@n the physical volume or on its
surface.

Alternatively, the event generator may load a binned enspggtrum and then generate particles
with this energy distribution. This is useful in situatiowtere the electron energy spectrum at
the surface of a material was experimentally determined,tbe planned result of measurements
in Mainz in the case of muons, for energy ranges where Gedygigs are not applicable, or in
order to save CPU time by first determining the energy specatuime surface of a given material
through a given process in a separate smaller simulatien,uBing this to start a simulation with
the full KATRIN geometry.

2.3.3. Electromagnetic tracking

There are also two alternative methods for electromagtretoking, either using a modified ver-
sion of eltraj, the tracking program which uses RI€Xs’s electromagnetic field routines, or using

9Physical volumes refers to the shapes created when gergetiagi actual geometry, e.g. a box, while spatial volume
is the inner extent of these volumes, e.g. 16cm
100r surface area if generating decays on the surface
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the Geant4 port and refinement of this code, KatrinField,edoy T. Corona[Cor09], an initial
version of which has recently been completed. KatrinFiédd adds support for triangles, as well
as distributed calculations. The inclusion of triangldevas future simulations to fully divide all
cones into surfaces, preventing gaps between sections.

The first tracking method of involves several custom phygrogesses and stepping classes. This
also involves running several instances of SIKatrin in jp@rperforming different tasks, as well as
the external tracking program, therefore a MySQL datalsmsgsead to exchange the data. A custom
UserSteppingActionremoves electrons from the main GEANT4 simulation (Instemme) as they
enter the vacuum, storing position, direction, energy, gtd¢he database after having offset this
particle from the surface by some few hundred nanometefisjmigthe initial distance to a volume
D; subsequently, this instance of SIKatrin starts simugatime next event. The electromagnetic
tracking application reads particles stored from the detaband tracks these until a maximum
of D distance has been covered from the starting location, thdating the position, energy and
direction in the database, as well as setting the minimunaie to zero. The second instance
of the SIKatrin simulation updates the minimum distancereen the stored electrons and the
nearest surface. These two steps are alternated untildbia again reaches a defined minimum
distance to the surface. A third instance of SiKatrin lodusdlectrons approaching the surface,
simulating the resulting collision with the surface andgagation within the solid. If the electron
reenters the vacuum or secondary electrons enter the vathiese are updated respectively added
to the database, restarting the tracking cycle. Figurel2ows a flowchart of this process. This
architecture easily scales until becoming bottleneckethbyerformance of the database.

With the completion of a preliminary version of KatrinFiglithis code was included in the sim-
ulation. This allows a single instance of SIKatrin to fulkatk events, requiring no database
interactions. This was used in the simulation of the trassian function of the NInster Muon
Experiment, which is described in detail in chapters 4 an@ss implementation is fully scaling
as well.

2.3.4. Tracked Events

The simulation can optionally store all events with trac# atep information in a MySQL database,
for later analysis. In the future, a miniméldistance should be used in order to reduce the amount
of incoming data, only storing the information every fewpste

The stored energies and locations of electrons enteringattigum may be used to either generate
secondary electron energy spectra or spatial distribsitf(eae Fig. 2.10 for an example). While
only test runs were conducted with electromagnetic tragkimd the full geometry, the data stored
during such runs can be used to generate a density map ofeitieosl distribution in the actual
spectrometer, or a density map of the positions where elestnit the spectrometer surfaces after
traversing the vacuum.
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Radioactive decays Cosmic Muons Electron reintroduction
-Decays in volume -Muon mode
-Electrons on surface -Geantino mode

Geant4 Simulation
Physics and transportatior ElTraj / ELCD transportation
while traversing SQL Databas for transport in vacuum

solid matter. /

—

Geant4 navigation
to determine maximum
distance to volume

Figure 2.7.: The dataflow required to track secondary electrons with the modified edtrsipn. The three
Geant4 event generators are at the top. Two of these generate priveaty and store the starting condi-
tions in the SQL-database. The secondary electrons are tracked beamMGimulation until they enter
vacuum, at which point they are stored in the SQL database. An instatice eltraj program then tracks
these electrons through the vacuum, until they exit the vacuum. Theseearsithulated by the Electron
reintroduction event generator, and the cycle is repeated.
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2.4. Simulation of the cosmic muon background

As mentioned previously, one of the primary expected bamkgd sources in KATRIN is the sec-
ondary electron background caused by the passage of coamsigsnthrough the main spectrom-
eter. The SlIKatrin simulation was used to determine the raxmabd locations of cosmic muon
hits on various components of the main spectrometer as welhdhe shielding electrode, and to
determine the expected secondary electron rate from tugmation.

In order to achieve reasonable statistics for the spatstfidition of the low-energy secondary
electrons, the geantino mode of the cosmic event generatsrused. More energetic electrons
were simulated via the usage of Geant4 physics; additigrtalb energy spectra were generated
by a simulation of bombarding solid stainless steel plateEkness 20 mm and 0.2 mm) with

muons to determine the influence of the electrode thickness.

The MIXED-NORAILS geometry was used for the simulations, @ying the electrode configu-
ration of 2009-01-09. All muon intersections with specteter volumes were recorded; the stored
information included the volume name, the intersectiomimn, the muon momentum direction,
and the angle between muon and surface normal. Table 2.1sdhearesulting number of hits
on the different components in the simulated geometry amddhresponding low-energy electron
count using the measured electron yigldse(B) (see chapter 5 for details).

A simulation using full electromagnetic tracking was nadile since tracking a single electron
takes several minutes and a very large number of eventsusreedor acceptable statistics. For
this reason, the number of electrons entering the innertispeeter was estimated. In addition,
the fact that the precise energy distribution of low-enesggondaries was unknown restricted the
precision of the determined background rates for electooiggnating from behind the inner wire
layer. However, the calculated initial low-energy secagddectron count is accurate within the
margin of error of the experimental results used as input.

The hitcount on the spectrometer vessel was reduced bya fac2, as a hit was recorded every
time a muon entered or exited the main spectrometer volunmés ificluded the outer surfaces
which do not affect the background count rate. For examptayan with an incidence angle of
0° would first hit the outside of the main spectrometer, theremvleaving the 32mm thick wall,
record a second hit, and after traversing the ten metersafua record a third and fourth hit
while passing through the bottom wall of the spectrometer.

2.4.1. Corrections

The pump ports were included in the geometric descriptich@tpectrometer. However, we also
calculated the different intersection rates, removingwadints which only intersect the pump ports.
As the pump port openings (later to be covered by mesh etietjcare located behind the wire
electrode and contain a constant electric field, we belieakdlectrons created by intersections in
this area will not affect the actual background count rateaddition, those hits which do not pass
through the central vacuum area would distort the prolgitofi a muon which hits the tank also
hitting a portion of the electrode system.



2.4. Simulation of the cosmic muon background 35

Component Hits | Rate [Hz] | Eff. Area[n?] | LE-e | LE-e [HZ
Main Spectrometer | 65981253 101414 536.6| 1291611 1985
Pump Ports 7760166| 11927.5 63.11| 147805 227
Wires 3684299 5662.81 29.96| 71157 109
Endcaps 530998| 816.150 4.318| 10211 16
Combs 5601062 8608.9 45.55| 118484 182
Full Metal Electrodes| 679430 1044 5.525| 13156 20
Total 84237208 129474 685.| 1652424 2540
Total w.0. Pump Ports 76477042 117546 622 | 1504619 2313

Table 2.1.: The simulated frequency of muon intersections with various components ®RKW along
with the corresponding secondary electron count rate (with a factor éweation for the spectrometer
vessel, pump ports, and combs). A totalrefl.23- 10 muons were simulated, the negligible statistical
errors are not shown. The errors of the low-energy electron yiaeldesulting frequencies are identical to
the error in the determined electron yield98+ .14%

As the current ELCD3.3 datafile format does not allow for anliekmaming of components when
creating the geometry, the simulation is unable to distsigbetween the rectangles making up
the comb structure, and those rectangles which are usedstwiloke the full-metal anti-penning
and ground electrodes. Therefore, the intersection lmeatwere used to discriminate between
components. This was necessary because the simulatiots@uruon passing through a rectan-
gular electrode as two hits; the hollow comb structure ttoeedeads to a comb hitcount twice as
high as the actual hit rate. The muons passing through thenethl electrodes are also counted
twice; however, in this case, both hits are physically ratevFuture runs should split the imported
ELCD geometry into two or more files in order to allow easy sapan of electrode components,
or extend the ELCD file format to include explicit componentnes.

A last issue which we could not correct was the fact that tred ISLCD3.3 description of the
comb structure does not properly describe the comb baset¢dmemory and CPU limitations,
see [Val09] for details on the comb model). As can be seen ir2fly the back of each tooth is
open; in addition, the extent of the tooth base is shortened.

However, for the low-energy background, the muon intersasthere can be safely ignored. Any
electrons ejected from the sides of the combs would havev® &éateral energy of at least 100eV
in order to pass through the wire electrode, and as the mawiemergy of the low-energy back-
ground electrons being simulated is on the order of a few fachdV, with an isotropic secondary
electron emission, this is extremely unlikely.

In addition, any electron ejected from the outward-faciomb surface cannot be directed towards
the center of the spectrometer. In order to simulate intticees here, the MainSpec program
generating the wire electrode geometry must be adaptedetthesadvanced tooth model with a
full-sized base, which is shown in fig. 2.4, which results imare accurate comb structure and
introduces difficulties in the electromagnetic trackingsort.

Approximately half the electrons ejected from the wires lué electrode systeth should be

An exact percentage needs to correct for the curvature ofitedayer. Additionally, the intersecting magnetic field
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ejected towards the walls of the spectrometer, while a lelegitric potential also accelerates these
towards the walls. This leads to an upper limit of 50% of thecbns ejected from the wires
being able to contribute to the background. The situatiodifferent for the electrons emitted
from the various full-metal electrodes, which is due to theying fieldstrengths between the elec-
trodes as well as the higher local magnetic field at the entlsecdpectrometer vessel. Therefore,
no correction factor will be applied to the number of elentr@riginating from these full-metal
electrodes. However, the number of secondaries ejected thhe combs is reduced by a factor
of two as well because of the isotropic angular distributibalf of these secondaries are ejected
directly towards the spectrometer vessel, and therefdtde/discounted. Last, the endcaps also
require a correctional factor; these are U-shaped meta&tsioevering pairs of adjacent combs;
therefore, all electrons originating from the inner suefof these structures must travel towards
the spectrometer walls.

These corrections are based on the assumption that theesefghe secondary electrons have
an upper limit of some hundred eV, resulting in an consergatpper limit for the background.
However, the energy distribution of the muon-induced sdaonelectrons most likely is similar
to the energy distribution of electron-induced secondarhich peaks at 16eV, with almost all
secondaries having energies below 25eV. In this case, #éicdihslower upper limit follows,
resulting from a drastically reduced contribution of setamies from the comb structure (below
5% instead of 50%), with a portion of the remaining electremoved by the endcaps. Also, the
electrons ejected from the outer wire layer would be unabtedss the potential barrier created by
the inner wire layer, reducing the electron count origimgirom the wires by 60%. Furthermore,
all electrons ejected from the back of the inner wire layer accelerated to the spectrometer
vessel, leading to an additional reduction factor of 50%is Téads to a total reduction of electrons
originating from the wires by 80%.

2.4.2. Results

The geantino run generated a totalNyf ~# 1.23- 10t primary muons on the square kilometer
planeAgane@bove the experimental setup, resultindNifys =~ 36- 10° muons hitting any portion
of the spectrometer at least once. Table 2.1 shows the nuofillets and corresponding rates
before corrections were applied, split by spectrometerpmmnt; the incident angular spectra as
well as the resulting number of electrons is shown in Fig. 2I8ing the expected cosmic muon
rate of R = 189/ (m?s) (taken from [Bog06]), we can calculate the total time elapsedng the
simulation run:

Ny
tyn = ————— 2.1
run Aplane‘ R ( )
1.23-101
—650s (2.2)

~ 10 m2.189/m?s

With this total time, we can then use the number of unique nitson the entire spectrometer or
any other subcomponent in order to calculate a muon hit &equ

lines may also contribute to a change of the correctionabfaas the retarding field biases the ejected electrons
towards the outsides of the spectrometer, with the magfiekitline spacing reduced in this direction guiding the
electrons through the wire electrode.
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Figure 2.8.: The distribution of intersection angles between primary muons and the spetéroas well as
the wires of the electrode system, along with the corresponding countafdary electrons produced by
these muons. Even though very few muons have very large incidentsatiggse still contribute substan-
tially to the total electron count rate.

(2.3)
tI‘UI’I
or at the effective spectrometer surface visible to the nflion
Nt Nit
ASpectrometer: = = Aplane' = (2-4)
tun-R Ny

This last factor is independent of the incoming muon Rte

Likewise, we can use the hitcount on any component in ordealitulate the number of secondary
electrons originating from this component. In order to ds,ttve need to determine the secondary
electron yield of every recorded hit usiNg_sg(B) (see section 5.3), and sum these, which results
in the corresponding count rate.

N _
Ne- = ;YH—SE—Abs‘ W]-Bn) (2-5)

The corrected expected low-energy secondary electrort cat@s emitted from all subcomponents
are listed in table 2.2. The incident angle spectra of all poments are similar, an example of
which is shown in Fig. 2.8.
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While we cannot determine the full shielding efficiency of thie electrode without a fully
tracked run, assuming all low-energy electrons emittethftioe spectrometer vessel are blocked,
as well as half the electrons ejected from the wire lalfensults in an electron rate of 55Hz
from the wires of the electrode, which is 35 times smallenttiee rate of the spectrometer vessel.
The contribution factor by the combs is 182 Hz, assumingladiteons emitted from the comb area
enter the main vacuud?. While endcaps are in place to reduce the contribution of backal
originating from the combs, without tracking the reductmannot be quantified and therefore is
not applied.

This results in a total low-energy background electron ratfuction factor of 12 in the main
spectrometer, i.e., 12 times as many electrons originate the spectrometer vessel which would
enter the vacuum without the electrode system as origimate the electrode system which is
in place to deflect these electrons. Full results are listethlble 2.2. The acceptable allowed
background is 10mHz at the detector; assuming the redufaaar of the electromagnetic fields
is similar to Mainz (16), the background contribution of these electrons wouldb®7 mHz,
which is well beneath the upper limit.

Component Hits (corrected) Rate [Hz]| Effective Area [nf] | LE-e~ | LE-e~ [Hz]
Main Spectrometer 0 0 0 0 0
Pump Ports 0 0 0 0 0
Wires 1842149.5 2830 15.0 35580 55
Endcaps 265499 408 2.16 5106 7.9
Combs 2800530.75 4304 22.8 59240 91.1
Full Metal Electrodes 679430 1040 5.53 13160 20
Total 5587609 8588 45.4 113100 174

Table 2.2.:Upper limits for the number of low-energy secondary electrons which maribate to the
background, split by component, after applying the corrections fordke of an upper limit in energy of
the secondaries of 200eV. These corrections include the assumptiail thatkground which originates
from the spectrometer vessel is blocked by the wire electrode, and & Packoluction for the electrons
originating from the combs, endcaps, and wires. An errat%% is assumed due to the estimates used for
the reduction factors.

A less conservative approach which assumes that the segoeléatrons have energies below
25eV, which is most likely the case, leads to a much lower gamknd rate, namely, a total
background electron rate of 8030 Hz, resulting in a wire electrode shielding factor oH330%.
With the same electromagnetic reduction factor applieslraite expected at the detector due to this
background component is@+ 0.3mHz. The full results, again split by component, are shawn i
table 2.3.

A second simulation run was conducted on the IKP clusterguisia high-energy Geant4 physics
in order to quantify the high-energy secondary electroidyids with the low-energy simulation,

2Most likely, the majority of electrons ejected from the auteyer are reflected by the 100V potential difference,
however, without an exact energy spectrum, this factorlveille to be disregarded.

13This cannot be precisely determined due to the unknownreleenergy spectrum. We assumed, that 100% of all
electrons ejected enter the vacuum. Most likely, the adacémergy spectrum peaks near some few eV; in this
case, the true factor would be closer to 1%.



2.4. Simulation of the cosmic muon background 39
Component Hits (corrected) Rate [Hz]| Effective Area [nf] | LE-e~ | LE-e~ [Hz]
Wires 736860 1133 6.0 14230 22
Endcaps 265500 408.1 2.2 5106 7.9
Combs 280050 430.4 2.3 5924 9.1
Full Metal Electrodes 679430 1044 5.5 13160 20
Total 1961900 3015 16 38420 59

Table 2.3.:Upper limits for the number of low-energy secondary electrons which matribate to the
background, under the assumption that the energy spectrum of thes®rdeis similar to that of the
electron-induced secondaries. Again, the rates are split by compavittnthe more stringent corrections
applied. The wire count rate is reduced by 80% and the comb count r&&%y However, the additional
factor of 50% derived from the isotropic distribution of the perpendicaayular momentum component of
the electrons ejected from the combs, which had originally been applied,limger valid. The resulting
rates have a large error of 50% due to the uncertainties present in thetestirmad.

the secondaries are listed by the component from which thginate. However, unlike the pre-
vious simulation, gammas are also produced by interactiotestiary processes. The total energy
spectrum is shown in Fig. 2.9 normalized to the rate per edj@lwith the spectra of the wires.
The usage of ultra-thin combs and full-metal electrodeslted in a nonexistent count rate for
these components, which are not shown for this reason. &listgts of these runs are not opti-
mal because of the large amount of CPU-time needed; thedésresyuired~ 25000 CPU-hours.
These exhibit a high gamma background count rate.

Component HE-e~ | HE-e™ [HZ] HE-y | HE-y[HZ]
Main Spectrometef 368200 4610 2577000; 32300
Pump Ports 41420 519 553400 6930
Wires 2156 27.0 342 4.28
Totals 411700 5160 3131000 39200

Table 2.4.: The number of high-energy secondary electrons which may contribute teaitkground, split
by component, after applying corrections. Due to the nature of the simulatiseaondaries were produced
in the ultrathin combs and full metal electrodes.

2.4.3. Outlook

These simulations have shown that Geant4, even withoukofuHenergy support, can be used to
simulate backgrounds for the KATRIN Experiment. The nexp stensists of fully tracked simula-

tions, which would eliminate errors induced by the estiomatiused earlier and may even highlight
potential trouble spots that current analysis methodsatgmedict. In addition, a measurement of
the precise low-energy electron spectrum would allow datmns of the background caused by
the cosmic muons with higher precision, and a more thorougterstanding of the background

reduction offered by the wire electrode system. A futurdieadigeometry approach could increase
the precision with which the geometry of the spectrometasinaulated, reducing errors induced
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here, as well as allow for a more accurate distribution ofo@ctive decays and the generation of
high energy secondaries from muons in the background siionga The tools to create density
maps of electrons have been tested, an example of the imecrdem density distribution is shown
in Fig. 2.10.
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Figure 2.9.: Top: The number of high-energy secondaries is shown for muons passougth20 mm and
0.2mm thick stainless steel plates. The rate is normalized to secondary yield pempaueV by dividing
by the variable bin width. The thicker target generates substantially moomdades at most energies,
while the very-high-energy yield of both targets is similar. The most likely exgtlan for this is that the
count rates at very-high energies are limited solely by the number of irtaicieons with these very-high-
energies. These muons may decay into an electron, an anti-electron meatrtha muon neutrino or a
corresponding set of antiparticles with equal likelihood (no dependemtarget thickness). The number of
gamma secondaries, not shown, is roughly 100-times higher for the 20 nengoaresponding to the 100-
fold increase in plate thickness, with most of the gammas exiting the plate. Howesy&igher number of
gammas induced in the thicker plate leads to a higher number of interactions wéle¢hrens presentin the
stainless steel, creating more tertiary electrons. These additional eleatmmant for the higher secondary
count rate of the thicker plate at other energies. The last bin containsnadliming event8ottom: The
actual rate of secondaries in the high-energy run of the SiKatrin simulaflongiven rate uses an incident
muon rate of 189m?. The gaps in the secondary distribution of the wires of the inner electystiens are
caused by the very low statistics available.
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Figure 2.10.:Four views of the density map of the incident low-energy muon hits are sttbigmmap was
generated using a mesh spacing of 2mm and a sphere size of 3mm to deteariowltldensity. These
images were created with VOREEN, the VOlume REndering ENgine. In theefugimilar images may be
generated which show the number of electrons which manage to pass bype¢helectrode system, which
exit the spectrometer, or the density of background electrons in thewacuu






CHAPTER 3

DATA ANALYSIS

In order to faciliate data analysis, various software waitevr to aid in the analysis of the data
recorded during the course of this thesis, as well as oth@grenents conducted by [Val09] and
[Str09]. The details of these programs will be explainechmfollowing chapter.
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3.1. Data analysis - Geant4

In order to enable rapid analysis of the three-dimensiorgigrties of data generated in the Geant4
simulations, a custom oct-bucket-tree implementatiorbleas written which efficiently stores this
data.

Binary trees are a basic data structure using nodes whichioamte value (or several for bucket-
based trees) as well as a pointer each to the left and rigletsntiae left node contains a value which
is smaller than the current node, and the right pointer wpoldt to a node with a higher value.
As more elements are added to the tree, the tree is exparethsiributing nodes to rebalance
as needed. The advantage of using such a data structure @sedpp an array is the increased
access speed. Searching for a particular node can now berdmgarithmic time, vs. linear time
required to traverse an array (see Fig. 3.1 for an example).

11| |23  [31]

Figure 3.1.: An equalized 12-element binary tree, each node containing an integer. valsearch for a
node, for example the node containing 23, starts at the root node (d3irece 23 is less than 42 the search
algorithm proceeds down the left branch, comparing 23 to 29, continuwg the left branch, comparing
itto 17. Here, it takes the right branch, arriveing at 23 after 3 compasis

While a binary tree is able to store a one-dimensional datdsetatasets with which we work are
three-dimensional, requiring a more complex data strectdiherefore we opted to use a three-
dimensional tree structure (Oct Tree), which allows eleimémbe sorted by top-forward-left, top-
forward-right, ..., bottom-back-right. In addition, ind@r to reduce the memory overhead inherent
in the nodes, as the memory required for an empty node isadvres larger than the memory
required to store an element, each node would store mangsjadynamically lengthening its array
until a maximum is reached, whereupon the elements areaglinto new subnodes, which are
created as required. When removing elements, the subnoglescambined into a single master
node as soon as the total element count in all subnodes eadbeer threshold.

This allows us to pinpoint any given element or point in space = In(N) time, vso = N for an
unsorted array. In addition, all datapoints close to thectgmint are contained within the found
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Figure 3.2.: Two example density maps using the same input data, 100k points generé&etdyyic emis-

sion on a half-spheré.eft: The color of the data points reflects the number of data points in close vincinity
(0.1 units), reflecting at the same time the gradual shift in densities and tigegshdient when approaching
the bottom of the spher®ight: The densities of each point in a grid was calculated; each point of the grid
is assigned the number of datapoints within a sphere of 0.02 units, with agpé€ird1 unit. This leads to

a dense inner sphere covered with spheres with smaller densities. Tlee dégisity inner sphere is visible

at each axis as the grid did not extend beyond the initial [-1:1] distribution.

node’s subtree, again saving time when calculating the eurabnearby points. This enables
the quick calculation of electron density maps, where eithe number of electrons near each
electron is calculated, or a lattice is overlayed onto thal teolume and the density of each point
is calculated. Figure 3.2 shows the results of both of thesthoads when applied to an isotropic
distribution with 1@ sourcepoints, distributed onto a half-sphere.

Using this code, the calculation of the density 8f Bourcepoints (a 2042048 2048 lattice),
with 2.10° datapoints loaded, was accomplished in about 80 mihutesr larger lattices with
much longer calculation times, the calculation can be peizéd with multiple threads, resulting
in a roughly linear speed-up factor.

Currently, this program is only used to calculate the derdigyribution of secondary electrons
entering the vacuum of the spectrometer vessel, howevireifuture, it could be possible to use
the tracking data generated while electrons are travetbiegyacuum in combination with their
energy to calculate the electron’s velocity \Ea= 1/2mev3. Using an x/y/z map with electron
weights assigned by velocity should allow the calculatiba density map of background electrons
in the entire inner spectrometer.

In addition, the universal ASCII datafile analysis tools dixex in section 3.4 were used for the
analysis of the results of the Geant4 simulations.

1The computer used contains two Intel E5420 processors, Fs&B, and runs a 64bit OS
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3.2. Signal analysis

An analysis method was required to analyze the data recatdedg experiments conducted at
the Mainz Neutrino Mass Experiment as well as the data recbddiring experiments conducted
in Munster using a new Flash ADC-based data acquisition systeme e Flash ADC system
had only recently been purchased, finished analysis sadtdidrnot exist, wherefore we decided
to design our own. As the DAQ system was utilized in severf&dint experiments, we decided
to implement various generic analysis methods, which can be easily adapted for each experi-
ment.

3.2.1. Digital Signals

Detector signals are usually analyzed in one of two waydieeibnline using analog electron-
ics, or by digitizing the signal and applying analysis aitfons via software or dedicated digital
hardware[Kno99]. In order to digitize a signal, the voltagehe signal is repeatedly measured
by an analog digital converter (ADC); the digitized values autputted to further hardware for
postsampling analysis or storage. We utilized this lattethod, as we wanted to be able to utilize
multiple analysis schemes optimizing the timing, energphation, or event detection as required
by the goal of the individual experiments.

3.2.2. Flash ADC

The data acquisition system was based aroundStineck SIS3301 and SIS3320 Flash ADCs.
These Flash ADC units continuously record the signal wawefof up to eight channels in a
ringbuffer. The units support hardware trigger conditiomgen these are activated, the ring buffer
contents are stored until read by a PC, while at the same tinegvaing buffer is started in order
to continue taking data. These signals were then writtemtoudput file for later analysis and
will be referred to as “waveforms”. The SIS3320 which wasdusethe Minster measurements
has a resolution of 12 bits and a maximum sampling frequeh@@@MHz. This translates to a
maximum data rate of 400 MB / channel / second, while the aplick between crate and DAQ-
PCis limited to 1 Gbit (125 MB) / second, minus protocol overthenecessitating the utilization of
the hardware trigger, as opposed to continuously recordiztg and searching for trigger signals
in the analysis.

3.2.3. Digital Filtering

All analog signals (and digitized versions thereof) havenedevel of noise induced by various
natural and artificial causes. This noise complicates thection of the desired signals, compared
to detecting signals in perfectly noisefree waveforms.réfuge, the logical first step of any anal-
ysis algorithm is to reduce this noise, thereby increasiegtgnal-to-noise ratio, which allows for
an easier and more exact analysis of the waveforms. Hergjitaldilter was employed for this
purpose.
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Figure 3.3.: An example event in Mainz along with the average=ofL700 single-electron events. The
example event exhibits some low frequency oscillations which are notrjiriesthe averaged event, as well
as high frequency oscillations. The contribution due to the resolution oflttst RDC is also visible.

Any digital filter is constrained by the finite sampling ratgyich is defined by the utilized hard-
ware. This limits the maximum frequency reconstructaldetthe waveforms to half the sampling
frequency, as originally postulated by the Nyquist thearem

Two classes of digital filtering algorithms exist, recuesiones such as high-pass and low-pass
filters, and nonrecursive filters such as the moving averdgethe name implies, nonrecursive
filters directly convert a number of input values into an eitpalue, while recursive filters also
utilize previous output values. The following equationaéses both classes of digital filters (for
nonrecursive filter$1 = 0):

N M
fli)=yi= Zocn'xi-N+n+ > dmYiMe1)em (3.1)
n= m=0

Here, f (i) would be the filtered value, using N input valugss well as the M previously filtered
valuesy;. The coefficients, andd, vary depending on the type of filter being applied; for exanpl
a running average would have gll=1 andM = 0.

3.2.4. Analysis of the Mainz data

In Mainz, the Flash ADC-based DAQ system was used to recorgrigmplifier signals of the
silicon PIN diode in order to enable a very high energy andienimmportantly, timing resolution;
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Figure 3.4.: The fourier transformation of both a sample event and the averaged““‘@lesmt, previously
shown in Fig. 3.3. Noise dominates above 1MHz, below this value the two oramafions differ, as the
event peak dominates these frequencies.

an example single-electron event along with an idealizeshtegonstructed by averaging many
events (for details see [Str09]) is shown in Fig. 3.3. Fiveg, needed to reduce the noisiness
of these recorded waveforms. For this we utilized a bandplss to remove low-frequency
noise which gradually shifted the signal baseline, as wekiove the very-high-frequency noise
which interfered in the separation of multiple closely sgghevents. The boundary frequencies
of the filter were determined by generating the fourier tfamsations of a noise sample and an
averaged event (see Fig. 3.4). After selecting startingegfor the filter frequencies, we then
filtered several sample events with slight variations oségequencies. By modifying the border
frequencies, we could eliminate several noise componewtsranipulate the smoothness as well
as the steepness of the resulting signals. As we needed biebi adentify events which followed
in quick succession, we used a high upper frequency, whilitezl in a steep signal. Lastly, we
analyzed the data of a sample measurement with differest fikquencies in order to determine
how the resulting energy resolution changed with the filteg@iencies, and finally settled on a
lower frequency of 1 kHz which would smooth our baseline bhyoging slow variations, which
were a large contribution to the loss of energy resolutiore 3&t an upper frequency of 1 MHz.
Higher upper frequncy cutoffs led to such an increase inenthat event identification became
problematic; it also led to a reduced energy resolution & résulting spectrum. One reason
why the energy resolution was so dependent on our frequenes because modifying these
frequencies would induce upswings before the actual sgita strength of which varied widely
and which then falsified the resulting differential spectrdn order to illustrate these effects, the
resulting waveform of a multiple electron event, filteredhwdifferent frequency combinations, is
shown in Fig. 3.5.
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Figure 3.5.: Sample Mainz event filtered with various sets of cut-off frequencies.r@thaction in noise is

very noticible, as well as the dependence of the noise reduction on tiee afdrequencies, with a large

amount of noise still visible when using an upper filter cutoff of 10 MHz.
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After filtering the waveforms, these are differentiated aRIOOT[Bru97]-based peaksearch algo-
rithm developed by [Str09] is applied for event identifiocati

3.3. AnalyzeV8

A program for the analysis of the raw data produced by our Dy&desn (.eve files) was written,
which is currently in the eighth iteration (AnalyzeV8). Theogram allows the user to define a
chain of analysis steps which will then be applied to eacimewvethe dataset. As each event may
contain the recorded waveforms of multiple channels, eaettyais step can be applied to any
subset of channels.

This program was used to analyze the data recorded duringureaents in Mainz by Kathrin
Valerius [Val09] and Sebastian Streubel[Str09], as welfloaghe analysis of the muon measure-
ments conducted in Mhster (described in chapter 4 and 5), and is intended foaay &nalysis
of all future experiments conducted with the Flash ADC gyste

The program needs to be given the name of a rawdata file or $é¢as the first parameter, as
well as the number of channels for the older SIS3301 forrddites. For newer versions of the
Flash ADC readout software, the channel count should bevaitcally detected.
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3.3.1. Capabilities

The various analytical operations which can be utilized émipulate the stored waveforms will be
described in the following subsections. In addition to #ieseveral other functions are available,
such as storing the events in a text file or removing a specdieirm or even all waveforms of
a channel. These latter functions will not be elaboratechupte resulting analysis chain can be
saved to a file for quick reuse in the analysis of further mesmments.

Furthermore, the analysis can also be limited to specifintsver event ranges: alternatively,
specific events or event ranges can be excluded.

3.3.2. Rebinning

The various waveforms can be rebinned by any factor, whitdcefely decreases the sampling
frequency. This averages all values of each bin, therehycied the Flash ADC'’s intrinsic noise,
which would remain the same if the actual sampling frequemay reduced by an identical fac-
tor.

f(x) ==Y F(N-x+i) (3.2)

o|\/]Z

1
N;

3.3.3. Running Average

It is possible to calculate a running average of any wavefioaded or generated by previously
applied steps. The edges of the waveform are folded backtbatoselves when calculating this
average, i.ef(—x) = f(x); a possible alternative running average implementation dismissed
as it would have resulted in a waveform shortened by the dmapividth. The passed widtN
should be an odd number. This is also the only implementeitadligter with a calculation time
independent of the smoothing width. Figure 3.6 shows theltsesf a running average on various
functions.

> fix+) (3.3)

3.3.4. Weighted Average

Another averaging algorithm available is a weighted avenatgizing the following weight func-
tion:

1

W) =

(3.4)

This results in the following averaging function:
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Figure 3.6.: The effects of a running average on a delta peak, square waveiargltar wave. The original
pulse height of the delta peak has been renormalized. The smoothing eftdnpebk results in a rectangular
pulse, while the smoothing of the rectangular pulse results in a linear in@erdskecrease along the edges.

\‘

j% w(i) f (x+1) (3.5)

The weighting results in a bias, therefore edges such ae th@ssquare wave are not affected as
harshly as with a running average, and sudden changes nerloegult in steps, as can be seen
when comparing the effects on a weighted average on a dedia (see Fig. 3.7) vs a running
average (see Fig. 3.6).
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Figure 3.7.: The effects of a weighted running average on a delta peak, squaes aral triangular wave.

The original pulse height of the delta peak has been renormalized. Shigémg functions gradually transi-

tion to the new height, with no abrupt changes visible, also resulting in a smmabfteeential.
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3.3.5. Bandpass Filtering

Additionally, a bandpass filter was included in AnalyzeV&isTfunction implements a Butter-
worth band-pass (BWBP) filter [Exstrom] for the coefficient cdd¢ion. The lower and upper
frequencies as well as the sampling frequency must be prdyalong with the order of the filter,
in order to calculate these coefficients. However, filteghbr than second order often diverge to
infinity due to numerical instabilities when utilizing thenlg double type (80 bits). An arbitrary
precision filter is accessible via a compiler flag: howeuas tuns many times more slowly, and
may also diverge. Figure 3.8 shows the effects of filteringh@sum of three sine waves.
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Figure 3.8.: The effects of a digital filter on a sum of three sine waves of varyinguieagies. With a

sufficiently low upper frequency, the sine wave with the lowest frequena be fully eliminated from the

recorded waveform, as is demonstrated with the filter frequencies of 1kBlA MHz, using 100 MHz as

the sampling frequency.

The BWBP coefficient calculation class instance could easikgpkaced with a low-pass or high-
pass filter implementation, if required.

3.3.6. Differentiation

Itis also possible to generate the differential of a wavefaiith variable widths. Using a width of
one is the classic differential of a function, as shown in Bi§, while increasing the width allows
us to detect steps with limited resolution. This last metivag utilized while searching for peaks
in noise while commissioning the vacuum chamber, using tienmum width of an event flank
for the step width and the minimum height as the trigger ciioxa. The hardware trigger of some
Flash ADCs works in a similar fashion, searching for miniméiedences between two aggregated
values.

f'(x,N) = f(x) — f(x—N) (3.6)
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Figure 3.9.: Results of the differentiation of a gauss, sine, and triangle wave. Thimalrigaveforms are

rescaled. As the input files generated by the Flash ADCs utilize unsigmets,shs opposed to floating

point numbers, the input ideal waveforms contain some artifacts due tdirgymwhich propagated to the

differentiated waveforms.

3.3.7. Peak search

In order to locate peaks in the data recorded during our nmeamnts, a peak-search algorithm
was implemented. This algorithm optionally subtracts adfiafset ©O) from the waveform which
can be used in order to compensate for a non-zero baseliren thi algorithm iterates through
the individual points of the waveform, checking for sign ebas and in this way locating points
wheresgn f(xn) — O)! = sgnf(xn—1) — O). While doing this, it also sums the values of every
point since the last crossing of the offset line, as well asestthe maximum height found. The
event index as well as the event starting time are savedg alith the peak data, which includes
the start, stop, and maximum point indexes of the currerdtémt peak. This typically results in
a very high number of located peaks, as the background neisaly causes many crossings of
the baseline. The resulting files may then be filtered in cimleemove this noise, for example by
removing all peaks under a certain minimal height. The &mlthi programs which were created
for this purpose are described in section 3.4. An exampldafated peak is shown in fig. 3.10.

The output files contain the data of a located peak per limmdted as: [Event Index] [Event
Time] [Peak start] [Peak start@)Peak maximum] [Peak end] [Peak Height] [Peak Area] [FWHM

3.3.8. Example usage

Listing 3.1 shows the output of AnalyzeV8 when setting updhalysis chain as used in Mainz.
This chain first smoothed the data using a second-order BWBPiitk cut-off frequencies of
1kHz to 1 MHz, subsequently differentiated the resultingy@farm, and saved the events to text

’Deprecated
3Calcuation of FWHM was disabled at the time of this writting.



Signal Height [A.U.]

54 3. Data Analysis

950 ' ' ' " Smoothed Signal——
Baseline
900 | i
850 | ]
800 | ]
750 | -
700 kme_vaN \’\//v‘\/\//ﬂ._\\:
200 210 220 230 240 250 260

Time [A.U]
Figure 3.10.:Example of a located signal in a waveform, along with the reference basélther located
peaks are not marked as such.

files. The events were then removed from memory as they weftenger needed significantly
reducing total memory usage.
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Listing 3.1: Setting up the analysis chain to analyze Mainz data using AnalyzeV8.

> ./AnalyzeV8 ExampleFilename 5
## Preparing to load file: ExampleFilename
it Number of channels set to: 5

Choose an action to add to the action list.

1: Smoothing with weighted average

2: Smoothing with normal average

3: Digital smoothing

16: Rebin spectrum

32: Remove eventif nothing interesting is found. (NOT IMPLEMENTED)
48: Save event to file

64: Create differential spectrum

80: Delete event.

96: Analyse digital smoothed spectufior events.

97: Analyse differential spectrum of digital smoothedespum for events.
98: Analyze analog wavefornfor unipolar peaks.

99: Analyze analog wavefornfor bipolar peaks.(NOT IMPLEMENTED)

0: Done setting up analysis chain.

1000: Delete current chain

1001: Show current chain

1002: Edit event filtering

2001: Save current chain
2002: Load analysis chain

Enter action to add to analysis chain: 3

Enter channel # (#1>1, #2->2, #3->4, #4->8): 1
Enter sampling frequency: 100000000

Enter lower frequency: 1000

Enter upper frequency: 1000000

Enter filter order: 2

Enter name of spectrum to use as input data: Raw
Enter namefor resulting spectrum: Digital

Choose an action to add to the action list.

(..

Enter action to add to analysis chain: 64

Enter channel # (#1>1, #2->2, #3->4, #4->8): 1

Enter number of bins to summerizehile diffing: 1
Enter name of spectrum to use as input data: Digital
Enter namefor resulting spectrum: Diffed

Choose an action to add to the action list.

(...)

Enter action to add to analysis chain: 48
Enter base filename: Results
Only dump events which are deamed interesting? (y/n)n

Choose an action to add to the action list.

..

Enter action to add to analysis chain: 80

Choose an action to add to the action list.

(..)

Enter action to add to analysis chain: 0

#i# Preparing to load file: ExampleFilename
## Number of channels set to: 5

Bufsize is: 1048576, version is: 256 0x00000100
Running action node 2 on event O
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The analysis of the muon data recorded iiindter was done with a 25 point running average, and
a subsequent application of the peaksearch algorithm.

3.3.9. Possible future improvements

While many improvements were made to AnalyzeV8 during theneefient of our data analy-
sis scheme, the modularity of the analysis methods may beefuimproved by utilizing an ab-
stract base class for waveform manipulation functions ambglassing this class for every desired
method.

Additionally, for use in real-time data analysis where thalgsis chain is too CPU-intensive for
the PC recording the data, the unfinished network functignedn be completed, to interactively
send the recorded waveforms to any number of client anadysiems, which will then return the
results for utilization in the real-time display.

3.4. Miscellaneous Programs

Several small applications were written for an easy maaipa of the output created by An-

alyzeV8 as well as the output of some simulations. Some dfetlpgograms could have been
integrated into AnalyzeV8; however, this was not done asiglmg minor settings in this step of
the analysis process would require rerunning AnalyzeV8rasthrting the entire analysis chain,
involving the loading of many gigabytes of raw data files amainning lengthy algorithms, while

rerunning postprocessing analysis on the outputted file®ealone very quickly.

3.4.1. FilterByValue

FilterByValue reads any ASCII datafile with multiple columasd removes lines where the value
of the set colume does not meet the set minimum or maximune\ateria. This was used to filter
the resulting file outputted by a peaksearch done with Amel4& e.g., to remove noise peaks or
a the pulser peak.

Usage is: Filter [infile] [outfile] [column] [value] [0: minl: max]

3.4.2. BinScatter

BinScatter creates a binned spectrum of an input file, for @&m@n energy spectrum or a time
spectrum. The output spectrum is of the format: [Lower bgeddUpper binedge] [Value].

Usage is: Binner [infile] [outfile] [number columes] [colummbin] [min value] [max value] [bin
size]
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3.4.3. Rebin
Rebin takes a binned input spectrum and rebins it. Factoeiatmber of bins which are summed
for each output bin.

Usage is: Rebin [infile] [outfile] [factor]

3.4.4. CalcRadius
Written in order to analyze the output files of radially symnoaid simulations, this program takes
a file containing X and Y columns, and appends an R column tenkeof each line.

Usage is: CalcRadius [infile] [outfile] [X column] [Y column]

3.4.5. GenTransmission

This program generates a binned transmission function offar file which contains columns for
whether an event was transmitted, and the differentiatdhisfevent, e.g. the starting radius, or
starting energy.

Usage is: GenTransmission [infile] [outfile] [column witratismission] [col with value] [min
value] [max value] [bin size]






CHAPTER4

DESIGN AND SETUP OF THE MUNSTER
MUON EXPERIMENT.

In order to obtain a better understanding of the causes ahtphected electron background in the
main spectrometer of the KATRIN Experiment, an experimerg e@nducted to measure the low-
energy secondary electrons ejected from stainless stemdigic muons. The resultirey yield
was then utilized in our simulations. This chapter dessrihe design and set up of a high voltage
vacuum test-stand which was then utilized for this and ottiperiments.
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4.1. Motivation

In order to accurately simulate the electron backgrounceetgal in the KATRIN Experiment,
precise knowledge of the low-energy secondary electroid yeluced by cosmic muons as well
as the energy spectrum of these electrons is essentialefoherwe attempted the spectroscopy
of the low-energy secondary electrons created by cosmionsusing the spectrometer of the
Mainz Neutrino Mass Experiment. Data taken by [Sch04] dubackground studies suggested
a secondary rate on the order of 1er incident muoh These measurements had utilized large
muon paddles above and below the electron spectrometes bfdinz Neutrino Mass Experiment;
therefore being sensitive to secondary electrons ejecteideolarge portion of the inner surface of
the spectrometer. This also resulted in the detected muassny through two surfaces, once at
the top of the spectrometer, and again when exiting it.

The muon-induced secondary electron spectroscopy measaote presented in the following
chapters used the same spectrometer at Mainz, along witko&tar vacuum tube with a blind
flange on one end. The blind flange was attached to a HV supgdiynidion as the source of
muon-induced secondary electrons. In addition, two smabmpaddles (active size: 100mm X
70mm) were set up in parallel behind this flange which detemdming muons. A Flash ADC
recorded the preamplifier signals of the silicon PIN diodemgdver both muon paddles triggered.
Figure 4.2 shows a schematic overview of the Mainz setup,Fagd4.1 shows photos of the
setup.

While these measurements had a high background electron i@ardue to discharges from the

electrode, this background is uniformly distributed inéimTrhe expected muon-electron coinci-
dence events occur shortly after the muon trigger, whiclsedwas the zero point in the electron
arrival time spectrum. Therefore all secondary electraeated by the detected incoming muons
are expected to be detected in a window shortly after the noaoitidence signal occurs, leading

to a peak in the electron arrival time spectrum shortly &ftermuon coincidence time. However,

after analyzing the recorded data, no excess coincideneesfaund.

This led us to conclude that the secondary electron yieldgsificantly lower than our initial
expectations; therefore we decided to determine the cuivelll@w-energy electron yield exper-
imentally using a dedicated setup at the University afrigter, forgoing a determination of the
energy spectrum. While the cumulative nature of the regyitield factor allows the determina-
tion of the number of secondary electrons created in the KATiR&In spectrometer ( see section
2.4), without knowledge of the energy distribution it is patssible to determine the effectiveness
of the inner electrode system.

For this, an experiment was designed and set up imd$ter using the same isolator flange and
electrode in order to either verify the low secondary etattrount rate or to determine the cause
of the low count rate. Additionally, a decision was made ty\he positions of the muon paddles

1A muon coincidence rate of 27+ 0.2 Hz was measured in the utilized muon paddles, as well asatéétmuon-
electron coincidence rate of b+ 0.43mHz. Correcting for the estimated background reductimtof due to
the electromagnetic field configuration results in secondbactron yield of about Ieper muon.
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Figure 4.1.: The setup used during the measurements in Mdiog.left: The Mainz Neutrino Mass Experi-
ment as viewed from the left side of the laboratory (source sBieffom left: An overview of the Helmholtz
coils surrounding the muon paddles and source electrode, as well additiersal magnetRight: Closeup
view of the muon setup with the isolator, muon paddles and electrode visible.

in order to determine whether the secondary electron rategendent on the incident angle of the
primary muon.

4.2. Munster vacuum test chamber

The first step was to design and build a suitable vacuum sethMfiinster. This setup was planned

as a long-term setup for various smaller experiments, Wwemtuon measurements conducted first;
in the meantime the electron emission rate of wires in theisomodules of the wire electrode was

measured by [Zac09], and a second measurement of emisgésrigan planning.

The experimental setup utilizes a CF100 flange on a high nvegaditage as an electron source.
Muons passing through the electrode eject low-energy slergrelectrons, which are accelerated
towards the detector, thus ensuring the energy depositidhe detector is sufficiently large to

detect single electron events. This electrode is isolatea the rest of the setup by an isolator
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Figure 4.2.: Setup used at the Mainz Neutrino Mass Experiment to detect secondeiipeteejected by
cosmic muons: (i) superconducting coils, (ii) electrode system consistinganfum tank at ground po-
tential, solid and wire inner electrode systems, (iii) field-shaping air coilsv@ieuum chamber to which
the isolator flange was attached, (v) the backplate electrode used dueinlzon runs, (vi) water-cooled
additional coll for local enhancement of the magnetic field near the eleejeation site, (vii) valves. The
detector is situated on a movable sleigh close to the solenoid on the right-handviadnetic field lines
(settings corresponding to a resolving poweEgIE ~ 2-10%) are indicated as dashed curves. The muon
paddles are not shown.

This figure is taken from [Val09], where further details of the spectronsstip may be found.

tube. In order to determine whether a detected electron wased by a cosmic muon, muon
paddles were placed close to this electrode, and data #&auiwas triggered by the detected
muon coincidence events. A square silicon PIN diode detevés used to detect the electrons
ejected from the electrode, with the magnetic field guidimgse to the detector, ensuring electrons

originating from a large area of the electrode arrive at thector. The final design is shown in
Fig. 4.3.

The primary goal of the setup design is maximizing the coat# of the secondary electrons. As
data is only being recorded during muon coincidence evmssgount rate is primarily determined
by the number of detected muon coincidences and the pralyab#t such a coincidence leads to
detectable secondary electrons. The muon coincidencesrdétermined by the size and position
of the muon paddles; this rate is directly related to theadis¢ between the two paddles and the
angle between them, as the cosmic muon flux is strongly arigwlapendent (see section 1.4.3
for details). However, placing the paddles close togetherder to maximize the coincidence rate
would result in a very high number of false positives, i.aggers which are caused by muons
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Figure 4.3.: Schematic overview of the vacuum chamber. The green outline shows tiesowmface of
the vacuum chamber, disregarding the additional openings of the @ossf he inner surfaces are shown
in black, with the detector housing on the left. The additional surfacesdrthe detector are parts of
the initial detector housing; this detector was later replaced with a housirdgésstor. The grounding
electrode, which smooths the electric field inside of the isolator, is visiblemear0.15m. The extent of
the ceramic isolator is shown on the right, in red. The magnetic coil is visible olefthén red, with the
magnetic field lines shown in red and green. One of the muon paddles is visie the HV-electrode, in
blue.

which do not pass through the HV-electrode, resulting inne@ngdased signal-to-background ratio.
As a very low coincidence signal could not be ruled out in therM experiment due to the high
background electron rate, minimizing the electron backgdowas of high priority. Therefore, a
balance must be struck between maximizing the probabifignoelectrode hit, which increases
with the distance between the detectors, and maximizingitiger rate, which decreases with this
distance.

A second independent method of increasing the likelihoodedécting secondary electrons is to
increase the surface area of the electrode visible to thectigt Assuming that each point on the
electrode surface may be reached with equal likelihood bygiacilence muoh the secondary
electron count rate is linearly dependent on the visible.are

Ideally, the flightpath of electrons leaving the electrodesists of a linear acceleration, a subse-
quent focussing, and a further linear path to the detectddithonally, this flightpath would impart
as little cyclotron energy to the electrons as possibleuremg that some electrons ejected near
the edge of the visible area are not cut off due to them flyirgg ffee detector when on the outer
portion of their cyclotron track, as well as preventing matgnreflection of the electrons before
reaching the detector. A large magnetic coil was availalblgch produces a maximum field of
0.1T, along with a set of helmholtz coils which can generate & %@ld, which we intended to
use in order to approximate this flightpath.

It was decided to use a ring electrode flush with the inner éridepisolator (shown in Fig. 4.4)
to define the ground of the electric field of the HV-electrodde total length of the flightpath

2The actual distribution is dependent on the muon paddle garrziion
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was determined by the length of the available vacuum chaarzéisolator, with the possibility of
adding an additional 300-mm-long CF100 tube. Several tagpsevere designed, and calculations
of the magnetic field lines as well as basic tracking simatetiusing the eltraj program (see
section 1.6 for details of eltraj) were run, in order to refihese designs. While initially it was
attempted to have the magnetic field at the HV-electroddlphta the axis (as shown in Fig. 4.5),
we noted an increase in the cyclotron radius with these dsSign order to reduce the cyclotron
motion, the magnetic field needs to diverge at the electritulis, aligning itself with the electric
field lines, minimizing the cyclotron energy of the electrdinis resulted in the final design shown
in Fig. 4.3.

Figure 4.4.: Top left. The ring electrode which grounds the electric field and ensures a smeldtHifore
mounting in the isolator flangelop right: View of the interior of the vacuum chamber cross piece. The
detector is visible in the baclBottom left: View of the vacuum chamber along the z-axis with the isolator
tube attached. The electrode is visible in the isolator sect®wottom right: View of the isolator with
the PVC endcap mounted, the red line denotes the inner extent of the edeciisd visible are the HV-
capacitors for the voltage smoothing.

Initially, the setup was planned with the main beam tubentei@ vertically with the isolator and
HV-electrode at the top, and the detector at the bottom o$éhep, in order to take advantage of
the increased incident muon count rate at steep zenithangt@vever, this turned out to be very
impractical because it would require the turbopump to kechttd horizontally, as well as limiting

3For an explanation of this effect see [Hei09].
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Figure 4.5.: Magnetic field lines while attempting to create an axial field at the HV-electrodse,Hbne
of the Helmholtz coils was run with reversed polarity in order to depress tta foagnetic field at the
electrode, thereby flattening the sum of the magnetic fields. The detectamhimémum extent of 4.5mm,
and a maximum extent of 6.4mm along the diagonal. (The detector is flush witimdhefé¢he vacuum
chamber)

access to the detector area, and the mechanical suppord emuch more complex. Also, it
was decided that the pre-spectrometer portion of the sehighvihad been used in Mainz should
be approximated as closely as possible, in order to red#cehtince of unexpected geometrical
effects causing changes in the results; this was anothememngt against a vertical setup.As a
consequence, the setup was orientated horizontally,tigguh a significantly diminished count
rate due to the angular dependence of the cosmic muon spe(tae section 1.4.3), requiring a
rotation of the initial design by 90

The CF150 flange upon which the turbopump was mounted wasdedemith an additional tube,
as the magnetic field strength directly at the flange excetraeshafety limits of the turbopump.

A LeyboldPTR90 vacuum gauge was attached to the last CF100 flange ofc¢bhanmaachamber.
This was connected to a serial ADC; readout was accomplisiaea small C program run on the
DAQ-PC. During testing it became apparent that the vacuungegahould not remain powered
while the high voltage was applied to the electrode, as afgignt number of electrons emitted by
the gauge were reaching the detector and obscuring thedesgnals. In consequence continuous
monitoring of the vacuum chamber pressure is not possilaeekher, occasional measurements
yielded a constant pressure betweef® °mbar and 2108 mbar.

The experimental setup during construction is shown in &g, while the finished experimental
setup is shown in Fig. 4.6. During the course of the expertpmeadifications were made, and the
final setup is shown in Fig. 4.7.

4.2.1. Data Acquisition

The basic high-voltage vacuum test setup utilizes a quiadsdicon PIN diode Hamamatsu
S3590-06) mounted on a CF40 flange with a BNC feedthrough aseatdet Directly attached
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(] : L

Figure 4.6.: View of the finished setup, as used in the first runs. Visible at the left isattlewith the VME
crate containing the Flash ADC, the high-voltage cage within which the actit@®p of the experiment
was contained is located at the right. Beneath this is the crate with the detectovrmtzs.

to this detector is a CoolFET preamplifié&rap TECA250CF), which itself is connected to a spec-
troscopy amplifier EG&G 576 Spectroscopy Amplifier). BNC PB-4 pulse generator was used
during the energy calibration. The detector is powered byS&G NHQ224M voltage supply.
The data acquisition system utilizeSauckSIS3320 Flash ADC, which can record data on up to
eight channels simultaneously with a sampling rate of 20@MFhe entire detector subsystem is
powered by arLiebert Powersure PS7 uninteruptable power supply, which alsesao/smooth
the input voltage.

For the muon experiment, an additional high-voltage sug@IxEN N470) provides power to
the photomultipliers of the muon paddles. The photomudéipsignals are amplified by aBSN

Electronic FTA 810L eight-channel amplifier and discriminated by @QRTEC934 Quad CFD
(Constant Fraction Discriminator). The discriminated signare fed into d.eCroy 622 Quad
Coincidence logic unit, set to output a signal when both pinodtipliers detect an event.

The timing signal provided by the preamplifier, the signavded by the main amplifier after
amplifying the energy output of the preamp, the discrinedagignals of both muon paddles, as
well as the trigger signal created by the logic unit are réedrby the Flash ADC. Unfortunately,
the unamplified photomultiplier signals proved to be toorstmbe reliably recorded. A schematic
of the entire detector system is shown in Fig. 4.8.
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Figure 4.7.: View of the setup, as used in the last four runs. The cloth covering in plaarahe high-voltage
cage which ensures no light enters the vacuum chamber was not refootieid photo.

4.2.2. High Voltage

A high voltage power supplyBrandenburgalpha series; 8 30kV) provides the high-voltage for
the electrode. As the electrode-detector system acts mikasiwvay as a plate capacitor, the voltage
ripple of the HV-supply directly induces noise in the detecattaching HV-capacitors smoothes
this ripple, reducing the amount of induced noise. Thisatfigas much more pronounced in the
setup for the steep cone wire emission tests (see [ZacO&4Lise of the reduced distance between
electrode and detector.

4.2.3. Air Coils

Lastly, the magnetic coil is powered by tvidelta Elektronicapower supplies (Type SM15-200D)
connected in series and run in master-slave configuraticlenferature sensor is attached to the
magnetic coil and set to shut off the power supplies if theperature exceeds 6G.
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| Muon Paddle 1 | Muon Paddle 2 | Silicon diode detectqr

| Amplifier Channel 1 | Amplifier Channel 2 Preamplifie

| Discriminator 1 | Discriminator 2 'Main amplifier

' Logic unit ("&”) ———{FlashAD

DAQ PC| AnalyzeV8

Figure 4.8.: Schematic of the data acquisition system of the Muon experiment.

4.2.4. Safety

The HV vacuum test setup was located in a publicly acceskiblaratory in Minster, which ne-
cessitated ensuring that it would be impossible for visitetudents, and coworkers to accidentally
suffer injury from the high voltage. Therefore the HV-reldtsection of the setup was enclosed in
a grounded high-voltage cage, including both muon padthesentire isolator flange, the flange
electrode, and the HV-capacitors. Also, a PVC cap was faslidy the in-house workshop to
cover the isolator, primarily to allow the muon paddles tovi®ved closer to the actual electrodes
for an increased count rate. This had the side effect of cetalylcovering all vacuum parts which
were attached to the high voltage supply, providing add#icafety. A second HV-cage was con-
structed to prevent access to the HV components from betigatetup. In addition, an interlock
was added to the front panel of the cage, which is removabdedar to allow access to the ex-
periment, as well as a grounding rod to ensure the setup isidesl when open. These interlocks
ensure that the front panel is closed and the connectiondeeithe HV-electrode and the ground
point, provided by a grounding rod, is broken before the H@py can be turned on as well as
shutting down the HV if one of these conditions is no longet.me

While the electromagnet produces a peak field of 8A®00G in its center during sustained op-
eration, the field strength at the edges of the vacuum sedelh is under 50G. For this reason, it
was not required to mark a 50G line on the floor. However, cautiust be used when working

with metallic tools near the active electromagnet insigdegarimeter of the setup due to its strong
field.
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4.2.5. Sustained operation

During sustained operation, the current passing througimiagnet coil is limited to 120 A by the
maximum waste heat capacity of the water cooling system.

Even with the PVC cap covering the large isolator, eithertten should be darkened or the HV
cage covered to prevent light from entering the vacuum clearaibd causing noise, as the isolator
tube to which the HV electrode is attached is not fully opadsieth the detector high voltage as
well as the electrode voltage must be off when venting or pongifhe chamber. Also, the detector
voltage must be turned off before powering off the preanmgslifand must not be turned on before
the preamp is on as otherwise the preamplifier suffers danfegythe preamplifier utilizes Peltier
cooling, optimal noise reduction is not reached immedyaipbn power on. Typical and maximum
values for the various components are shown in Tab. 4.1.

Component Typical value Maximum value
Silicon PIN diode voltage 80V 100V
Muon paddle PMT voltage 1400V 1400V
Main magnet current 120A 150A (Short usage only,
Acceleration voltage 24kV 24 kV

Table 4.1.: Typical and maximum values for the various active components of the vasetup.

4.2.6. Flash ADC settings

The Flash ADC settings utilized during the measurementslafi@eed in a configuration file, as
reproduced in listing 4.1. The most important settings heedampling frequency of 100 MHz,
the stop delay of 40,000 samples 400ps), and the total sampling length of 6836pus. For the
first channel, which records the preamplifier timing sighath resolution sampling was enabled,
thereby increasing the sensitivity of this channel by adiaof two. In addition, the trigger settings
can be seen, with the unit triggering on a total level charfgg00 pulse height units, summed
over four samples corresponding to an average increasapgies of 125 pulse height units. The
trigger signals actually had a increae~e825 pulse height units over 4 samples (40ns).

Listing 4.1: SIS3320 FlashADC settings file for the muon measurements

I« Settings for Struck S1S3320 Flash ADE
No_.of_Modules 1
BaseAddr 0x40000000

/x common settingsx/
clock-frequency 100 /x clock frequency in MHz; allowed values for
S1S3320 module: 200 MHz, 100 MHz, 50 MHZ

pagesize 4 /+ samples per event:
0O-16M ,1-4M , 2 — 1M, 3 — 256K ,
4 - 64K , 5—- 16K, 6 — 4K , 7 — 1K ,
8 — 512 , 9- 256, 10— 128, 11— 64 x/

stopdelay 40000 /« trigger pulse delay in units of
1/(clock frequency)sx/
enableinternal-trig 1 /« 1 — internal trigger, 0— external trigger
via LEMO input number 2x/

triggerpeakingtime 4
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trigger.sum.g 4
trigger-pulse.length 4 I+ length of generated trigger pulse in units
of 1/(clock frequency)x/

I+ signal integration x/

integratesignals 0 /* integrate signals directly after readout to
limit the amount of data to be transfered/
substractoffset 1 I+« substract offset before integrating; in this

case absolute valuesvalue — offset| are
integrated =/

/= individual channel settingsx/
Module 1
I/« Channel readout activated (* on, 0— off) x/
Channelactive 1 1 1 1 1 0 0 0

/«x Channel gain (0— full scale mode, 1- half scale mode)x/
Channelgain 1 0 0 0 0 0 0 0

/+ Channel DAC settings/
ChannelDAC 0xa000 0x8000 0x8000 0x8000 0x8000 0x8000 0x8000 0x8000

/x Threshold range: +65535 (0 means: channel does not triggers/
Thresholds 0 0 0 0 500 0 0

/%« Threshold type: 0 = GT; 1 = LTx/
Thrtype 0 0 0 0 1 0 0 0

I/« FADC zero signal level (64095) x/
Zero.offset 2390 795 822 818 810 799 802 806

4.3. Future muon experiments

The initial goal of the muon measurements was determiniagttergy distribution of low-energy
electrons ejected by muons, with an assumed secondarycgiggeld on the order of £~ per
muon. While these measurements did not succeed at Mainz dbe tmexpectedly low electron
yield, other measurements done at Mainz have showed tlspdssible to determine the energy
of an ejected electron by measuring its flighttime, over geaof Ec < 50eV, with higher-energy
electrons having no discernible time separation (see PJdir details). Using these figures, a
future experiment could be run at Mainz and the flighttimeldte extracted from the coincidence
data. This would require a much lower background and at thaden-fold measurement time vs
what was available during our measurements. The energy raagld be divided into 36 50eV
steps, covering the entire unknown energy range.

Additionally, if more than two muon paddles were availalday 4N paddles, N paddles could
be placed at the top left, further N at the top right, as welbatom left and bottom right of
the electrode. Then recording could be triggered whenevetapleft paddle had a coincidence
event with any bottom right paddle, etc, in order to recorchyniacident angles at once. As the
Flash ADC units are limited to eight channels, this woulduiegjsome means of combining the
muon paddle signals to reduce the number of channels ne@exlpossibility would be varying
the pulse height of the digital trigger signal produced by dirscriminators, for example the first
paddle’s trigger signal having a height of 200 mV, the sect®@mV, the third 800 mV, and so on,
and connecting these signals in parallel in order to crepseado-binary representation of which
paddles triggered in the stored waveforms.



CHAPTERS

RESULTS OF THE MUNSTER M UON
EXPERIMENT

The following chapter describes the methodology applietitha results obtained while analyzing
and interpreting the data recorded during the Muon measemtsrin Minster using the setup
described in chapter 4, to ultimately arrive at the low-ggesecondary electron yield for muons
passing through stainless steel.
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5.1. Determination of the secondary electron yield

The primary goal of the experiment is the determination efatierage number of low-energy sec-
ondary electrons ejected by an incoming muon, charactebyethe electron yield,_se(B(S))

for a given muon incidence anglS) relative to the electrode normal in R with the muon
paddle positions kept constant during each individual rtihis results in the data for each run
being associated with a specific muon paddle geometry, dsawel set of voltage settings. The
determination of this yield is dependent on three factot3:tlfe number of accepted muon co-
incidence eventsl,(S) which remain after cuts are applied to the initial muon cimlance count
Ny (S), (2) the number of secondary electrons ejected during timd\g- (S) as determined from
the detected secondary electron coNgt: (S), (3) the full transport efficiency of the experimental
setup, i.e. the probability that a muon coincidence evemiead to electrons which can reach the
detectoreseryd S). The applied cuts are explained in detail in section 5.2.4.

Ne (S) 1
Nu(S)  esetudS)

Yu-se(B) = (5.1)

Esetud S) May be further subdivided into two factors, first the disitibn of muon hits on the elec-
trodeDy(S), which depends on the paddle locations during the run, acwhsky the probability
that an electron which is emitted from a given point on thetedele reaches the detect@ep this
latter factor being independent of the paddle configuradiath therefore constant for all runs.

8Setu;{s) = Dp(s) 'TSetup (5.2)

5.1.1. Calculation of electron transmission function Tsetup

The Geant4 simulation of the KATRIN main spectrometer (Seé@e2.3) was modified to sim-
ulate the transmission function of the vacuum setup utlizethe Minster measurements. The
electromagnetic design of the experimental setup is degpict Fig. 4.3. The modified simulation
includes a new event generator which creates electronsamittimogeneous spatial and isotropic
angular distribution above the electrode. These elecin@mns tracked and their energy deposition
in the detector was recorded, along with the track origingesE results were used to generate the
transmission function of the experimental setup as welhashergy distribution of the detected
electrons.

Due to the fact that the actual experimental setup was néqibr noise free, and therefore some
events would not be identifiable, the backscattering siegisf the simulation are used to correct
the count rate (see the example run analysis in section)5.2.4

Also, while it is possible to define the scintillator paddeogetry directly within the Geant4 sim-
ulation and use this to randomly generate primary muonsrdowpto a selected cosmic muon
angular spectra, separating the transmission functiohefvacuum chamber from the incident
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muon distribution function allowed us to recalcul@g(S) for each detector configuration inde-
pendently ofTsewyp Which saved a considerable amount of CPU-time as well ag@tiaa much
more accurate simulation &f,(S).!

As the energy distribution of the secondary electrons wasknown, flat energy distributions
were used to generate electrons with starting energieseleet® and B keV and 0 and 250¢eV.
An additional transmission function with high-energy ¢tens was determined in order to verify
the behavior of high-energy secondaries. Since a squaeetdetvas used, we did not expect
the transmission function to be radially symmetric, but thias the case: For large radii, the
electrons were either magnetically reflected or collidethwhe electrode during their cyclotron
motion before the irregular shape of the detector becarmegaet. Therefore we can use a radially
dependent functiofiseryd R) to characterize the transmission function. The resultiagsmission
functions are shown in Fig. 5.1, and the simulated totalggnepectrum in Fig. 5.2.

1 A A A A A .
0.8} ]
0.6} ]
0.4} ]
0.2} 0—25keV — .

0— 250eV
108V -
0 L l-glkeve— it
0 0005 001 0015 0.02 0025 003 0035 0.04 0.045 0.05

Radius [m]
Figure 5.1.: Simulated transmission functions for electrons with a flat starting energy distritbetween
0—25keV, 0—250eV, and - 91keV. Due to the large range of starting energies, the transmission cutoff
is very soft for electrons between-®.5keV; when the energy range is reduced, the transmission function
becomes sharper. Also, the cutoffs due to the cyclotron motion are visible b0tV electron transmis-
sion; here, the starting angle’s influence is almost zero, and solely thiegtadius decides whether the
electrons will reach the detector or either collide with the ring electrode orflythe detector. The high en-
ergy transmission function demonstrates how the transmission efficien®edes with increasing electron
energy.

1Simulating 18 coincidences for the calculation 8f,(S) takes some few hours on a typical office PC, while the
simulation of a transmission function using 50k eventsdadeveral days running 50 parallel jobs on a computer
cluster.
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Figure 5.2.: Simulated energy distribution of transmitted electrons with a starting energy dmetde

2.5keV, as well as between-0250eV. While no broadening was applied to simulate the detector re-

sponse, the full energy peak is broadened by the applied energy. rAdlglitionally, backscattered events

are visible as a fairly uniform background.

5.1.2. Calculation of the incident muon intersection distr ibution on the
electrode Dy(S)

The second factor which was required to determine the tahsfficiencyesewd S) was the dis-
tribution function of muon hits on the electrode. A programswvritten which generates both the
radial and two-dimensional hit distribution of muons, @sengiven muon paddle configuration.
The muon paddles were approximated with single planesadstéa true box. Additionally, no
electromagnetic interactions were simulated. Theretbeesimulated muons cannot be deflected,
their direction remains constant.

A description of the incident muon angular spectrum wasiredun order to produce an accurate
incident location distribution. Several distributionsr@@mplemented: (1) an isotropic distribution
for the simplest case; (2) the commonly useddatistribution which is an accurate approximation
for angles close to vertical; (3) the cosee section 1.4.3 for a detailed description) distrilutio
which yields an accurate distribution for all angles.

The simulated muons, with starting locations randomlytsceadl over the first muon paddle, were
assigned a random direction according to the selected angpectrum, and their intersection
points with the planes defined by the muon paddles as wellasittiersection points with the
target plane were calculated. Using these points, all ewghtch did not intersect both paddles
were rejected, and subsequently the intersection pointsetarget and the incident angle of the
remaining events were recorded. Fig. 5.3 shows two regudiistributions for two different paddle
configurations.

Using this data, witliR; referring to the electrode intersection radius of the sated incident muon
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Figure 5.3.: Results of the muon distribution calculations of Run 1 and Run Zef.left: This distribution
results from the Run 1 paddle geomeffgp right: This distribution is the result of the Run 2+3 geometry,
where the paddles were located significantly further apart. Note the saglfichigher maximum density
of hits in the top right distribution, as well as the much smaller total area whemseateons are possible.
Both simulation runs were done using the same number of muon coincidencesrmutn paddles and
using the cosmuon angle distribution. The differences between the two distributions aszdantirely
by the paddle geometry. Rings of different radii are shown in white to illtesttee generation of the radial
transmission function; the total number of hits in each ring is used to genemiatue of the binned radial
hit distribution (Note: the actual binning using/a value of 1mm between rings, not 5mm as shown).
Bottom: The resulting radial distributions are shown for the 2D distributions; it the resulting
radial distributions when using other angular muon distributions are shawRun 1.

coincidence number and using a total count & = 108 coincidences, the binned radial muon
incident count distributio,, (S, R) was calculated, with a binwidtr of 1 mm:
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N
Du(SR) = ;T<R7Ri) (5.3)

with
1, if R e€[RR+Ar]

_ (5.4)
0, otherwise.

T(R,Ri)={

20 T T T T
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Figure 5.4.: Angular incident probability distribution of detected muon events for threegry muon dis-

tributions, using the paddle geometry of Run 1. While the" abistribution was used for the calculations,

the other distributions are shown in order to demonstrate the influence ofpilieaingular spectrum. The

angles are relative to the electrode normal. Again, the distribution for RtBsvehere the paddles were

located significantly further apart, is shown as a comparison.

In order to correctly calculate the angular distributiorttg incoming muons that may lead to an
electron-muon coincidence, each simulated coincidenestenust be weighted with the probabil-
ity that an electron ejected at the intersection ra&usill arrive at the detector. For this probabil-
ity, the previously calculate@iseryd R) was used. The number of muons arriving at a given angle
was calculated as follows, wifBy being the incidence angle of the simulated muon coincidence
relative to the electrode normal, aNdbeing the total number of simulated muon coincidences:

N

N(B) = ZOT(B’ Bi) - TchambefRi) (5.5)

>

1, if Bi € [B,B+AB[;

: (5.6)
0, otherwise.

T(B,Bi) :{
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This allows the determination of the correlation betwees $bcondary electron yield and the
average incident muon angle. The average incident angktesrdined by calculating the average
of equation 5.5 as follows:

S % cosB)-N(pB)
Sal e N(B)

which results in an average angle of 132+ 1° for run 1, with the angular incident distribution

shown in Fig. 5.4. The simulation was run with®évents, resulting in a negligible statistical
error. However, the uncertainty in the muon paddle posstieads to a small systematical error of
+1°.

B(S) = arccos (5.7)

5.1.3. Full transmission efficiency

As the transmission function of the idealized setup is 1§dgymmetrical, the two dimensional
muon incident location distributions can be converted matdial distributions. TheBsetypCan be
calculated by multiplying these distributions with the ieddsetup transmission functiosetup
and normalizing with the number of simulated muon incider@nésN, in order to arrive at the
total transmission probability. In the case of binned fiortd, the following results:

RMax

> Du(S1)-Toeudr)
- N

€setup= (5.8)

5.2. Determination of N-(S) and Ny(S)

While the previous factors which contributeYg_sg(3) were determined by simulating the exper-
imental setup, the remaining factors are determined byyaimgj the recorded data.

5.2.1. Common parameters of all runs

During the initial test measurements, the maximum usablage was limited by the HV supply,
the limiting factor being the HV capacitors employed durthg final measurements to smooth
the voltage ripple of the electrode. Therefore, in all measents, the electrode voltage was set
to the maximum voltage allowed, i.e-:24kV. Another difference to the test measurements con-
ducted while commissioning the vacuum setup was the uitizaf a spectroscopy amplifier to
amplify the signals before recording the waveforms. In aodj the timing signal produced by
the preamplifier was recorded in case we decided to analybatiit turned out to be too small
to reliably locate all events within the voltage resolutairthe Flash ADC. Finally, the digitized
signals of both muon paddles were recorded along with theca@nce signal, in order to be able
to reject events occurring while the paddles were produnmige and possibly producing false
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trigger events. The signals were sampled for @&6wvhile the transmission delay of the setup is
some few microseconds; this large timewindow allows us teegate the spectrum of the back-
ground noise present during each run on an event-by-eveigt Wihout requiring interrupting the
measurements. This allows the correlation between baakgrtevel and event indexes, thereby
facilitating the removal of all events taking place duringaotron discharges.

The magnet was run with a current of 120 A, resulting in a maximfield strength of @8 T in its
center, this being the location of the detector. The detectitage was kept at 80V for all runs.

5.2.2. Event identification

The recorded data was analyzed with the previously destribealyzeV8 software (see sec-
tions 3.3ff.). A data analysis scheme was conceived for u#eall waveforms recorded during
these runs, with the AnalyzeV8 settings remaining constdotvever, the cuts applied to the list
of found peaks varied in order to adapt to the predominargeni@vel in each run. Additionally,
intervals of events were fully removed where the noisebdrsdwred the single electron peak. The
removed event intervals are listed in the individual rurcdssions (see appendix A).

The data analysis process is illustrated with the data tdlkeng the first run. Shown in Fig. 5.5 is

a sample event with three of the five recorded data chanmsalgldas the smoothed main amplifier
signal, which is shown enlarged. This smoothing of the maipldier waveforms was done with
arunning average using = 25 samples; subsequently, the peak search algorithm wasenthe
resulting waveforms. As in excess of 99% of each recordecfoam was background noise, we
could take the average of the full waveform and utilize tisihee baseline passed to the peak search
algorithm. This was verified by generating the distributadrthe waveform height and comparing
this with the average height for numerous sample events.|dds¢ed events were written to an
output file and described by parameters such as peak hemgbttfset, absolute time, width, area,
etc. of this peak. (See section 3.3.7 for details on the meakh algorithm.)

5.2.3. Energy Calibration

During noise optimization and the first two runs, a pulser inakided in the setup and connected
to the pulser input of the preamplifier. The pulser’s peak used to calibrate the energy spectra
and subsequently removed from the data during further arsalyn order to determine the en-
ergy equivalent of this peak, the maximum heidhiy & 11.8+ 0.2mV) of the pulser signal was
measured using an oscilloscope. This value was used tolagdhe energy deposition required
in the detector to create a preamplifier signal with the sagight. The action of the charge-
integrating preamplifier can be described as the integratiohe charge created in the detector on
the feedback capacitance= 0.5 pF of the preamplifier:

Q
C==> 5.9
U (5.9)
Using the known values & andUg, the number of electrondl§-) needed for an equivalent charge

depositionQ in the preamplifier can be determined.
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Figure 5.5.: Top: Raw signal waveforms recorded by the DAQ system for a sample evemtelhas the

smoothed main amplifier signal. Signal height of the muon paddle waveformeglhasithe trigger has
been reduced, and all signals contain artificial vertical offsets. Visibke psilser peak along with the
corresponding timing peak of the preamplifier; the peak height of singléretecis about a fifth of the
pulser peak height, making the preamplifier peak indistinguishable at thisitieadottom: Closeup of

the pulser event, illustrating how the running average smooths the recaaiezform, removing high-
frequency noise.

Q=C-U=N.-e (5.10)

In a silicon PIN diode detector, incoming particles initiat cascade of electron-hole pairs. From
the energW\s; required to create one pair (taken from [Maz08]), the edeiveenergy deposition
required for the creation df,- electrons and holes may be calculated:
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Edep.

Q=N o= 5.1
_Qwe

Edep= e Wi (5.12)

Wsi(30K) = 3.65eV (5.13)

Combining these two equations, we can determine the energyadent of the pulser signal:

c-u
Epulser= e Wi (5.14)

The resulting energy equivalent of the pulser signal is4342.6keV. The pulser peak is centered
onx =222 in the energy spectrum, which is equivalent to a peakihei222 pulse height units in

the recorded waveform. As the average of each recorded wranatas subtracted from the peak
height while identifying peaks, with this average being wledi as equivalent to OkeV, this value
was used as a second calibration point. Therefore, theduilersion from signal height to energy

IS:
1344keV
Esignal = Hsignar* “oop (5.15)

5.2.4. Run analysis

In this section we will demonstrate how the energy and tinuats were chosen for each run in
order to remove the noise as well as uncorrelated evente waidining a high secondary electron
event count, in order to determine both the final electromtbdld- (S), as well as the final event
countNy(S). Again, the data recorded during the first run is used to detnate this. The most
important figures of the other runs follow in appendix A.

In this first run, one muon paddle was placed on either sidaegtectrode, one at top right and
one at bottom left, thus ensuring that the majority of calecice muons pass through the electrode
surface. The simulated hit distribution was shown preuvigus Fig. 5.3. The paddle configuration
is shown in Fig. 5.6.

In order to analyze the background noise level over the eonfrthe run, the time series of events
is used, as is seen in Fig. 5.7. The pulser band is visible ke V, as well as a very thin band

of single electron events near 25keV. In the case of Run 1, dbkdoound noise level remains

constant throughout the run, at an acceptable level, geifsiantly below the single electron band

at 24keV. Therefore it is not neccesary to remove time irtierisecause of high noise levels, as
in other runs; these are then marked as such in appendix A.

In order to determine a reasonable noise cutoff, the lisoahél peaks was binned in order to
generate the energy spectra shown in Fig. 5.8. A noise cwtaiffchosen where the large random
noise peak is fully removed. In the case of the first run, weoneed all peaks with a height of less

than 22 pulse height units, this being equivalent t8kaV.
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Figure 5.6.: The paddle configuration as used in Run 1. The metallic inner surface vAtivem chamber

is shown in black, the outer surface in red, and the muon paddles in bleebdftom paddle was arranged

lengthwise resulting in the shorter length, and offset by one centimetexanpe muon is shown passing

through both muon paddles and the electrode, at an §tgl¢he electrode normal.

-0.1

Using this noise cutoff (L3 keV), the entire noisepeak is eliminated while retainmgfull 24 keV
single electron peak. However, in doing this we are also x@mgosome events between the noise
peak and the single electron peak which most likely are lmattered events. Also noticeable in the
energy distribution are the higher-order electron pealdsead by multiple electrons simultaneously
arriving at the detector, as well as the pulser peak. In ERy.the electron event times are shown.
Clearly visible is a small band of events which coincide withk trigger, the trigger occurring at
25536us. There is also a wider vertical band near event 9500, thiglmaused by a few scattered
events with a large number of secondary electrons identae@sulting from discharges. The plot
also shows that the secondary electrons near the triggespaead out well and do not occur in
bunches. To better understand the time distribution ofélcesdary electrons, we binned this data,
as is shown in Fig. 5.9. We then defined a band withua Width as the coincidence interval, and
generated the energy spectrum during this interval. Thisassecond energy spectrum shown in
Fig. 5.8.

By comparing these two energy spectra (shown in Fig. 5.8)fitstebeing the full 25Tis of data
and the second onlyis, we could determine for which energies the coincidencatsveéomi-
nated. All areas where the greepslenergy spectrum is similar to the full spectrum correspond
to energies where the electron event rate is dominated Ingideinces, likewise the areas with a
significantly higher rate of electrons in the full spectrura anergy ranges where there is no high
proportion of coincidence events. Using this, a cutoff wetsomn the maximum event energy, re-
moving the highest energies, which were dominated by backgt events. A value of.6-24keV
was chosen, as events above this energy are most likelycchysmsmic rays interacting with the
detector, rather than multiple secondary electrons. Bhimsed on the fact that secondary elec-
trons with high energies are not be transmitted very welltdu&eir large initial cyclotron radius
and high energy which ensure they do not reach the detest@arabe seen in the transmission
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Figure 5.7.: Event energy vs. event index, Run 1. The noise level remained cdiistaughout this run,

while pulser events occasionally coincided with the recorded interval. e remaining after all cuts

have been applied are overlaid in green. Near event 9500 severdkevith discharges are visible, with

many registered electron events, these were removed.
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Figure 5.8.: The total energy spectrum of all events taken during the Run 1, as walk distered spectrum
of events which occured in a window of a microsecond around the triggse pThe fact that the single and
double electron peaks of both spectra overlap very well is a strong tiatidhat these events are correlated
with the incident muons, and not just randomly discharged electrons.

function shown in Fig. 5.1. Also, the probabilities of a defigh-energy secondary electron or a
large number of simultaneous low-energy secondaries legauged are very low.

As we used a noise cutoff &coff = 14 keV, it is safe to assume that a few single-electron events
which were backscattered and only deposited part of theirggnwere removed. Therefore it was
necessary to determine how this factor would modify the troient rate. Hence a correctional
factor was used when determining the total event count wisabnly applied to the detected
0—24keV electron count ratsinge The backscattering probability of electrons strikingcsih,
gbso IS 17.1% according to the original Geant4 transmission simutefiovhich agrees with the
values of 16% for 25keV electrons with & @nd 18% for electrons with a 30ncident angle
according to calculations using results from [Tab71, K§nT8erefore, the Geant4 value is used
for backscattering corrections resulting in the corresiedle electron count raté; _o-.

As the statistics of the runs are not high enough for advaheetiscattering corrections using
the area of a fit in the single-electron peak, the backsaagteorrection was approximated in the
following manner: it was assumed that the energy deposititime backscattered electrons follows
a uniform distribution after the broadening due to the dera®solution is applied.

de
Ehsc = f- Eo (5.16)

2For 0— 2500eV electrons
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Figure 5.9.: Top: Electron event times vs. event ID. The electron discharge or high baise previously
visible around event 9500 has been removed, as well as the pulsés.elea coincidence window is shown.
The recorded waveforms start 2fbbefore the trigger condition is fulfilled. In this case no events have
been removed from within the coincidence band. All secondary electremt&are shown in red, and the
events which were not removed when applying cuts are shown in gdettom: The same electron arrival
times, now binned with a bin width of.Dus. The coincidence electrons form a very sharp peak, while the
very low background rate is visible as random events during the full timaspa

Therefore, the number of backscattered electrons in amgmeterval [Emin, Emax can be deter-
mined from the true number of single electron eveiise using the following equation:

debsc'

Nosd Emin, E = .
bsc( min; max) Ntrue dE

(Emax— Emin) (5.17)

Using the number of electrons in the interval between thestomoise threshold. o and the
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upper edge of the X e~ peak Emnax = 30keV), which contain§\; - events, we can determine
the original number of single electron evehkge in theE;_o- = 24 keV peak.

Nl—e* = Ntrue' (1 - sbsc) + NbSC(ECUtOffa El—e*) (5-18)

N1 e
dene (5.19)
1- dE - Ecutoff

Ntrue -

This does not account for two-electron events which bothteead and only deposited energy
equivalent to a single-electron event. These events anaclatled because of the low probability
of such an occurrence<(3%), with the additional low probability of the total enerdgposited

to be less than that of a single electron event£a26% chance), adding to this the even smaller
likelihood of two-electron events.

The calculation of the number of electrons in the higheeomkaksN., .- is straightforward:
every event with an energy depositionfabove a minimum multiple event energy,in = 30keV

is multipled by the energy deposition, and the results asded. The total is then normalized by
dividing by E;_o- = 24keV in order to arrive at the electron count, thus ensuhagjevents in the
2e~ peak count as two electrons, events @ &s three, etc:

Nope =2 (5.20)

As long as the electron peaks are described by a symmetigtabdtion, this approach is valid.

This results in a total secondary electron count of:

Ne- =Nj e + N22—e* (5.21)

N, is determined by taking the original number of recorded &/, and removing the number
of events which were cut due to high background noise |eNiglse as well as the events removed
due to electron discharge eveM§scharge

Np = Nu—Events— Nnoise— Ndischarge (5-22)

5.3. Results

In this section the results of all the measurement runs asepted, as well as the conclusions
which we derived from these. More detailed information on Kanto 9 is available in ap-
pendix A.
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Run 1 Run 2+3 | Run 4+5 Run 6+7 Run 8 Run 9

Average Angle| 1125° 1332° 66.5° 44.3° 239° 124.8°
BAvg (£1°)
First paddle 50+0.5 110+0.5 | -=50+0.5 | —-110+05| 30+05 80+0.5
X offset (mm)
First paddle L L L L Vv L
orientation
Second paddle —45+0.5 | —85+0.5 | 50+0.5 100+ 0.5 | 100+0.5 —80+0.5
X offset (mm)
Second paddle C C L L V L
orientation
Ny 15365 33179 59458 34513 125666 70026
Ny 15365 33119 59458 34513 125666 70018
Events with 101 233 467 292 228 761
secondaries
Ne- 147+10.0% | 332£6.6% | 717+4.6% | 4014+5.9% | 356+6.6% | 1111+3.6%
€setud £1%) 42.7% 82.9% 40.1% 87.8% 24.3% 74.8%
Yu—sE 2.28% 1.21% 3.02% 1.33% 1.16% 1.74%
Y. SE-Abs 0.87% 0.83% 1.20% 0.95% 1.06% 0.99%

Table 5.1.:Results of the Ninster Muon Experiment. The paddles were either plaswythwise with the
100-mm-side parallel to the flightpatrosswise with the 70-mm-side parallel, or, in the case of Run 8 both
paddles were placedertically, parallel to the electrode’s surface (see Fig. 5.10 for exampbempiants).

For all other runs, the first paddle was located above the electrode @sddbnd paddle below. The errors
for Ne- propagates t¥,_se andY,._se_abs-

We assume a total systematic error in the individual emmssates of+0.5%, which includes
the uncertanties in the transmission function due to thegehdistribution of the isolator tube

and slight offsets in the ring electrode and detector plases) the modulation of the incoming
muon’s angular spectrum due to shielding by the buildingl #a@ uncertainties in the muon hit
distribution due to the-0.5mm error inherent in the muon paddle positioning. An addai error

in the resulting average rate due to factors which wouldcatiét runs equally, such as the surface
consistancy of the electrode, cannot be explicitly deteeti

The results show that the secondary electron rate is depeadehe incidence angle of the muon,
as was initially suspected. The electron rate decreasé®easle approaches the electrode nor-
mal, as is the case for the angular dependence of secondatyoels ejected by electrons (see
[Reimer]). Also, the secondary electron rate is independémthether the muons enter the sur-
face, or are exiting from the surface, as can be seen by camgpBun 1 with Runs 4 + 5, or
Runs 2 + 3 with Runs 6 + 7; this behavior is also similar to thatoef-Energy electron-induced
secondaries. Run 9 was conducted with paddles positionebatthhose used in Runs 4 + 5, and
Runs 6 + 7.

Assuming that all electrons created within a layer with aegidepth can reach the surface of the
electrode we have to correct for the different path lengthth® muons in this layer, caused by
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Crosswise Vertical

Lengthwise

Figure 5.10.:The three different types of muon paddle orientations which were uséagdine different
runs are shown.

their varying incident angles. The travel length in thisface layer can be calculated as follows,
normalized to 1 foy = O:

1

= o (5.23)

L(B)

with 3 being the angle between the electrode normal and the aver@dent muon angle.

In order to test this thesid, was calculated for each run, and was used to w&jglkg, which
resulted in the emission rate for orthogonal incidevicese_aps.

Y- SE-Abs = \%Egﬁ) (5.24)

This results in a secondary electron rate which remainstanhr all our datapoints. Therefore
we conclude that the secondary electron rate is constark directions, and the measured rate
only depends on the number of electrons which reach thecgugad are ejected. The angular
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Figure 5.11.:Angular dependence of,_se. Both the raw datapoints as well as the normalized datapoints
are shown, along a%,_sg(P) usingY,_se-aps = 0.98+.14%.

dependence of the low-energy secondary electron yield is:

i selp) = e SE A (5.25)
Nse(B) = Ny- Y“C‘jTEE;“ (5.26)

with %fSEfAbS referring to the emission probability for a muon with an gemt angle off = 0°.
Using the recorded data resultsMn. sg_aps = 0.98+.14%.

The results of the initial test run, namely a secondary edacemission rate of less thant2
5%, while marred by high noise levels, are consistent widsé¢hresults. In addition, using the
final Y,,_sg value to estimate the muon-electron coincidence rate éxgeuith the setup used in
Mainz, verifies that the lack of coincidences was the reg@tower than expected emission factor

Y“_ SE.

We conclude that the secondary electrons which were detbetee an initial energy which is sig-
nificantly smaller than the acceleration energy, due to xistence of discrete single-, two-, three-,
etc. electron peaks in the detected energy spectrum. Im tovdketermine the secondary energy
more precisely, the energy difference between the singlgtwo-electron peak is compared with
the same difference in a background measurement. Thisyed#igrence is equivalent to the av-
erage starting energy of a single secondary electron. Bmanmal discharge events such as those
detected in the background run the initial electron enesgyegligible, therefore any difference is
solely caused by the higher initial energy of muon inducexsdaries.
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The last run, Run 9, was run for about 5 weeks, yielding thedsghtatistics. This allows us to
determine the number of electrons in the single- and ®vopeaks with high accuracy and the
number in the 3- e~ peak with low accuracy, as well as the locations of these pathe energy
spectrum. A background measurement was run directly afdppsig the data taking of Run 9,
therefore this background run has the exact same settirtgmast importantly the acceleration
voltage is identical to Run 9. After locating the peaks in thégkground spectrum, the energy
differences were also determined; these were comparectdifierences determined from the
Run 9 data. The differences in peak locations wer& P2 0.37 keV and 235+ 0.86keV for the
background run, and 221+ 0.75keV as well as 24+ 2.1 keV for Run 9. This verifies the low-
energy nature of the secondary electrons detected, witerteeyy differences overlapping within
their errors, the secondary electrons possess an energylef a few hundred eV.

According to [Reimer], the secondaries ejected by the passbeglectrons through metals exhibit
a peak in the energy spectrum at 16eV, it is very likely thatriuon induced secondaries also
peak here.

The secondary electron yield measured during Run 9¥yase = 1.80%. If the probability of
secondary electron creation is constant along the flight pathe muons, the number of events
with two or more secondary electrons should follow the Rmisstatistical distribution; this would
lead to a two-electron peak which is8% of the size of the single-electron peak. However, the
data recorded during Run 9 shows that the higher-order peakawich more prevalent; when an-
alyzing this, a 23+ 8% probability was determined for the creation of a secondkactron, which
subsequently exits the electrode and then enters the vacDumto the much larger probability
of higher-order events, we conclude that the actual ejecti@lectrons takes place via a two-step
process: an initial process takes place with a low prolgitfidi (P) = 10%), continuously creating
the electrons which are ultimately detected in this expeninthese latter electrons having the
larger probability of exiting the electrode.

This means that the actual number of low-energy backgrolewrens directly originating from
cosmic muons in the KATRIN Experiment’s main spectrometeisut 50 times lower than pre-
viously thought. As a consequence, the role of other backgtdactors such as the gamma back-
ground due to radioactive decay and high-energy electrecsrbes a much more dominant factor
in the total background rate.






CHAPTERG

CONCLUSIONS AND OUTLOOK

We have determined the expected count rate of backgrouatiaie which are induced by the pas-
sage of cosmic muons through the main spectrometer of thdRRAExperiment, via a GEANT4
based simulation (SIKatrin). For these simulations, it wasessary to determine the angular de-
pendent low-energy secondary electron yMldse_aps. This was done in a dedicated experiment
conducted over the course of this thesis which followedahineasurements conducted at the
spectrometer of the Mainz Neutrino Mass Experiment. Forathaysis of the recorded data, a
program was written; this was used both to analyze the datarded during the Muon experi-
ments as well as the data recorded during other experimentiicted with the same DAQ system
(see [Val09, Str09)).

The determined secondary electron yieﬁffgifSEfAbS = 0.98+.14% for B = 0°, is 100-times
smaller than expected. This low yield explains the lack &frés with secondaries in the data
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recorded in Mainz. Additionally, the angular dependencénaf yield was determined, namely
Yi—sE-Abs(B) = Yu—SE-Abs- %ﬁ as well as a basic understanding of the ejection process. Th
process is a two-step process with a low chance of the ipit@dess taking place close enough to
the surface of the material to allow some of the large numbsecondary electrons created during
the second step of the process to exit the material.

However, we had chosen to forgo a determination of the ergpggtrum of these secondaries in
order to ensure a precise measurement of the total low ecergyt rate. This energy dependence
is an important input quality required to increase the aacyiof future simulations. Interesting
results might be obtained by conducting a new series of meamnts at Mainz, or extending the
setup in Minster to allow such measurements. Using this energy specfully electromagnet-
ically tracked simulations could be conducted which wouttedmine the shielding factor of the
wire electrode, the background count rate which exits tieetspmeter, etc. The fully-tracked sim-
ulations could also determine whether “hotspots* or othégresting features exist in the origin
distribution of secondary electrons.

An additional interesting question is whether the anguiethdence of the two-step secondary
electron production process continues for angles clos@too® whether the behavior of the two-
step process changes for these steep angles due to the ofatueeprimary process. Comparing
a run with high statistics of low-incident-angle muons wathe solely comprised of muons with
steep angles should help clarify this question. The vaclwaststand constructed for these muon
measurements has already proven to be a versatile setuprfous small experiments, and will
continue to be used in the future.

Using these results, simulations were conducted usifhg! primary particles. We determined the
background count rate of the low-energy secondary elesti@mmwo scenarios: A, the secondary
electrons having less than 200eV initial energy, and B, tlwersgaries having less than 25eV
energy. These result in upper limits for the total backgrbrates of 174 9Hz and 59 30Hz,
respectively, as well as a shielding factor for the innectetele system of 12 1.2 and 33t 16, re-
spectively. In the future, the errors induced by the empdasimated reduction factors, which are
currently based on the geometry, may be reduced by runnimglaiions with microscopic track-
ing. Details on the estimates used as well as the variougbaghds of the electrode components
may be found in section 2.4.

In order to increase the precision of the geometry while taaiing accurate tracking, several
electromagnetic field maps could be created, each with aopaijacent combs using the highly
detailed comb model and the other combs using the simplebaoodel, thereby limiting the
impact of the additional surfaces on CPU and memory usagen, Wigen tracking electrons, the
field map used could be varied depending on the position oklbetron, always ensuring the
combs nearest the electron are using the high-precisioreisiod his would allow the SIKatrin
simulation to load a geometry file which uses the newer combeiior all combs.



APPENDIXA

MUON RUN RESULTS

A.0.1. Run1l

For Run 1 figures please refer to section 5.2.4.

A.1l. Run2and 3

For the next run, we increased the horizontal separatioheofwo muon paddles, thus selecting
larger angles. While the larger angle leads to a slightly wiishied countrate, the increased dis-
tance between these paddles was the primary factor in theetied. The initial run using this
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configuration had to be restarted as we ran out of storages spathe DAQ PC. We also had to
reject a number of events taken during Run3; while we weretalp@point the time of the noise
increase, we were unable to correlate this with any aawitn the laboratory. The noiselevel was
also slightly higher after this noiseband. During this ra@ pulser was removed from the setup.
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Figure A.1.: Radial incident probability distribution of detected muon events for thremusmprimary
muon distributions.
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Figure A.2.: Angular incident probability distribution of detected muon events for thremws primary
muon distributions during Runs 2+3.
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Figure A.3.: The paddle configuration as used in Runs 2+3. The bottom paddle eagead lengthwise.
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Figure A.4.: Binned electron arrival times of Run2+3. The bin-width is 0.1 microseconds
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Figure A.5.: The total energy spectrum of all events taken during the second andudhirds well as the

filtered spectrum of events which occured in a window of a microsecomuhdrthe trigger pulse. The
pulser peak can be readily identified around 135keV, as well as the siegkeon peak.




Energy [keV]

A.l1. Run2and 3

97

150

100

50

150

2000

3000 4000

5000 6000 7000 8000

100

50

150

100

50

17
150

100

50

-

'+ srite - o
1

9000

10000

11000

12000 13000 14000

15000 16000 17000

000 18000

19000

20000 21000

22000 23000 24000 25000

i

R

[+ . t .7 . .o ‘e
5 aaien PP TSP OY
1 1 1 1 1 1

itatabind, SNy
1

26000

27000

28000

29000 30000 31000

EventID

32000 33000 34000

Figure A.6.: The events of both run two and three are shown, in order to show thgiciganoise level.
Also shown is the noise cutoff as well as the rejected events near ev@dd,1diie to a noise spike.



Counts

Counts

98 A. Muon Run Results

A.2. Run4 and 5

In Runs 4+5 the top and bottom paddles were located on the pides of the electrode com-
pared to Run 1.

Electron event times——
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Figure A.7.: Binned electron arrival times of Runs 4+5. The bin-width is 0.1 microsezoduniform
background is visible along with the coincidence peak.
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Figure A.8.: Shown is the total energy spectrum of all events taken during the foudtfifdnrun, as well

as the filtered spectrum of events which occured in a window of a microdesnmund the trigger pulse.

Both the single electron peak as well as higher order peaks are visible.
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Figure A.9.: Event energy vs event index, Runs 4+5. Several discharge ementgsible which were
subsequently removed, along with a high-noise band near event 22000.
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A.3. Run6and 7

Runs 6+7 used a similar paddle geometry to Runs4+5, with the saecreased spacing as Runs

2+3.
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Figure A.10.: Binned electron arrival times of Runs 6+7. The bin-width is 0.1 microsexond
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Figure A.11.: Shown is the total energy spectrum of all events taken during Runs §#ilbas the filtered
spectrum of events which occured in a window of a microsecond aroerttigiger pulse.
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A.4. Run 8

In run 8, we used a similar paddle configuration to the setupeamreliminary Minster measure-
ments, as well as the measurements in Mainz, with both paddientated vertically behind the
electrode. As we now expected a secondary rate of a few gemeropted for a larger distance
between the two paddles in order to reduce the number of ®wemth would trigger without
the muon even striking the electrode; this would reduce #uk@round. Even so, the total event
count was much larger than for all the over runs, with overkL@dents being recorded, and at
the same time the intersection probability was the lowekis Tesulted in a significant amount of
background events.
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Figure A.13.: Binned electron arrival times of Run 8. Binwidth of 0.1 microseconds.
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Figure A.14.: Shown is the total energy spectrum of all events taken during Run 8, laasuhe filtered
spectrum of events which occured in a window of a microsecond aroerttigiger pulse.



Energy [keV]

A4. Run8

103

150

100

50

" Events

150

10000

100

50

10

150

100

50

T T T T

PP T RGN TRRNEE R R R F T R N T TR WA T TR Y T SRR RTARARE TR AL R T IR R ]
1 1 1 1

000 12000 14000 16000 18000 20000
T T T T

B T R A i i L R e e S R o . Y u’:': FEREE RE S TR R G R R

20
150

000 22000 24000 26000 28000

30000

100

50

b S R TR T TR T F T RN W R TR PR PV Te R TR W SRR SR RGNS T TR T Red T R Ee TREEAT I LT IARE T WOIT 856 RO 0T T8 AT LSRR BT SRR & T

0
30

000 32000 34000 36000 38000
EventID

Figure A.15.: Event energy vs event index, Run 8
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A.5. Run9

Since the next experiment planned for the vacuum chambed&laged, a further angle was setup,
in this case an angle was chosen inbetween runs 4+5 and 6is/im&asurement was kept running
over the christmas holiday period, with a total measurerer of ~5 weeks.
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Figure A.16.: Binned electron arrival times of Run 9. The bin-width is 0.1 microseconds.
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Figure A.17.: Shown is the total energy spectrum of all events taken during Run 9, laasuhe filtered
spectrum of events which occured in a window of a microsecond arountfifyer pulse. Higher order
peaks are visible due to the higher event rate.
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APPENDIXB

SAMPLE ANALYSIS SCRIPT

The shell script used to analyze Run 1 is reproduced below.
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Listing B.1: Analysis script to analyze Run 1

echo "analyzing-data_.(Runl).....

if [ $2 = "1" ]; then
/data/henrik/AnalyzeV8/AnalyzeV8 ../RawData/Runl/mtikNewSetupRun.120Amps80Volts.24KV 5
mv EventTimes. txt ../RawData/Runl/

fi

echo "Making._.time_spectrum ...”

# Kill the noise for the time spectrum
"/ Tools/FilterByValue/Filter ../RawData/Runl/Everties.txt EventTimes.LowNoise.txt 7 13 0
# Kill the noise for the time spectrum

“/Tools/FilterByValue/Filter ../RawData/Runl/Evéhimes.txt EventTimes.NoNoise.txt 7 22 0

# Kill the pulser in 2 steps

"/ Tools/FilterByValue/Filter EventTimes.NoNoise.ttxEventTimes.NoNoise.Upper.txt 7 230 0
"I Tools/FilterByValue/Filter EventTimes.NoNoise.ttxEventTimes.NoNoise.Lower.txt 7 200 1
mv EventTimes.NoNoise.Upper.txt EventTimes.NoNoiset

cat EventTimes.NoNoise.Lower. txt>> EventTimes.NoNoise. txt

rm EventTimes.NoNoise.Lower. txt

# Kill the very high energy events
"/ Tools/FilterByValue/Filter EventTimes.NoNoise.txEventTimes.NoNoiseb.txt 7 245.4705882352941176 1
mv EventTimes.NoNoiseb. txt EventTimes.NoNoise. txt

#Remove events with more than 4 electrons
"/ Tools/RemoveEvents/RemoveEvents EventTimes.NeBotxt EventTimes.NoMultiple.txt 1 4 NumNoisyEventsignored.dat
mv EventTimes.NoMultiple.txt EventTimes.NoNoise. txt

# Now make time spectrum
"I Tools/BinScatter/Binner EventTimes.NoNoise. txt iMemp.time.nopulser.txt 9 5 0 66000 10

echo "Making.local.energy.spectrum ...
# now filter on time cutoffs
"I Tools/FilterByValue/Filter ../RawData/Runl/Evéimes.txt EventTimes.temp.txt 5 25725 0
"/ Tools/FilterByValue/Filter EventTimes.temp.txt EmtTimes.window.txt 5 25825 1

"/ Tools/BinScatter/Binner EventTimes.window. txt MAmp.EnergyWindow.txt 9 7 0 4000 1

rm EventTimes.temp. txt

echo "Making._.energy.spectrum”
# Also make the total energy spectrum.
“/Tools/BinScatter/Binner ../RawData/Runl/EventT®isn txt MainAmp.txt 9 7 0 4000 1

if [ $1 = "1" ]; then
"/ Tools/MuonCoverage/MuonCoverage PaddleLocatiotat. 1 MuonCoveragel. “/Tools/AllLowEnergyHits. trans. dat
"/ Tools/MuonCoverage/MuonCoverage PaddleLocatiothat. 2 MuonCoverage€®. ~/Tools/AllLowEnergyHits.trans.dat
"/ Tools/MuonCoverage/MuonCoverage PaddleLocatiothat. 3 MuonCoverage3. ~/Tools/AllLowEnergyHits. trans.dat

"/ Tools/SumSpectra/Summer MuonCoverageRadial.dat MuonCoveragéd._Radial.Summed.dat 0O
"/ Tools/SumSpectra/Summer MuonCoverageRadial.dat MuonCoverag@.-Radial.Summed.dat 0O
"/ Tools/SumSpectra/Summer MuonCoverageRadial.dat MuonCoverag8&8._Radial.Summed.dat 0

"/ Tools/FilterByValue/Filter EventTimes.NoNoise.ttxEventTimes.temp.txt 5 25725 0
"/ Tools/FilterByValue/Filter EventTimes.temp.txt EmtTimes.Window.NoNoise.txt 5 25825 1

"I Tools/BinScatter/Binner EventTimes.Window.NoNeistxt EventsWithEvents.txt 9 1 0 200000 1
echo "Number.of_events.with.secondaries .”™ NumberSecondaryEvents. txt

cat EventsWithEvents. txt| grep —v ".0" | wc —| >> NumberSecondaryEvents. txt

rm EventsWithEvents. txt;

"I Tools/FilterByValue/Filter EventTimes.Window.Naise.txt EventTimes. SingleElectrons.dat 7 57.3 1
"I Tools/FilterByValue/Filter EventTimes.Window.N@ise.txt EventTimes.MultiElectrons.dat 7 57.3 0

echo "Number_of_single_electron.peaks.located”>> NumberSecondaryEvents. txt
cat EventTimes.SingleElectrons.dat grep —v "#" | wc —| >> NumberSecondaryEvents. txt

echo "Number.of_multiple_electron.peaks.located”>> NumberSecondaryEvents. txt
cat EventTimes.MultiElectrons.dat | grep —v "#" | wc —| >> NumberSecondaryEvents. txt

echo "Total-energy.in_-multiple_electron.peaks .before.energy.calibration.is_applied-(Requiresx_(134.4./.214)./.24)" >>
NumberSecondaryEvents. txt
"/ Tools/CalcEnergy/CalcEnergy EventTimes.MultiEteens.dat 7>> NumberSecondaryEvents. txt

mkdir “/Documents/Diplom/Muons/Runl/

cp EventTimes.x.txt “/Documents/Diplom/Muons/Runl/
cp MainAmp:. txt ~/Documents/Diplom/Muons/Runl/

cp MakeMuonGraphs.sh ~/Documents/Diplom/Muons/Runl/
cp MuonCoverage ~/Documents/Diplom/Muons/Runl/
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