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Zusammenfassung

Das KATRIN-Experiment (KArlsruhe TRItium Neutrino) stellt ein Tritium Beta-Zerfall Ex-
periment der nédchsten Generation dar, mit dem Ziel, die direkte hochprizise Messung
der Elektron-Antineutrinomasse 11(v,) mit einer Empfindlichkeit von 0,2eV ¢~2 (90 % C.L.)
durchzufiihren. KATRIN stellt das Nachfolge-Experiment der Neutrinomassenexperimente
in Mainz (Deutschland) und Troitsk (Russland) dar, die die Obergrenze fiir m(ve) auf 2 eV ¢ 2
festlegten. Das Ziel des KATRIN-Experiments ist die Verbesserung der Neutrinomassen-
empfindlichkeit um eine Gréenordnung. Die Untersuchung der Neutrinomassenskala mit
der sub-eV Empfindlichkeit ist besonders wichtig fiir Teilchenphysik, Astrophysik und Kos-
mologie. Im Gegensatz zu anderen Methoden wie der Suche nach neutrinolosem Doppel-
Betazerfall oder kosmologischen Neutrinomassenstudien unter Verwendung der grofskali-
ger Strukturen und der kosmischen Mikrowellenhintergrundstrahlung, stellt KATRIN eine
vollstindig modellunabhingige Methode der Neutrinomassenbestimmung dar: Es basiert
nur auf kinematischen Relationen der Energie- und Impulserhaltung.

Fiir die Beobachtung der Signatur einer nichtverschwindenden Neutrinomasse in der End-
punktsregion des Beta-Spektrums (Endpunktsenergie Q = 18,6keV) sind die Methoden
der hochauflésenden Elektronspektroskopie, zusammen mit einem sehr niedrigen Unter-
grundniveau, notwendig. Zu diesem Zweck benutzt das bevorstehende KATRIN-Experi-
ment eine Kombination aus zwei elektrostatischen Retardierungsspektrometern mit mag-
netischer adiabatischer Kollimation (“MAC-E-Filter”). Allerdings sind hohe Aufl6sung und
geringer Untergrund nur zwei der vielen Anforderungen, die mit der anspruchsvollen Re-
alisierung des KATRIN-Experiments verbunden sind. Die Stabilitdt der Energieskala der
KATRIN-Spektrometer ist eine der wichtigsten systematischen Effekte: Das Prinzip der
MAC-E-Filter-Technik beruht auf der genauen Kenntnis des Retardierungspotentials, wel-
ches die Beta-Elektronen auf ihrem Weg durch das Spektrometer erfahren. Die Heraus-
forderung besteht darin, dass das Retardierungspotential in jedem Moment der Messung
hinreichend genau bekannt ist. Neben dem Einsatz eines hochprézisen Hochspannungs-
teilers fiir eine direkte Messung der Hochspannung, werden mehrere Kalibrationselektro-
nenquellen bei KATRIN eingesetzt, basierend auf atomaren /nuklearen Standards. Eine der
Elektronenquellen wird kontinuierlich durch ein zuséitzliches MAC-E-Filter-Spektrometer
(“Monitor-Spektrometer”) vermessen, welches gleichzeitig auf dem selben Hochspannungs-
potential liegt wie das KATRIN-Hauptspektrometer, um die Stabilitdt des Retardierungspo-
tentials zu beobachten. Auf diese Weise wird das zweifache Energieskalatiberwachungs-
System gebildet.

In der vorliegenden Arbeit wurde der Einsatz einer festen Elektronenquelle—basierend
auf den metastabilen Isotop Krypton-83m (¥*™Kr, t;,, = 1,83 h)—erfolgreich getestet. Bei
dieser Art der Quelle bedient man sich des Prozesses der Inneren Konversion von 83™Kr,
wobei dieses kontinuierlich von Rubidium-83 (¥*Rb, t;,, ~ 86d) erzeugt wird. Die Kon-
trolle der KATRIN-Stabilitdt erfordert eine Energiestabilitit AE/E der K-32 Konversion-
selektronen (kinetische Energie der Elektronen E = 17,8keV, Linienbreite I' = 2,7eV)
von +1,6 ppm pro Monat. Im Rahmen dieses Dissertationsprojektes wurden insgesamt
acht Proben der festen 83Rb /83™Kr Quellen, hergestellt durch zwei verschiedene Techniken
der Vakuumverdampfung und der Ionenimplantation, mithilfe des Mainzer MAC-E-Filter-
Spektrometers untersucht. Im Verlauf der Messkampagne wurden die strengen Anforderun-



gen an die energetische Stabilitdt erfiillt. Zusétzlich wurden die Form und die absolute
kinetische Energie der 83™Kr Konversionselektronen-Linien im Detail studiert und ihre Ab-
héngigkeit von der Umgebung untersucht. Die ionenimplantierten 83Rb /83mKr-Quellen
koénnen als das Standardwerkzeug fiir die kontinuierliche Uberwachung der KATRIN-E-
nergieskalastabilitdt mit sub-ppm Prazision empfohlen werden.
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Abstract

The KArlsruhe TRItium Neutrino (KATRIN) experiment represents a next-generation tri-
tium beta-decay experiment designed to perform a high precision direct measurement of
the electron antineutrino mass m(v,) with the sensitivity of 0.2eV ¢ =2 (90 % C.L.). KATRIN
is a successor experiment of the neutrino mass experiments carried out in Mainz (Germany),
and Troitsk (Russia), which set the upper limit on m(v.) of 2eV ¢~2. Therefore, the aim of
the KATRIN experiment represents the improvement of the neutrino mass sensitivity by
one order of magnitude. The investigation of the neutrino mass scale with the sub-eV sensi-
tivity is of particular interest for particle physics, astrophysics and cosmology. In contrast to
other methods, such as the search for neutrinoless double beta-decay or cosmological neu-
trino mass studies using large scale structures and cosmic microwave background radiation
data, KATRIN will provide a completely model-independent measurement of the neutrino
mass, based only on kinematic relations and energy-momentum conservation.

For the observation of a non-zero neutrino mass signature in the endpoint region of the
beta-spectrum (endpoint energy Q = 18.6keV) the methods of high-resolution electron
spectroscopy are necessary together with a very low background level. For this purpose
the upcoming KATRIN experiment uses two successive electrostatic retardation filters with
the magnetic adiabatic collimation (called “MAC-E filters”). However, high resolution and
low background are only two of many stringent requirements which are connected to the
challenging realization of the KATRIN experiment. The stability of the energy scale of the
KATRIN spectrometers is one of the main systematic effects: the principle of the MAC-E
filter technique relies on the precise knowledge of the retarding potential which is experi-
enced by the beta-electrons on their path through the spectrometer. Therefore, the challenge
of knowing the retarding potential precisely enough in every moment during the measure-
ment is inevitable in the KATRIN experiment. Besides the use of the state-of-the-art equip-
ment for a direct measurement of the high voltage, including specially developed precision
high voltage dividers, several very stable calibration electron sources will be utilized in KA-
TRIN, based on atomic/nuclear standards. One of the electron sources will be continuously
measured by an additional MAC-E filter spectrometer (“monitor spectrometer”) to which
the high voltage will be applied, corresponding at the same time to the filtering potential of
KATRIN. This way a two-fold monitoring system will be formed.

In this work the feasibility of solid electron source based on the metastable isotope krypton-
83m (83K, t; , = 1.83h) was successfully tested. In this type of source the process of inter-
nal conversion of 8™Kr is utilized, where 83™Kr is continuously generated by rubidium-83
(®Rb, t4 /2 =~ 86d). The monitoring task of KATRIN demands the energy stability AE/E
of the K-32 conversion electron line (kinetic energy E = 17.8keV, line width I' = 2.7eV)
of 1.6 ppm per month. In the course of this dissertation project altogether eight samples
of the solid 8Rb/8™Kr sources, produced by two different techniques of vacuum evapo-
ration and ion implantation, were investigated with the help of the former Mainz MAC-E
filter spectrometer. In the course of the measurement campaign the stringent demand on
the energy stability was fulfilled. In addition, the shapes and the absolute kinetic energies
of the ¥™Kr conversion electron lines were studied in detail and their dependence on the
83mKr atom environment was investigated. The ion-implanted 83Rb/%3™Kr sources can be
recommended as a standard tool for continuous monitoring of the KATRIN energy scale

vii



stability with the sub-ppm precision.
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1. Introduction

In this chapter a brief introduction will be given to the fields of physics most relevant to
this work. Firstly, in the neutrino physics will be shortly reviewed while the focus
will be made on the neutrino masses and methods to determine the absolute neutrino mass
scale. Secondly, will describe the effect of internal conversion of gamma radiation.
The electron sources based on this effect will be investigated later in this work.

1.1. Neutrino physics

Neutrino is definitely one of the most interesting elementary particles known up to date. At
this place only the basic properties of neutrinos will be reviewed. For a thorough description

of the neutrino physics the reader is kindly referred to [Cal0]] [ATt03, Zub04].

1.1.1. Brief history of neutrino

The “birth” of the neutrino can be dated back to December 4, 1930 when W. Pauli postu-
lated in his famous letter [Pau3(] the existence of electrically neutral spin 1/2 particles with
a mass “of the same order of magnitude as the electron mass and in any event not larger
than 0.01 proton masses” in the nucleus. This way he attempted to save the energy con-
servation law which was suddenly questioned by J. Chadwick's observation of continuous
energy spectrum of the B-decay electrons [[Chal4]. By introducing the neutrino (originally
denoted as “neutron” by W. Pauli), the f-decay becomes a three-body decay where the sur-
plus energy is shared by the emitted electron and neutrino and, thus, the energy spectrum
of the electrons is naturally continuous. As the neutrino was assumed to be a lepton (i. e.
not participating in strong interactions) with zero charge (no electromagnetic interactions),
it was clear that the experimental observation of the neutrino would be extremely difficult.
The neutrino mass was anticipated to be very small or even vanishingll.

In 1932 J. Chadwick discovered the heavy fermion, called nowadays neutron, and clearly
this particle was too heavy to be the “neutron” that W. Pauli had predicted. However, Pauli’s
particle played a crucial role in the first theory of the nuclear f-decay formulated by E. Fermi
in 1934 [Fer34]. According to Fermi’s theory, electron and neutrino are to be created at
the moment when the neutron transforms itself into the proton, and not to be inhabiting

n the case of a non-vanishing mass the electromagnetic and gravitational interactions would be possible.



1. Introduction

the nucleus as constituents as has been believed so far. Thus, the conception of the atomic
nucleus had to be changed as well.

The first experimental evidence of the neutrino induced interaction was brought by F. Reines
and C. Cowan who performed experiments in the years 1951-1956 utilizing a nuclear reac-
tor as an intense source of neutrinos [Rei9§]. Reines and Cowan elected to search for the
evidence of the interaction v + p — n + e*, which could be well observed in the organic
scintillator owing to the annihilation of positron, followed several microseconds later by the
neutron capture. In fact, (electron) antineutrinos, not neutrinos participate in this “inverse
B-decay” interaction, but the distinction between the two was not clear until after Reines
and Cowan had completed their experiments. Moreover, no distinction was made between
the neutrino flavors v,, v, and vy at the time of the experiment. Finally, after full 26 years
from Pauli’s prediction the existence of the neutrino was proved without doubt.

After the existence of the neutrino was definitely proved, its properties were experimentally
studied. M. Goldhaber et al. [[Gol5§] found in 1958 by the means of the inverse B-decay of
152Ey; that neutrinos are left-handed. In the framework of the Standard Model (see below),
this result implied that neutrinos have to be exactly massless and distinctly different from
their antiparticles. One year earlier, C.S. Wu et al. [[Nu57] demonstrated that the parity is
violated in the weak interaction.

In 1962 G. Danby et al. [Dan62] detected the muon neutrino and it was confirmed that it is
different from the electron neutrino. Consequently, the idea of B. Pontecorvo of neutrino-
antineutrino oscillations [Pon67] (analogous to the K%-K? oscillations) was further changed
by Z. Maki, M. Nakagawa and S. Sakata [Maké2] who introduced the theory of neutrino
flavor mixing and the consequent phenomenon: flavor oscillations. According to the the-
ory of neutrino mixing, each neutrino flavor E, Ve Ot vy, is comprised by the mixture of the
mass eigenstates. Unlike the v-v oscillations suggested by B. Pontecorvo, Z. Maki et al. had
in mind the v,-v, oscillations which can take place only if the two neutrino flavors have
different masses.

Another primacy was achieved in 1965 when the first natural (atmospheric) neutrinos were
observed by two teams of F. Reines et al. and G. Menon et al. After preceding calculations
done by R. Davis and ]. Bahcall in 1964, one epochal experiment was started: R. Davis et al.
began to measure the flux of neutrinos coming from the sun. A tank filled with 380 000 liters
of C,Cly placed 1.5km under ground was utilized for detection of the solar neutrinos by
means of the reaction 3Cl + v — e~ + 37 Ar. Stringent requirements on the very low back-
ground, tank properties etc. were met and the results were surprising: a deficit in the solar
neutrino flux was observed. Shortly after, V. Gribov and B. Pontecorvo interpreted this
deficit as the evidence for oscillations. The theory of neutrino oscillations seemed to be the
solution of the “solar neutrino problem”.

In the time period from 1970 till the end of 1980’s many experiments were made to investi-
gate the neutrino mass and the phenomenon of the flavor oscillations with more precision.
In addition, the family of neutrinos was enlarged in this era: the discovery of the tau lepton
by M. Perl et al. [Per73] in 1975 at the SLAC, Stanford, and the consequent analysis of tau
decay modes led to the conclusion that tau lepton is accompanied by its own neutrino v,

2 At the time when the neutrino mixing was introduced, only two neutrino types v, and v, were known, in
fact. The third neutrino flavor v; was introduced after 1976 when the tau lepton was discovered. The tau
neutrino was experimentally observed in 2000 by the DONuT experiment [DONOJ].



1.1. Neutrino physics

which is neither v, nor v,. The direct measurement of the electron antineutrino mass by
means of tritium B-decay was performed by many experimental teams, setting the upper
limit on the electron antineutrino mass of the order of tens of eV ¢ 2.

The neutrino oscillations were studied by a number of experiments, among which the Ka-
miokande experiment was the largest: a spectrometer with ~ 2 000 tones of extra clean water
placed 825 m under ground was utilized as the Cherenkov detector. The deficit of solar neu-
trinos was confirmed by Kamiokande team in 1986. On February 23, 1987, the Kamiokande
spectrometer detected 11 events from the burst of neutrinos released by the eruption of the
supernova SN 1987A about 168 000 years earlier (the upper limit on the neutrino mass de-
rived from this observation is discussed below). Not only the spectrometer in Kamioka, but
also other Cherenkov detectors in the world—built especially to monitor the proton decay
as predicted by quark-lepton symmetries in early 1970’'s—observed some neutrinos from
this supernova. This event can be denoted as the birth of the neutrino astronomy.

In the end of 1980’s, two measurements of the decay width of the Z° boson were per-
formed at the electron-positron colliders LEP, CERN and SLAC, Stanford. The number
of the neutrino flavors was determined as 2.984(8) [PDGI(] in a good agreement with the
three observed generations of the fundamental fermions in the Standard Model. The neu-
trino physics has showed nearly a boom since 1990. The solar neutrino deficit was once
more confirmed by the experiments SAGE and GALLEX. In 1996 the Super-Kamiokande
detector was completed and the search for neutrino interactions began. Two years later the
Super-Kamiokande experiment reported the observation of oscillations of the atmospheric
neutrinos [Fup03]. The Sudbury neutrino observatory (SNO) provided in 2002 a convinc-
ing evidence for the oscillations of the solar neutrinos [ENOO07]—the long-standing solar
neutrino problem was definitely solved with no doubt. In the same year the KamLAND
collaboration observed oscillations of the reactor neutrinos [KamO03].

In the first decade of the 21%t century, two tritium B-decay experiments in Mainz [Kra03],
Germany, and Troitsk [Cob03], Russia, pushed the upper limit on the electron antineutrino
mass down to the 2 eV ¢ 2 range, see Bect. I.1.3. Their direct successor is the KATRIN expe-
riment (described in [Chap. 7) which aims to perform a high precision direct measurement
of the electron antineutrino mass with the sensitivity of 0.2eV ¢~2. On the other hand, a
number of experiments (COBRA, CUORE, EXO, GERDA, NEMO-3, SNO+ and others) is
nowadays searching for the evidence of the neutrinoless double f-decay which would di-
rectly imply that neutrino is a Majorana particle, i.e. it is identical to its own antiparticle
(see below). The knowledge of the absolute mass scale of neutrinos, bearing fundamental
implications to particle physics, astrophysics and cosmology, represents one of the most
intriguing and challenging tasks of modern physics.

1.1.2. Motivation for neutrino mass determination

The evidence for non-vanishing neutrino masses was collected over the past decade in a
large number of experiments observing the neutrino flavor oscillations. In order to explain
the effect of flavor oscillations it is necessary to introduce the mixing of neutrinos, i.e. the
flavor states |v,), where &« = e, u, T, are not identical to the eigenstates |v;) (i = 1, 2, 3) of
the mass operator M. The two sets of states are connected by a unitary mixing matrix U
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according to
|ch> = ZUM' |Vi> , (1.1)
vi) = ZUIX Va) = ZU;‘Z- [Va) - (1.2)
o (14

In the weak interaction process a neutrino of the flavor state |v,) (x = e, y, T) is created
together with its corresponding charged lepton partner ¢,. The flavor state is not an eigen-
state of the mass operator M, but can be expressed as a linear superposition of the mass
eigenstates |v;) with the eigenvalues m; (i = 1, 2, 3) via the mixing matrix U. The matrix U
is often denoted as the PMNS (Pontecorvo-Maki-Nakagawa-Sakata) matrix and it is anal-
ogous to the CKM (Cabibbo-Kobayashi-Maskawa) matrix used in the quark sector of the
Standard Model. In a unitary n x n matrix there are altogether (n — 1)? independent pa-
rameters which can be expressed by % n (n — 1) mixing angles of an n-dimensional rotation
matrix and by 3 (n — 1) (n — 2) phases. Thus, in the case of 7 = 3 one obtains three mixing
angles 6;; and one phase 6,

1 0 0 cos 013 0 sinB3e®
u = 0 cosbr; sinfy; 0 1 0
0 —sinfy cosbas —sinfi3e ™ 0 cosfys

cosbp sinfyp O
X | —sinf;y cosByp 0 | . (1.3)
0 0 1

The phase factor ¢ can be linked to the violation of the CP symmetry, however, up to now
0 has not been measured in neutrino oscillation experiments. Observation on non-zero ¢
would indicate the violation of the CP symmetry similar to that observed in the quark sector.
In the case of Majorana type neutrinosE two additional phases a1, have to be included,
which changes the mixing matrix as follows:

0
3
ez

0 e

uMajorama =Uu (1.4)

S O =
= O O
N

N

It should be noted that the phases a; and a; cannot be detected in the neutrino oscillations.

Assuming that the mass eigenstates |v;) are different, i.e. m; # m; for i # j, it follows from
the Schrodinger equation that in the oscillation experiment the eigenstates |v;) will exhibit a
different time evolution. In a simplified case of two flavor eigenstates v, and vg, which are
composed of two mass eigenstates v; and 1, via one mixing angle 6 as

Va ) _ co? 0 sin6 1 / (15)
Vg —sinf cos6 o

3 A neutrino which is identical to its own antiparticle (v = 7) is called a Majorana particle, while for the Dirac
type neutrinos the lepton number distinguishes neutrinos from antineutrinos.
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it can be shown [Fub04] that the oscillation probability reads (using iz = 1 and ¢ = 1)
Am? L)

- (1.6)

P(vy — vg) = sin?(26) sin? (
with Am? := m3 — m3. The mixing angle 6 defines the amplitude of the oscillation, whereas
Am? determines the oscillation frequency. It should be noted that is valid in the case
of neutrino flavor oscillations in vacuum.

In an overview of the results obtained in a number of neutrino oscillation exper-
iments is depicted. From a combined analysis of the data the following limits of on the
oscillation parameters can be deduced [PDG10q] E:

sin? (201,) = 08617092 MM 591001
—00227 10-5eV?2 4 ’

092 < sin®(20p3) < 1 Ami—my| 24340.13 (1.7)
- 10-3eV2c4 '

sin® (2613) < 0.15.
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From the following conclusions can be drawn: a) the neutrinos have a small non-

zero rest mass and b) the splittings between the squared masses are small and unequal in

4The latest results of the T2K experiment indicate a non-zero mixing angle 613: 0.03 < sin? (26y3) < 0.28

(2K
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the sense that there is a closely spaced pair m?, m3 while the squared mass m3 is set off.

The statement (a) indicates that the present description of neutrinos in the Standard Model
is incomplete. The conclusion (b) raises questions concerning the actual ordering of the
mass states m; (i = 1, 2, 3). The ordering within the doublet m%, m% can be fixed by an
analysis of the solar neutrino oscillation data where the matter-induced effect is taken into
account. The ordering of m3 with respect to the doublet m?2, m3 is ambiguous: two scenarios
denoted as normal and inverted hierarchy are possible, see Fig. 1.7. On the other hand, if
the smallest neutrino mass would be larger than about 0.1-0.2 eV ¢ 2 the splittings would

become negligible. This scenario m; &~ my ~ mj3 is denoted as degenerate hierarchy.

2

m
3 2
1 ) A,
V
e’
1 Am% A m%B
2
1 ) Am3, 3
(a) normal hierarchy (b) inverted hierarchy

Fig. 1.2: The sketch of hierarchical neutrino mass scenarios showing the arrangement of neutrino
mass eigenvalues m(v;) in (a) normal and (b) inverted hierarchy. See for the limits on the
splittings Am?, and Am3,. The figure is taken from [Val09d].

The Standard Model of particle physics, describing very precisely the present experimen-
tal data up to the electroweak scale, offers no explanation for the observed pattern of the
fermion masses or the mixing among the fermion generations. In particular, it offers no
explanation for neutrino masses and neutrino mixing: in this model the neutrinos are con-
sidered as being massless and are assumed to have no electric or magnetic dipole moment,
thus, they cannot interact electromagnetically. Generally, fermions in the Standard Model
acquire their mass via Yukawa couplings between the left- and right-handed components
of the fermion fields. The values of the masses, however, are not predicted by the model
and have to be inserted as free parameters. The recent evidence for the neutrino masses and
mixing is a clear indication for physics beyond the Standard Model: in order to incorporate
the tiny neutrino masses, the Yukawa couplings for neutrinos need to be at least 6 orders of
magnitude smaller than the ones for all other charged fermions, which seems rather unsat-
isfactory.

Many theories explore the origins of neutrino masses and mixing [Zub04]. In these theories,
which often work within the framework of Supersymmetry, neutrinos naturally acquire
mass. A large group of models makes use of the so-called seesaw mechanism to generate
neutrino masses. Other classes of theories are based on completely different possible origins
of neutrino masses, such as radiative corrections arising from an extended Higgs sector. As
neutrino masses are much smaller than the masses of the other fermions, the knowledge of
the absolute value of neutrino masses is crucial for our understanding of the fermion masses
in general: it will probably be the absolute mass scale of neutrinos which will determine the
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dimensions of new physics. Moreover, theoretical models come to different conclusions of
whether neutrino masses are of the Dirac or Majorana type.

A second motivation for the precise knowledge of the neutrino masses originates from the
role of neutrinos in astrophysics and cosmology. In 1965 the cosmic microwave background
(CMB) radiation was discovered by A.A. Penzias and R.W. Wilson [Pen63]. The CMB radi-
ation can be well explained as radiation left over from early development stage of the Uni-
verse. This discovery turned out to be one of the proofs of the so-called “Big Bang” model
of cosmology. According to this model the Universe had a very hot and dense origin from
which it cooled and expanded into its present state. The Big Bang theory predicts (among
other effects) that a large number of neutrinos could have been created by frequent weak in-
teractions at high temperatures in the early Universe. These primordial neutrinos ceased to
be in thermal equilibrium with the other particle species when their interaction rate became
smaller than the expansion rate of the Universe (given by the Hubble parameter H(T)). This
effect occurred at the time of about 1s after the Big Bang when the temperature decreased
to T ~ 10K (E ~ 1MeV). The present-day density 1,0 of these relic neutrinos can be
estimated on the basis of the of photon density 7., derived from the CMB,
3 g 4

Ny = - — 77 Ny
48, 11 (1.8)

9 -3 -3
ﬁ-411cm ~ 336cm™".

Q

Thus, neutrinos are the second second-most abundant particle species in the Universe right
after the photons. Here, g, = 6 and g, = 2 denote the relativistic degrees of freedom for
three flavors of neutrinos and for photons, respectively. Similarly, the present-day temper-
ature of such cosmic neutrino background (CNB) can be estimated as

4\1/3
Two = Tyo (11) ~ 195K, (1.9)
where T,y = 2.725(1) K is the measured temperature of the CMB [Fix0J]. Such a low tem-
perature corresponds to thermal energies in the sub-meV range. Due to the high density of
the relic neutrinos, their contribution to the total energy density Q) of the Universe cannot
be neglected, despite their small mass. In the current Concordance Model of cosmology,
Oyot is composed of the following components (in relative units):

Qtot = QA + Qm + Qr + Qk
dark energy matter radiation curvature (1.10)

~ 076 + 024 + O(107% + 0

where the matter contribution O, contains cold dark matter (g, =~ 0.20), baryonic mat-
ter ((), ~ 0.04) and neutrinos (Q),). The origin of the dark energy is still fully unknown
nowadays.

Without going into details of the Concordance Model, it can be summarized that from the
assumption on the sum of the neutrino mass states of Y m(v;) = 6eV ¢ =2 (according to the
present upper limits on m(v,) from laboratory experiments, cf. below) it can be
deduced ), < 0.13. In addition, from the Super-Kamiokande results on the atmospheric
neutrino oscillations (cf. Eq. 1.7) it follows Q, > 0.001. Thus, the experimentally allowed
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range for the neutrino contribution to the total energy density spans two order of magnitude
as can be seen in Fig. 1.3. The neutrino mass sensitivity aimed for by the KATRIN experi-
ment can be interpreted as (), ~ 0.013 (assuming the degenerate hierarchy of neutrinos with
my ~ my ~ mz = 0.2eV c2). On the other hand, present astrophysical observations can de-
duce limits on the neutrino mass. However, the main disadvantage of this procedure is its
dependence on model assumptions and the fact that the cosmological parameters are cor-
related. Therefore, improving the precision in the laboratory neutrino mass measurements
can provide an important feedback to astrophysics. In addition, cosmological models of the
large-scale structure formation and evolution strongly depend on the relative amounts of
the so-called hot (relativistic particles, e. g. neutrino) and cold (non-relativistic particles, e. g.
supersymmetric particles) dark matter in the Universe, thus, these models can profit from
the precise knowledge of the neutrino mass as well.

( ) (b) 1 dark-energy-A
a
Q,<0.14 (3v) dark matter
10 3 T T tritium experiments
. F =m; < 6.6 eV (3v) 0.1
%; degener ate structure formation
L s < 2.2 eV (3v) baryons
E 1
m E KATRIN
———
1,2,3 s <066V@v) 001
L stars & gas
-1
10 E E
F Super-Kamiokande
———————
a Sm; > 0.05 eV (1v) 0-001
Am? [
23 I 0, >0.001 (1v)
Vatm 2 m2_."" Q
10 e E
Am? i
12 F .
Veour| |/, normal hierarchy
LMA B
10 = 1 > 1 - 1

"mev) °

Fig. 1.3: The neutrino masses and their contribution ), to the energy density of the Universe: (a)
Neutrino mass eigenvalues m1, m; and m3 as a function of my in the hierarchical and the degenerate
scenario. The splittings of the neutrino masses (cf. [Eq. 1.7) are taken into account. The KATRIN sen-
sitivity roughly marks the border between the hierarchical and the degenerate case. (b) Composition
of the total energy density Qo of the Universe according to the Concordance Model of cosmology.
Present bounds on the neutrino contribution ), from laboratory experiments (upper limit) and from
neutrino oscillations (lower limit) cover two orders of magnitude (cyan band). The figure is taken

from [KAT04, [Val09d].

1.1.3. Towards the absolute scale of neutrino masses

It was shown in the previous section that it is desirable to determine the absolute scale of
neutrino masses. However, the oscillation experiments can “only” deliver the splittings
Am%z and Am%3 between the neutrino mass eigenstates m;, i = 1, 2, 3 (and the mixing an-
gles 6;, of course). Therefore, other techniques are necessary for determining the absolute
neutrino mass scale. At this point these various techniques will be briefly compared.
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Cosmological bounds on neutrino mass

In it was already stated that in the cosmological observations the sum M, =
Y_m(v;) of the neutrino mass plays a role. One of the two principal ways of deducing M,
from the cosmological data is based on the fact that massive neutrinos modify the anisotropy
spectrum of the CMB temperature. The latest 7-years data of the WMAP experiment, com-
bined with the data of the power spectrum of the matter distribution in the Universe, al-
lowed to set the upper limit of M, < 0.58eV ¢ 2 (95 % C.L.) [WMATI]]. Anyhow, the analy-
sis relies on the validity of the ACDM model and does not represent a model-independent
method.

Neutrinoless double beta decay

Double B-decay (denoted as BB-decay) is a rare spontaneous nuclear transition in which
the nuclear charge changes by two units while the mass number remains the same. It was
first proposed by M. Goeppert-Mayer in 1935 [[Goe33] and since that time it has been recog-
nized as a powerful tool to study the lepton number conservation in general, and neutrino
properties in particular. Being a second-order process of the weak interaction, half-lives are
expected to be very long (=~ 10?° a or even more).

For the BB-decay to proceed, the initial nucleus must be less bound than the final one, but
more bound than the intermediate nucleusE. In nature these conditions can be realized for
even-even nuclei (and never for nuclei with an odd number of protons or neutrons). All
ground states of even-even nuclei have spin and parity 0" and thus, in all the cases the
transitions 0 — 0T are expected. Occasionally, population of the low-lying excited states
of the daughter nucleus is energetically possible, giving rise to 07 — 27 transitions or to
transitions to the excited 0" state. Since the half-live of the f-decay is always much longer
than the age of the Universe, both the initial and the final nuclei can exist in nature B, The
transition of two neutrons into two protons is energetically possible in many candidates.

The nuclear BB-transition can proceed in two ways. One of them is the so-called two-
neutrino Bp-decay (2vpBp), during which the nucleus undergoes two B-disintegrations at
a time and emits two electrons and two neutrinos. This form of B-decay does not carry
any information on the neutrino mass and conserves the lepton number. The process was
first observed for the isotope 32Se [EII87]. However, in the second form of B-decay, the
so-called neutrinoless pB-decay (OvBp), a virtual neutrino is exchanged and no neutrino is
emitted. This process violates the lepton number by two units and is therefore forbidden in
the standard electroweak theory. The decay scheme of OvBp can be decomposed into two
steps:

(Z,A) = (Z-1,A) + e + (We)r.,

(1.11)
(Z-1,A) + (W), — (Z-2,A) + e .

The right-handed antineutrino (V¢ ) emitted in the first interaction step has to be absorbed

5Thus, M(Z +1,A) > M(Z, A) > M(Z +2, A) for the B~ B~ decay.
®Due to a very long half-life the initial nucleus definitely still exists in nature. However, the final nucleus might
be still missing in nature.
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in the second step as a left-handed neutrino (ve);. Thus, the OvBS process will only take
place on the condition that neutrino is of Majorana type. Furthermore, only massive neu-
trinos can change helicity with the probability of the neutrino to be found in the “wrong”
helicity state being proportional to (m,/E, ).

The observable in the OvpB-decay is the so-called effective Majorana neutrino mass e (V)
which is equal to the coherent sum over all neutrino mass eigenvalues m; contributing to
the electron neutrino and it can be expressed [Dtt0g] in terms of the mixing parameters 65,

023, 613, 6 and a1, from Eq. 1.3 and Eq. 1.4,

Mee(V) = 2 uz; m;
j

= |Ue1|2m1 + \Ue2|zei"‘1m2 + ]Ue3|zei"‘2m3

= |(my cos?® B1y + my ¢ gin? 612) cos? 013 + mi3 ¢!(#2120) gin?2 913‘ . (1.12)

It can be seen that the Majorana phases a4, entering the summation can lead to a (partial)
cancellation of terms in mee(v). This feature is the key difference to the observable m(ve)
in the neutrino mass searches based on kinematic method (see below). In particular, the
term containing m3 can be neglected for degenerate masses or inverse hierarchy (i.e. m3 <
my, my) since 613 is small. In either of the two scenarios, m; and m;, are about equal, and a
destructive phase a1 ~ 7 might yield a strong cancellation effect.

The half-life 7", of the Ovpp-decay is related to rmee(v) via

ov \~1 Ov ov|? Ti’lee(l/) 2
() = G™ [ MY () ’ (1.13)

Me

where G% is the phase space integral for the two electrons and M is the nuclear matrix
element. Thus, the mass mee(v) can be derived from a measured decay rate for the Ovpp-
process. In the absence of a detected signal, a lower limit on the half-life t(l)‘;z transforms
into an upper limit on the neutrino mass. The main uncertainty in extracting a bound on
Mee (V) from experimental half-life limits stems from the nuclear matrix element. It can be
calculated on the basis of several theoretical models, e. g. the nuclear shell model or the
quasiparticle random phase approximation (QRPA). Nowadays, the uncertainties and an
overall agreement of the various models represent an open problem, making the precise
determination of e () with the OvpB-decay searches more difficult [BimIQ].

Up to now, the highest sensitivity was achieved by the Heidelberg-Moscow experiment
searching for the OvBB-decay in 7°Ge. The Ovfp-signal °Ge — 76Se + 2e~ would be based
on the observation of a statistically significant peak in the Ge sum energy spectrum at the
Q value of the BB-decay at Qg = 2039 keV. In 2001, the collaboration published the upper
limit on the effective Majorana neutrino mass e (v) < 0.35eV (90 % C.L.) [KIa0T|]. A sub-
group of the collaboration claimed in 2004 the finding of an evidence [KIa04] for the signal
at the right decay energy with the 4.2¢ significance. From this the range for the effective
Majorana neutrino mass 0.1 eV c2< Mee(v) < 09eV c¢~2 could be deduced, with the best-
fit value of mee(v) = 0.44eV ¢~2. Although the significance could be in the meantime in-
creased to 60 [KTa0q], the claim was criticized by parts of the community due to problematic
assumptions and uncertainties. The upcoming next-generation experiments searching for

10
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the OvBpB-decay are expected to probe Majorana neutrino masses with increased sensitivity
and to clarify the aforementioned claim.

Direct kinematic methods

In contrast to the Bp-decay experiments, direct investigations of the neutrino mass do not
rely on further assumptions on the neutrino mass type (Majorana or Dirac). Direct kinematic
experiments can be classified into two categories of a) the so-called Time-of-flight (TOF)
method and b) the method utilizing the kinematics of weak decays. Both methods are es-
sentially model-independent as they are mainly based on the relativistic energy-momentum
relation

E? = p*c® + m*ct. (1.14)

The TOF method is represented by the famous case of detecting the burst of neutrinos re-
leased by the eruption of the nearby type Il supernova SN 1987A. The events were observed
independently by three experiments and they represented the first neutrinos to be investi-
gated from an astrophysical source other than the Sun. From the correlation between the
energy and the arrival time of the supernova neutrinos the upper limit on the electron an-
tineutrino mass of m;, < 5.7eVc=2 (95% C.L.) could be deduced [Cor07]. Although it
is anticipated that a future nearby core-collapse supernova explosion will be observed by
large underground neutrino experiments (Super-Kamiokande, SNO+ and others) with bet-
ter sensitivity, it is not expected that the upper limit on m;, will reach a value below 1 eV ¢ 2.
Moreover, the estimated rate of the supernova type II collisions is only in the range of one
event per several tens of years in our galaxy.

The investigation of the kinematics of weak decays is based on the measurement of the
charged decay products of the weak decays. The observable in such experiments is the
weighted sum over the squared neutrino mass eigenvalues, according to the mixing matrix

U (cf. Eq.-13):
m*(ve) =) Uy mi, a=e p 7. (1.15)
]

Similarly to the observable can be explicitly written (for the case of the electron
neutrino) as

m*(ve) = E \Ue]-|2 mjz
j

— ‘ue1’2m% —+ ]Ue2\2m§ + ’ueg‘zmé

= (m% cos? 015 + m3 sin” 015 cos? 013 + m% sin? 0y3. (1.16)

So far only the upper bounds were found. For m(v,) and m(v.), these were derived from
pion and tau decay, respectively:

m(v,) < 0.19MeVc 2 (90% C.L.) [Ass94, PDGIq] (1.17)
m(v:) < 182MeVce 2 (95% C.L.) [ARTCES] (1.18)

In comparison, the present upper limit on m(v.) derived from the precise measurement of
the tritium B-spectrum near its endpoint (see Bect. 2.1) is more stringent by about five and

11
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seven orders of magnitude, respectively [PDGI(]:
m(ve) < 2eVe 2, (1.19)

This upper limit is based on the results of the neutrino mass experiments at Troitsk and
Mainz, which both used the MAC-E filter technique (see Bect. 2.7). This technique will also
be employed in the KATRIN experiment. The final results of the two experiments are:

m?(ve) = —0.6 £2.24+2.1eV*c 4,
m(ve) < 2.3eVc? (Mainz, [Kra0d)), (1.20)

m*(ve) = —2.3+£25+2.0eV3c 4,
m(ve) < 2.1eVce2 (Troitsk, [Cob0g]). (1.21)

Besides tritium, the isotope '®’Re is a suitable B-emitter for direct neutrino mass measure-
ments. It possesses an extremely low endpoint energy of 2.47 keV which helps to maximize
the relative fraction of useful events close to the endpoint of the spectrum (where the sensi-
tivity on m(ve) is highest). Its half-life of 4.3 x 10'° a implies the use of the bolometer tech-
nique (detector = source). As the present upper limit on the neutrino mass derived from
such method amounts to m(ve) < 15eV =2 (90% C.L.) [Fis04], the bolometer technique is
not yet competitive with the tritium -decay measurements. However, the upcoming two-
staged project MARE [MARI(] aims at the sensitivity corresponding to the present limit
achieved by the tritium experiments, (see [Eq. 1.19). The second stage of MARE is aimed
at attacking the sub-eV range of the neutrino mass by scaling up the number of bolome-
ter crystals and further improving the experimental technique. Concerning the tritium p-
decay method, the sub-eV sensitivity is now within reach with the KATRIN experiment, see
Chap. 2.

Since the search for the Ovpp-decay and the direct kinematic neutrino mass experiments
provide different neutrino mass parameters, both types of experiments are complementary
to each other. The comparison of the neutrino mass observables 11e. (V) and m(ve ) is depicted
in Fig. 1.4.

12
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Fig. 1.4: The comparison of the neutrino mass observables in the neutrinoless fB-decay (mee(v) in

Eg. .19, blue open band) and the single B-decay (m(ve) in red solid band). Two scenar-

ios are considered: (a) normal and (b) inverted hierarchy. The correlation of both observables with
the cosmologically relevant sum of neutrino mass eigenvalues ) m(v;) is shown together with the
present upper limit from the tritium p-decay experiments in Mainz and Troitsk. The width of the
bands reflects the experimental uncertainties of the mixing angles as well as the unknown phases «1,
(@ + 20) in the expression for mee (V). Further uncertainties of mee (V) which arise from the calcula-
tions of the nuclear matrix elements are not taken into account. The figure is taken from [Dtt0g].

1.2. Process of internal conversion

Internal conversion is an electromagnetic process that competes with the emission of gamma
radiation: instead of emitting a photon, the excited state of the nucleus leads to the emis-
sion of one of the atomic electrons . The process was first observed by O. von Baeyer and
O. Hahn in 1910 [BaeI(] when a discrete distribution of B-particles was observed. In 1924
O. Hahn and L. Meitner [Hah24, Mei24] proved that this radiation does not originate in the
nucleus, but on the contrary, it consists of electrons ejected from the atomic shells by the nu-
clear gamma radiation. Since that time it was denoted as “conversion of the gamma radia-
tion”. The first correct theoretical description of this process was provided by H.R. Hulme in
1932 [Hul33]. The internal conversion is fully analogous to the Auger effect. The only differ-
ence is that instead of two orbital electrons making the transition, here one electron and the
nucleus are involved. The process of internal conversion is the underlying principle of the
electron source concept which will be utilized in this work for the purpose of monitoring the
stability of the energy scale in the KATRIN experiment. In this section the process of internal
conversion will be shortly described on the basis of works [Fie6§, Ros78, Dra83, Kra8§].

7The excited nuclear state can also de-excite (if the excitation energy is high enough) via emission of an electron-
positron pair or via higher order processes such as simultaneous emission of two photons or two electrons.
These processes are not considered here.
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1. Introduction

Brief theoretical consideration

A nucleus in an excited state, possessing excitation energy E. lower than the binding energy
of a nuclear particle, will almost always make a transition to a lower state by either one of
two competing processes. These are a) the emission of a gamma ray or b) the ejection of
one of the orbital electrons. The ratio of the transition probability A. for process (b) to the
probability A, for process (a) is denoted as the internal conversion coefficient (ICC) a,

§ = ) (1.22)

Clearly, & can be any positive number. The total decay probability A (equal to In2/tq /5,
t1 /5 being the half-life) can be expressed as

)\tot = /\’y + )\e = )Lr), (1 + DC) . (123)

The ICC « used in Eq. 1.27 and Eq. 1.23 is often denoted as the total ICC o (in the sense that
all the atomic shells and subshells are taken into account). The total ICC depends strongly
on the following parameters:

1. the transition energy E,,
2. the atomic number Z of the emitter,

3. the multipolarity L, or angular momentum of the radiated field, i. e. of the competing
gamma radiation,

4. the character of the nuclear transition, electric (E) or magnetic (M), which, in turn,
uniquely determines the nuclear parity change once L is fixed.

The multipolarity (EL or ML) determines the multipole order 2" of the radiation: L = 1
represents the dipole, L = 2 denotes the quadrupole etc. The angular momentum and the
parity obey the so-called selection rules. Considering the gamma transition from the initial
excited state of angular momentum [ and parity 77; (usually designated in the form ") to
the final state of I and 7t¢, from the conservation of angular momentum it follows

’Ii—lf‘ <L < L[+ (noL:O). (1.24)

In addition, the relative parity of the initial and final states determines whether the emitted
radiation is of the electric or magnetic type:

mi = (—1)!m;  for EL radiation,

m o= (=) for ML radiation. (1.25)

In the case of I; = I; = 0 the selection rules give only L = 0 which is not permitted for
radiative transitions. Thus, for the 0t — 07 transitions (E0 type) the only possible de-
excitation process is the internal conversion (besides the electron-positron pair production).

From a comparison of observation and accurate theoretical values of the ICCs the informa-
tion about the parity change and angular momentum change of the nucleus can be obtained.
Except for low Z < 20 and high E,, 2 2.5MeV the ICCs are usually large enough to be mea-
sured. In some cases—E, near the threshold and especially for the larger L values (2% or
25-poles)—a may become so large that it is difficult to observe any gamma radiation. In
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1.2. Process of internal conversion

such cases the useful information may be derived from ratios of the so-called partial ICCs
for different shells or subshells. The partial ICCs w;, representing the individual atomic
shells i, are defined as

Atot :A7+/\e,K+Ae,L+)\e,M‘|’---
=A(1+ag+ar+ap+...), (1.26)

and thus
Mot = XK +ap +ap + ... (127)

Similarly, for the subshells one can write e. §. a; = ar, + «y, + a,. For a nuclear transition
of mixed multipolarity it can be written

N = ZpL le'(TL> , (1.28)
L

where 7T sets the transition type (E or M) and py is the admixturef of the multipolarity L.
For a particular transition, only one or two (and, very rarely, three) lowest multipolarities
can be deduced from comparison of the experimental data with theoretical predictions. In
accordance with the aforementioned dependencies of the ICC, « can be expressed as

«a=w(Z 7L, E, n,x), (1.31)

where n and « are the principal and relativistic angular momentum quantum numbers of
the orbital electron, respectively. To specify the atomic subshell, nlj with j = |x| — 3, spec-
troscopic notation is often used, e. . 1s1 /2, 2p3/2, 5d5/2, ..., 0r K, L3, Os, ...

The internal conversion process can be described theoretically as the interaction between
one of the nucleons! and the orbital electron. In the initial state the nucleus is excited with
energy E, above the ground state (or state of lower excitation) and the electron is in its
ground state. In the final state the electron is in an excited (continuum) state with the energy
Exin and the nucleus has lost the energy E,. The number of quanta present is zero in both
initial and final states. The transition probability Ay (i — f) of the internal conversion can
be expressed with the help of the Fermi's golden rule as

27
Aif = 5 | Mg o, (1.32)

where p; denotes the density of final states and Mj; is the nuclear matrix element of the
multipole operator M (TL) (corresponding to the multipole moment),

My = / ¥ M(TL) g do. (1.33)
8Besides the admixture py, the mixing ratio J,ZY(L) is often used. It is defined as
Ay (L)

B(L) = =, (1.29)

,Y( ) /\’Y(Lmin)

and connected with the admixture py via
&5 (L)

pL= Lm”i (1.30)

Y (L)

L'=Lnin

9The fact that all the nucleons in the emitting nucleus are involved is taken care of by a summation over all
nucleons. This plays a role when the corrections due to finite size of the nucleus are introduced.
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1. Introduction

Here the initial state i = ¥; » {;  (n denoting the nuclear wave function and e indicating the
electron wave function) includes a bound electron. Similarly, the final state ¢y = ¢, P,
where i, = e~k e is the free-particle wave function. The integration in Eq ] is carried
out over the volume of the nucleus. For the details of the calculations of the ICCs the reader
is kindly referred to [Bie6d] and references therein.

In a very crude approximation (non-relativistic treatment of the electron and point model
of the nucleus) the ICC can be expressed [Kra8g] for the electric multipoles as

5
73 L 2 4 2 e €2 Ltz
EL) ~ — , 1.34
«(EL) n3L+1<47T€0hc) ( E, ) (1.34)

and for the magnetic multipoles as

3

73 2 4 2 e €2 Ltz
ML) ~ — . 1.35
#(ML) n3 <47reohc> < E, ) (1.35)

Here the factor (Z/n)3 comes from the term |¢;.(0)|? appearing in the conversion rate and
the dimensionless term e? / (4 7t € i ¢) is the fine structure constant & ~ 1/137 (not to be con-
fused with a designating the ICC). The dependence of the ICC on the subshell is neglected
in this approximation, therefore « is not present in [Eq. 1.34 and Eq. 1.35.

Internal conversion coefficients
It was stated in that the ICC is dependent on a number of parameters. The approx-
imate expressions Eq. 1.34 and Eq. 1.3 illustrate the following features of the ICCs:

e They increase as Z3, thus, the conversion process is more important for heavy nuclei
than for light nuclei.

* The ICC decreases rapidly with increasing transition energy E.,. In contrast to this, the
probability for the emission of the gamma radiation increases rapidly with E,.

e The ICC increase rapidly as the multipole order 2% increases, also because the gamma
ray emission is hindered for higher L.

e For higher atomic shells the ICC decreases as n~3. Thus, for a given transition one
might roughly expect ax /ay =~ 8.

In sum, relatively large values of ax can be expected for low energy, high multipolarity tran-
sitions in heavy nuclei, while in other cases (higher atomic shells, higher transition energy,
lighter nuclei, lower multipoles) the ICC decreases. In the dependence of the ICC
ag on the transition energy, the multipolarity and the atomic number is illustrated.

For quantitative comparison with experimental results, the tabulated ICCs are often used,
based on detailed computations where the finite size of the nucleus, proper atomic wave
functions and other corrections are taken into account. In [Ros7§] the ICCs for all natural
atomic shells and the total ICCs of all atoms with 30 < Z < 104 for energies ranging from
2keV above threshold to about 5MeV for the K shell and to about 1.5MeV for all other
shells. The multipolarities of the four lowest orders of the electric and of the magnetic type
are included. Nowadays, sophisticated databases of the ICCs are accessible also on the

Internet, e. g. the Brlcc database [Kib0g].
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1.2. Process of internal conversion
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Fig. 1.5: The graphs of theoretical ICCs ag illustrate the dependence on a) the multipolarity for the
case of carbon, Z = 6 (graph on the left side) and b) the atomic number Z for the case of multipolarity
E3 (graph on the right side). The x axis denotes the transition energy [keV]. Both x and y are plotted
in the log scale. The y scale covers 13 (left graph) and 12 (right graph) orders of magnitude. The
accuracy of the coefficients amounts to 3-5%. Smooth curves were drawn through the calculated
data points by using a cubic spline fit to the logarithms of both energy and conversion coefficient.

The graphs are taken from [Fir9q].
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1. Introduction

Width of the conversion line

The kinetic energy Ey;, of the conversion electrons is discussed in detail below in Bect. 3.3.3.
At this point only the width of the conversion line will be shortly mentioned. The shape of
the conversion line follows directly from the solution of the Schrédinger equation. It can be
shown [Wei27] that the intensity distribution of the conversion electrons around the central
energy Ey is of the form of the Lorentz function,

1 r/2
L(E Ey,T) = /

7 (E~ Eo)* + (T/2)° "

where I' denotes the width (full width at half maximum, FWHM) of the distribution. The
width I is influenced by the lifetimes 7, T of the nuclear transition and the electron hole,
respectively, as on the basis of the uncertainty principle I' - T = i one can write

L (1.37)
T, Te

The width corresponding to the electron hole lifetime 7 is often the decisive one. The natu-
ral width T of an atomic level is given by the sum of the radiative width I'g (X-ray emission),
the Auger width I's (emission of an Auger electron), and the Coster-Kronig width I'ck (spe-
cial case of the Auger process in which the vacancy is filled by an electron from a higher
subshell of the same major shell) [Cam0J]]. These three components of the level width are
related to the corresponding transition rates S;, i = R, A, CK, for the filling of a hole in that
level, while I'; = % - S; holds. The T values range from 0.07 to 70eV depending on Z and
the atomic subshell [Dra83]. Thus, the width of the line is not negligible in the analysis of
the conversion electron spectra measured with the instrumental resolution at the eV level
as will be seen later in this work.
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Thesis outline

This work is organized as follows:

introduces the KATRIN experiment which aims at the direct determination of the
neutrino mass on the basis of precise measurement of the tritium S-spectrum. The setup of
the KATRIN experiment and, in particular, the principle of the MAC-E filter are presented.
The systematic and statistical uncertainties of the experiment are discussed. The possible
instability of the energy scale of the B-spectrometers is identified as one of the six main
systematic uncertainties of the KATRIN experiment.

The importance of continuous monitoring of the energy scale stability and of absolute cali-
bration of the energy scale is discussed in detail in [Chap. 3. The two-fold concept of moni-
toring of the KATRIN energy scale is presented. In addition, possible candidates for quasi-
monoenergetic electron sources, based on atomic/nuclear standards, are described and their
feasibility for the KATRIN experiment is discussed.

Probably the most promising and most suitable tool for the continuous monitoring of the
KATRIN energy scale stability is the concept based on conversion electrons of the metastable
83mKr. In the KATRIN experiment the 8™Kr source will be utilized in three different forms:
as a gas, as a condensed source and as a solid source. The latter option is thoroughly dis-
cussed in [Chap. 4. Two production techniques of the 83Rb/%™Kr solid sources are intro-
duced and the actual samples, investigated in this work at the MAC-E filter spectrometer in
the Institute of Physics, University of Mainz, are presented. The chapter concludes with a
discussion of surface and solid state effects affecting the conversion electrons emitted from
the solid sources.

The first part of covers the experimental setup of Mainz MAC-E filter spectrometer
used in this work for long-term measurements of energy stability of the 3™Kr conversion
lines of the solid 3Rb/%™Kr sources. In the second part of this chapter the analysis of
the collected data is described. Basic notions are also introduced which will be later used
throughout the following chapters.

The long-term measurements of the conversion electrons energy stability carried out at
Mainz MAC-E filter are reported in [Chap. . Altogether four measurement phases are de-
scribed in a chronological manner so that the progress of the measurements can be easily
seen. Besides the long-term measurements of the various conversion lines, additional sys-
tematic measurements are described in the course of the measurement phases as well, al-
lowing to assess the overall sensitivity and systematic uncertainties of the method. These
are summarized in the last section of this chapter.

Whereas in the focus was made on the relative energy stability of the 8™Kr con-
version lines, in the absolute kinetic energies of the various conversion lines of
the solid 8Rb/8™Kr sources are of main interest. Detailed analysis of rather complicated
shapes of the conversion lines is presented, together with several hypotheses for the expla-
nation of the doublet structure observed in the electron spectra. In addition, the influence
of environment on the electron binding energy is discussed. The absolute calibration of the
experimental setup is verified as well. Finally, the electron energy loss spectra of the solid
83Rb /83™mKr sources are investigated.

Conclusions of this work and an outlook are presented in [Chap. §.
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2. The KATRIN experiment

It was shown in that the direct investigations of the neutrino mass, based on the
kinematics of weak decays, are model-independent. Moreover, the direct kinematic searches
represent the only model-independent method of the neutrino mass determination which
is realizable in laboratory. The KArlsruhe TRItium Neutrino experiment (KATRIN) repre-
sents a next-generation tritium p-decay experiment designed to perform a high precision
direct measurement of the electron antineutrino mass with the sensitivity of 0.2 eV ¢ 2. KA-
TRIN is a successor experiment of the neutrino mass experiments carried out in Mainz and
Troitsk which set the upper limit on the electron neutrino mass of 2eV ¢ 2 (see to
in previous [Chap. ). Therefore, the aim of the KATRIN experiment represents the

improvement of the neutrino mass sensitivity by one order of magnitude.

This chapter provides a brief review of the main features and components of this project.

Firstly, the B-decay of tritium (Bect. 2.1)) and the MAC-E filter technique (Bect. 2.7) will be

described. Secondly, the major components of the KATRIN experimental setup will be re-
viewed in Bect. 2.3. Lastly, discusses the systematic and statistical uncertainties. It
is not the scope of this work to provide a complete overview of the very complex experimen-
tal setup of KATRIN with all its details and challenges. The reader is kindly referred to the
KATRIN documents of Letter of Intent [KATO1] and Design Report [KAT04] for a compre-
hensive review. The topics of the f-decay and the MAC-E filter technique were thoroughly
described in [Ott0§] which was used here as a reference.

2.1. Tritium beta-decay

The B~ -decay (denoted here as B-decay henceforth) is a three-body decay during which an
electron and electron-antineutrino are emitted:

(A, Z) = (A Z+1)"+e +7.+Q, (2.1)

where A and Z denote the atomic mass number and nuclear charge of the parent isotope.
The total surplus energy Q of the decay is released in three different forms: a) as a kinetic
energy obtained by the electron and the neutrino, b) as a small recoil energy E. transferred
to the daughter (A, Z +1)7, and ¢) as an excited state of energy Vj of the daughter, created
with the probability P.

The energy spectrum of the electrons can be deduced theoretically from the Fermi's golden
rule. The rate N of electrons emitted into the kinetic energy interval between E and E + dE
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2. The KATRIN experiment

is
dN B d?N B
dE ~ dEdt
where M is the transition matrix element and p(Eot, Etotv) is the density of final states,
where Eiot and Eiot represent the total energy of the electron and neutrino, respectively.
The matrix element can be decomposed into leptonic and hadronic parts via

27
? |M |2 P(Etot/ Etotv) 7 (2.2)

M — GF COS GC .Mnuc M]ep 7 (2.3)

where Gr stands for the Fermi coupling constant and 6 for the Cabibbo angle. The leptonic
part of the matrix element can be written as

1
Miep|* = 72 FZ+LE). (2.4)

The Fermi function F(Z + 1, E) accounts for the Coulomb interaction of the outgoing elec-
tron with the daughter nucleus, while V denotes the normalization volume.

The phase space factors for neutrino and electron may be treated separately (thanks to the
fact that the momenta of electron and neutrino are not directly correlated I) and expressed
as a function of the kinetic energy E of the electron,

dne dn V2p E E
p(Etot, Etotv) e Ay _ V7P Etot Pv Btotv

T dE. dE,  4nf
V2 )

E( denotes the endpoint energy corresponding to zero neutrino mass, p and p, stand for the

electron and neutrino momenta. Thus, one can rewrite with the help of to
2

&N
— . _ 2 2 4 _ _ 2
= = R(E) V/(Eo — E)? — m2(ve)c* ©(Eq — E — m(ve)?), (2.6)
with ) ,
R(E) = GF;OS;BC | Muac? F(Z +1,E) p (E + mec?) (Eg — E). 2.7)
7T

Here the step function ® ensures the energy conservation. Finally, the excited states Vi and
the incoherent sum

m*(ve) = Y |Uei > m?(v)), (2.8)
j

representing the neutrino mass observable in this direct kinematic method, shall be incor-
porated, and one obtains

d’N
iEd - const. - [Mnuc|? F(Z+1,E) p (E 4 mec?)
YN |Uej|* Py ek /€2 — m2(vi)c* ©(ex — m(vi)c?), (2.9)
ik
with € =Ey—E-V,. (2.10)

IThe nucleus is so heavy that it takes nearly no energy but balances all the momenta [Zub04].
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2.1. Tritium beta-decay

It can be seen that the signature of a non-zero neutrino mass is pronounced most strongly
in the region close to the endpoint Ej as illustrated in for the case of tritium B-decay.
In principle, the non-zero neutrino mass causes the f-spectrum to vanish at the energy Eg —
m(ve)c?, lower than the endpoint Ey. However, the considerable background make this
method difficult to realize. From the considerations based on Eq. 2.9 and Fig. 2.1 it follows
that any f-decay experiment aiming at the neutrino mass sensitivity in the sub-eV range
has to deal with several major challenges:

e A strong source with high B-decay rate is needed for a sufficient count rate in the
region just below the endpoint energy E. In it is shown that for a hypothetical
neutrino mass of m(v.) = 1eVc=2 only a fraction of about 2 x 10713 of all tritium
B-events lies within the interval of 1 eV below E.

* As the absolute energy resolution AE required scales with the value of the neutrino
mass aimed for, a spectrometer with very high resolution is needed.

* Very low background in the endpoint region is required.

It will be shown in the next section that the p-spectrometer based on the MAC-E filter tech-
nique fulfills the aforementioned requirements.

121
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Fig. 2.1: The electron energy spectrum of tritium p-decay: complete spectrum (left side) and narrow
region around the endpoint Ey (right side). Two calculated B-spectra for zero neutrino mass (red)
and for a small non-vanishing neutrino mass (blue) are shown. The signature of m(ve) # 0 is seen
as an offset throughout the entire spectrum and as a shift of the point where the spectrum vanishes.
The gray-shaded area, representing the fraction of only s 2 x 1012 of all decays, denotes the effect
of a hypothetical neutrino mass of m(ve) = 1eV ¢ 2. The figure is based on [Dtt0q].

Tritium, undergoing the B-decay in the form

’H — SHe +e  + 7. + 18.6keV,
(1p, 2n) (2p, 1n)

has the following advantages as the f-emitter in the neutrino mass investigations:

(2.11)

1. Tritium has the second lowest total decay energy of all B-emitters. Only '"Re with
Q ~ 2.5keV has a lower endpoint energy. Since the portion of decay electrons with
energies just slightly below the endpoint E is proportional to E;?, the rate of those
electrons is high for tritium compared to other p-emitters.
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2. The KATRIN experiment

. Thanks to its short half-life of t; ;, = 12.3 a, tritium exhibits a high specific decay activ-

ity. Thus, high count rates can be obtained with a small amount of the source material,
which in turn implies a reduced probability for the inelastic scattering of electrons.

. Tritium pB-decay represents a super-allowed nuclear transition. Therefore, the nuclear

matrix element | Mpyc|? is energy-independent and no energy corrections have to be
applied.

. In addition, the Fermi function F(Z + 1, E) for the daughter nucleus is nearly constant

over a wide range of electron energies and can be approximated with a constant close
to unity in the interesting region just below Ey.

. Molecular tritium as well as its daughter possess a simple electronic structure which

permits to quite accurately calculate the final state distribution and to model its influ-
ence on the theoretical B-spectrum.

. Due to the low charge number Z = 1 of tritium the cross section for inelastic scattering

of electrons is relatively low compared to other elements.

It should be noted, though, that some of the advantages summarized here are important
only for the experimental setups where the source is not identical to the detector. The dis-
cussion of the calorimetric B-spectroscopy of '8”Re using bolometers is presented in [Ott0g].
The combination of the advantageous features of tritium and the MAC-E filter technique
made it possible to explore the absolute neutrino masses in the eV-range during 1990s. This
breakthrough is clearly presented in where the results of recent tritium B-decay ex-
periments are plotted. Equally important was the better understanding of systematic effects
and improvements in the experimental setups.
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Fig. 2.2: The historical overview of the results of neutrino mass experiments based on direct kine-
matic method. Early experiments, using magnetic spectrometers, suffered from moderate energy
resolution and systematic effects, resulting in the problem of negative values of m?(v,). The advent
of the MAC-E filter spectrometers during 1990s made it possible to reduce the uncertainties by two
orders of magnitude. The figure is taken from [Eic09].

2.2. The MAC-E filter technique

A sensitive search for the neutrino mass in the tritium B-spectrum requires measuring close
to a low endpoint with high luminosity as well as with high resolution. Both these basic
requirements are fulfilled in the concept of “magnetic adiabatic collimation with an electro-
static filter”, abbreviated as MAC-E filter. This principle, firstly introduced in 1970s, was
later adopted for the use in the neutrino mass experiments at Troitsk [Lob83] and Mainz
Pz

The main components of the MAC-E filter are described in Fig. 2.3. Two superconduct-
ing solenoids are placed on both sides of a cascading system of cylindrical electrodes. The
solenoids generate a highly inhomogeneous magnetic field guiding the electrons along the
magnetic field lines from their origin in the source to the detector. The magnetic field is
symmetrical with respect to the central plane (so-called analyzing plane) of the spectrome-
ter. The minimum field strength B, at the central plane is suppressed by several orders of
magnitude with respect to the maximum Bpax occurring at the center of the solenoids. The
second important ingredient of the MAC-E filter is the retardation of the electrons by an
electrostatic field, which at the center of the spectrometer is nearly parallel to the magnetic
field lines.

The magnetic gradient force transforms most of the transverse energy E | of the electron
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electrodes

T, source detector

(b) p. (without E field)

Fig. 2.3: The principle of the MAC-E filter. (a) Schematic view of the experimental setup: the elec-
trons created in the source are guided along magnetic field lines towards the detector. Only those
electrons with sufficient longitudinal energy can overcome the electrostatic retardation barrier and
get reaccelerated onto the detector. (b) Momentum transformation due to the adiabatic invariance
of the magnetic orbit momentum y in the inhomogeneous magnetic field. Here, the electrostatic
retardation is left out and only the magnetic gradient force is considered. The figure is taken from

[Weind).

into the longitudinal motion. This is illustrated in Fig. 2.3(b) by a smooth variation of the
momentum vector. Due to the slowly varying magnetic field the momentum transforms
adiabatically, therefore the magnetic moment u keeps constant [KAT04] B

E
p= f = const. (2.12)

The criterion of adiabatic motion can be represented as a condition that the magnetic field B
varies only slightly during one cyclotron circulation of the electron. Thus, the B-electrons,
isotropically emitted at the source, are transformed into a broad beam of electrons flying
almost parallel to the magnetic field lines. This parallel beam of electrons is running against
an electrostatic potential formed by a set of cylindrical electrodes. All electrons with enough
energy to pass the electrostatic barrier are reaccelerated and collimated onto a detector, all
others are reflected. Therefore the spectrometer acts as an integrating high-pass filter. Vary-
ing the electrostatic retarding potential allows the measurement of the S-spectrum (or any
other electron spectrum) in an integrating mode.

The energy resolution of a MAC-E filter follows from [Eq. 2.12. In the extreme case where
the total kinetic energy of the electron at the starting point, Egay, is given in the form of

2Since the electrons generated in tritium p-decay reach a maximum value of 4 = 1.04 ~ 1, the non-relativistic
approximation may be used.
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2.2. The MAC-E filter technique

transverse energy, the adiabatic transformation according to will result in a small
remainder of transverse energy left over at the analyzing plane. This maximum amount of
non-analyzable energy defines the theoretical resolution AE,

B
AE = (EJ_)max = Estart . A

= (2.13)
max
The resolution is therefore in principle only limited by the minimum ratio Ba / Bmax of the

magnetic fields that can be realized experimentally.

In order to suppress electrons which have a very long path within the tritium source and
therefore exhibit a high scattering probability, the electron source is placed in a magnetic
field Bs which is lower than the maximal magnetic field Bmax. This restricts the maximum
accepted starting angle of the electrons 02X due to to

start

B
Ostent = arcsin ( 5 ) . (2.14)

B max

The normalized transmission function of the MAC-E filter with the retarding potential U <
0 can be analytically expressed for an isotropically emitting electron source as [Pic924d, KAT04]

0 for Estart < qU
1_ \/1 _ (Estart — qU) E
E B
T(Estart, gU) = start A for qU < Egtart < qU _ Dmax__ (2.15)
1— 1— BS Bmax - BA
Bmax

1 for E > gl &

start ~ Boomy — BA.
Here

Egtart  is the starting kinetic energy of the electron in the source,

Bs is the magnetic field strength in the source,

Ba s the magnetic field strength in the analyzing plane,

Bmax is the magnetic field strength in the centre of the solenoids,

u is the maximum retardation potential reached in the analyzing plane, and

q is the electron charge, g = —|e|.
The normalized transmission function is depicted in for the case of the KATRIN
main spectrometer where the following features will be realized: AE = 0.93eV at Egtart =

18.6 keV, therefore AE/Egare = 1 : 20000, and 6% = 50.77 °. Finally, it should be noted
that the magnetic flux

® = / BdA (2.16)

is conserved during the transport of the electrons from the p-emitter to the detector. There-
fore, at the analyzing plane the electrons form a broad beam of area

B
Ap = Ag- =2, (2.17)
Ba
where Ag is the effective source area. This relationship illustrates the need for a large diam-
eter of the MAC-E filter spectrometer vessel.
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Fig. 2.4: The normalized transmission function of an electron spectrometer of the MAC-E filter type.
The transmission function shown was calculated according to for the case of the KATRIN
main spectrometer with the following parameters of the magnetic field: Bs = 3.6 T, By = 0.3mT and
Bmax = 6 T. The figure is taken from [[Val09{].

2.3. Brief overview of the KATRIN experimental setup

The key components of the KATRIN experimental setup, depicted in shall be briefly
discussed in the following paragraphs. Basically, the very complex setup, currently being
built and commissioned at the Karlsruhe Institute of Technology and spanning over 70 m in
length, can be described as follows: the high luminosity tritium source ensures a constant
count rate of B-electrons which are magnetically guided to a tandem of spectrometers (both
of the MAC-E filter type). The so-called pre-spectrometer rejects the large low-energy part of
the tritium B-spectrum which does not carry significant information for the determination
of m(ve). Thus, only the electrons originating from the last ~ 300eV below the tritium
endpoint enter the so-called main spectrometer. Here the high precision energy analysis
takes place. The electrons which pass the analyzing voltage are counted in the detector. Not
shown in the overview scheme in is the so-called monitor spectrometer. Its purpose
is the continuous monitoring of the stability of the high voltage (HV) applied to the main
spectrometer. The monitor spectrometer, which is directly related to the topic of this work,
will be described in [Chap. 3. For the discussion of the various sources of background in the
KATRIN experiment the reader is referred to [KAT04].
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(b)
(d)

Fig. 2.5: The schematic overview of the ~ 70 m long experimental setup of the KATRIN experiment.
The major components shown left to right are: (a) calibration and monitoring system (CMS) and
windowless gaseous tritium source (WGTS), (b) transport and pumping section (differential pump-
ing section, DPS, and cryogenic pumping section, CPS), (c) pre-spectrometer, (d) main spectrometer,
and (e) detector system. The monitor spectrometer is not shown. The figure is based on [KAT04].

Tritium source

The windowless gaseous tritium source (WGTS) delivers 10'? B-decay electrons per second.
Such a high luminosity is crucial for obtaining sufficient count rate of electrons in the end-
point region of the tritium B-spectrum. Ultra-cold molecular tritium (T5) gas of high isotopic
purity (> 95 %) and stable temperature (T = 30K) will be injected through a set of capillar-
ies in the middle of the 10 m long beam tubef. The diameter of the beam tube amounts to
90 mm and the magnetic guiding field in the source area was chosen as Bs = 3.6 T. The gas
injection pressure allows adjustment of the column density pd of tritium molecules. The
optimal working point of pd = 5 x 10" cm~2 was determined for KATRIN. The demand
for high sensitivity of KATRIN requires a stabilization of the column density to the level
of 0.1%. This in turn implies the stabilization of the source temperature and the injection
pressure at the level of 30 mK and 10~® mbar, respectively. It was shown in [[Gro09] how the
stringent KATRIN requirements can be fulfilled.

Transport and pumping section

The background generated by the tritium decay within the spectrometers must be less than
103 counts s~ which was thoughtf to correspond to the partial pressure of tritium of
10~2 mbar in the main spectrometer [KAT04]. In order to achieve such a low background
in the B-spectrum endpoint region the flow of tritium into the spectrometer section has to be
lower than 10~ mbarls~!. Therefore, the system connecting the WGTS with the tandem
of spectrometers is not only responsible for the adiabatic transport of the p-electrons, but
also for preventing the tritium to reach the spectrometers. This very important task will be
realized by the combination of differential and cryogenic pumping. The latter relies on the

3 About 40 g of gaseous T, will have to be cycled through KATRIN's tritium source per day, which corresponds
to an injection rate of 1.7 x 10! Bqs~!.

4Tt was pointed out recently [FraT]]] that radon atoms, which emanate from materials inside the vacuum region
of the KATRIN spectrometers, are able to penetrate deep into the magnetic flux tube. Thus, the a-decay of Rn,
during which a significant number of low energy electrons can be created, contributes to the background
in the region of p-spectrum endpoint. In this regard not only tritium has to be avoided in the KATRIN
spectrometers, but also radon.
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2. The KATRIN experiment

concept of cryotrapping at cold surfaces. The inner walls of the CPS beam tube will be cov-
ered with argon frost at a temperature of 4.5K to enhance the pumping rate by increasing
the effective surface area (see [Kaz0§, [Eic09] for details). A scheme of the WGTS connected
to the transport and pumping section is depicted in Fig. 2.4.
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Fig. 2.6: The schematic view of the tritium-related parts of the KATRIN experimental setup. The
WGTS is operated in closed loops in order to achieve stable injection rate and purity of tritium.
Tritium is injected in the middle of the WGTS tube and pumped out at its ends. About 99 % of the
tritium is retransferred to the control system for T, injection (Inner Loop), 1% is redirected into the
laboratory tritium recovery and isotope separation system for purification (Outer Loop). Tritium
from the transport system is transferred to the Outer Loop and the retention system. The figure is

taken from [Eic09].

Spectrometers

The tandem setup of the pre- and main spectrometers is schematically shown in [Fig. 2.7.
The pre-spectrometer (length of ~ 3.4 m, diameter of ~ 1.7 m) is intended to act as a “pre-
filter”, i.e. only the electrons with kinetic energies very close to the B-spectrum endpoint
will pass its fixed analyzing voltage. This feature will cut down the flux of B-electrons from
10'° to 10% electrons per second. For this purpose the rather moderate energy resolution
of AE/E ~ 1 : 200 will be fully sufficient. The adiabatic motion of the electrons within the
pre-spectrometer is ensured. Further, the electrons carrying the information on the neutrino
mass enter the large main spectrometer (length of ~ 23 m, diameter of ~ 10 m) where their
kinetic energy is analyzed with the energy resolution of 0.93 eV at 18.6 keV. In order to mi-
nimize the background events from ionization of the residual gas both spectrometer vessels
are operated at ultrahigh vacuum conditions (base pressure below 10~ ! mbar, see [[Wol09]).

The large dimensions of the main spectrometer vessel together with the requirements for
mechanical precision and ultrahigh vacuum present challenges of its own. However, the
task is further complicated by the necessity of ultra-low background in the main spectrom-
eter. A sophisticated concept of the background reduction by a double-layer screening wire

electrode was developed [Fla04, Val0d, Val094, [Val1(] and realized [PraTl]].
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Fig. 2.7: The schematic view of the tandem of KATRIN electron spectrometers. The pre-spectrometer
acts as a pre-filter for the main spectrometer where the precise energy analysis of the electrons takes
place. The spectrometers are connected by one superconducting transport solenoid. The blue lines
indicate the magnetic field lines. The electrode inside the main spectrometer marked green is only
a schematic representation: in reality, the whole vessel of the main spectrometer lies on HV and
inside the vessel there are two layers of “massless” wire electrode set to more negative analyzing
potential. The correction air coils (light blue) compensate the Earth's magnetic field in the region of
the analyzing plane where the guiding magnetic field reaches its minimum of 0.3 mT. In red the paths
of the B-electrons rejected by the analyzing voltage in the main spectrometer are illustrated. Typical
electron count rates are denoted in the figure: the pre-spectrometer suppresses the electron rate from
10'% electrons s~ down to 10° electronss~!. The count rate of 102 electronss~! impinging on the
detector denotes only the background rate. The electron rate achieved during the actual tritium
measurement may differ from this value. The figure is taken from [Eic09].

The spectrometers share one superconducting solenoid which lies at ground potential. The
electrons which do not pass the retarding voltage of the main spectrometer are reflected
back to the high magnetic field region between the spectrometer vessels. In such conditions
the Penning trap is easily formed and the electrons stored there can significantly increase
the background rate. This potential source of background was recognized and measures
will be taken for periodical emptying the Penning trap [Val09d, Bec1q, Hil1]]].

Parallel to the main KATRIN beam line, the MAC-E filter of the former Mainz Neutrino Mass
Experiment will be operated using the same HV source as the main spectrometer in order to
continuously check the stability of its retardation potential with calibration sources based
on atomic and nuclear energy standards [KAT04]. In Chap. 3 the purpose of the monitor
spectrometer will be discussed in detail.

Detector

The electrons passing the analyzing voltage in the middle of the main spectrometer will
be counted by a sophisticated detector system. The main component of this system is the
large-area silicon PIN diode with high energy resolution (~ 1keV for 18.6keV electrons)
and very thin entrance window. The Si PIN diode is segmented in a dartboard manner into
148 segments including a central “bull's eye” part with four segments. The pixel layout will
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2. The KATRIN experiment

enable to monitor the radial density of the WGTS and the electron transport properties of
the spectrometers. In addition, it will be possible to reject the background events originating
outside of the analyzed magnetic flux [Dun0g].

2.4. Systematic and statistical uncertainties

When aiming for the unprecedented sensitivity on the neutrino mass in the sub-eV range, it
is crucial to assess possible systematic uncertainties of the experiment critically. In addition,
corresponding measures in terms of systematic studies and control of many experimental
parameters have to be undertaken. The main sources of systematic uncertainties can be

briefly listed as follows [KATO04]:
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1. final states of the (*He T)* daughter molecule

The distribution of the final states of the (*He T)* daughter molecule must be consid-
ered when the molecular tritium is used. The excitation energy of the lowest elec-
tronic excited state of the (*HeT)™ molecule is 27 eV. Therefore, it can be cut out
by an appropriate choice of the analyzing interval of the B-spectrum. However, the
uncertainty comes from the rotational and vibrational excitations of the electronic
ground state. The mean excitation energy of the rotational-vibrational excitations is
1.7 eV while the width is I’ ~ 0.36 eV. The width I limits the energy resolution which
can be achieved with a p-decay experiment using molecular tritium source. Reliable
quantum-chemical calculations, necessary for modeling the final states distribution,

are available [Fae0(].

. elastic and inelastic scattering within the WGTS

The inelastic scattering of the electron on its way through the tritium source will lead
to energy losses 0E. Such an effect obviously changes the shape of the B-spectrum. In
addition, an elastic collision of the electron within the source may change the angle
6 of the electron momentum with respect to the applied magnetic field. This in turn
may cause the electron to lose a fraction of its longitudinal kinetic energy (in the case
of increase of 6) or bring the electron into the transmitted angular range (if 6 decreases
below the maximal accepted angle). Therefore, the electron energy loss function f(JE)
has to be known precisely. For this purpose dedicated calibration runs with an electron
gun are planned [Val09H, HugIQ, Mallll]. The inelastic scattering within the WGTS
represents the dominant systematic uncertainty of the experiment.

. fluctuations of the column density of the WGTS

Fluctuations of the column density pd of the WGTS will directly influence the signal
rate and the aforementioned energy loss JE of electrons by scattering. Thus, the col-
umn density has to be stabilized and regularly monitored. Repeated measurements
with an electron gun in breaks between successive neutrino mass measurement runs
are foreseen for such purposes. Moreover, the column density can be monitored via
laser Raman spectrometer [Btul(] as well as with the help of a detector placed in the
rear wall (the very left side of the experimental setup shown in Fig. 2.5). Generally,
this uncertainty can be reduced by high isotopic purity of tritium and temperature
stabilization of the WGTS.



2.4. Systematic and statistical uncertainties

4. charging of the WGTS due to remaining ions

The B-decay activity of the tritium gas inside the WGTS is about 10! Bq. One -
electron creates on average 15 secondary electron-ion pairs. Thus, various positive
ions (TT, T; and T;r ) can be formed in the source. Moreover, electrons colliding with
T, molecules can produce T, ions. As a result of the various states of tritium in the
WGTS the observed B-spectrum will correspond to the sum of B-spectra with different
endpoint energies. The effects of the plasma phenomena on the neutrino mass mea-
surement were discussed in [Nas03]. The measurements of the ion concentration via
Fourier transform ion cyclotron resonance [[Jbi09] will address this issue.

5. transmission function of the main spectrometer

In reality, the sharp transmission function (cf. [Eq. 2.19 and [Fig. 2.4) of the MAC-E
filter is complicated by inhomogeneities of the electric potential and magnetic field
in the region of the analyzing plane. Such effects are intrinsic to the concept of the
MAC-E filter spectrometer and will be especially noticeable in the case of the main
spectrometer where the diameter of the analyzing plane amounts to ~ 9m. These
effects lead to broadening and smearing of the transmission function and must be
accounted for in the analysis. Using a segmented detector helps to reduce the influence
of these effects, but nevertheless extensive calibration measurements (performed for
each pixel of the detector) need to be carried out to achieve a detailed understanding of
the transmission properties of the main spectrometer. For this purpose the calibration
source based on condensed #™Kr [Dst0d] will be utilized (see below).

6. fluctuations of the absolute energy scale

The kinetic energy of the p-electrons will be analyzed on the energy scale which is
defined by the difference between the source potential and the analyzing potential of
the main spectrometer. Any time instability of the energy scale directly influences the
measured B-spectrum. Details of the concept aiming for ultra-precise monitoring of

the energy scale stability are discussed in [Chap. 3.

To summarize the various systematic uncertainties, the final state distribution (1) of the
daughter molecule is inevitable due to the use of molecular tritium. The effects described
in items (2) to (4) stem from the gaseous tritium source. Finally, the effects (5) and (6) result
from the utilization of the MAC-E filter technique. None of the individual systematic effects
is expected to give the uncertainty contribution of more than about Amgyst/i = 0.007eV?c*
[KAT04]. The total systematic uncertainty (where further minor contributions are included
as well [KAT04]) with respect to the observable m?(v,) is therefore estimated as

2
Ay = |3 (am2 )" = 0017ev2 e, (2.18)
1

In the integral B-spectrum measured with a spectrometer of the MAC-E filter type there
exist a certain point (narrow energy region) few eV below the endpoint where the highest
sensitivity on m?(ve) can be reached. Such a point is found to be in the region where the
signal-to-background ratio is equal to 2 [Dtt94]. Considering the parameters of the KA-
TRIN experiment, this region lies about 3 eV below the endpoint Ey. Therefore, it seems
rather inconvenient to use a uniform distribution of the measurement time. Instead, given
an effective measurement time of KATRIN of three years, an optimal distribution of mea-
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suring time spent at various settings of the retardation energy should be followed. Such a
distribution, illustrated in optimizes the statistical uncertainty [Kas0g]. It should be
noted that the optimal measurement time distribution depends also strongly on the back-
ground rate and the width of the transmission function.

The dependence of the statistical uncertainty on the lower limit of the measuring interval is
shown in for several configurations of the KATRIN setup. It can be seen that increas-
ing the measuring interval more than ~ 35eV below the endpoint does not further reduce
the statistical error. For an interval of [Ey — 30eV, Ey + 5eV] and three years of effective
measurement time at a total background rate of 0.01 countss~!, a statistical uncertainty of
similar size as the total systematic uncertainty will be reached [KAT04]:

Am?,, = 0.018eV2c %, (2.19)

The total uncertainty, obtained from quadratically adding the systematic (Eq. 2.1§) and
statistic (Eq. 2.19) uncertainties, amounts to

Am?, =0.025eV2c 4, (2.20)

which leads to a discovery potential [KAT04] of

m(ve) = 0.30eVc2 (30)

or m(ve) = 035eVc2 (50). 221

Should no neutrino mass signal be found, the sensitivity of the KATRIN experiment will
allow to set an upper limit of

m(ve) < 02eVe 2 (90%C.L.). (2.22)
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Fig. 2.8: The optimized distribution of measurement time of the B-spectrum. (a) Simulated count
rate at various settings of the retardation potential for a given background rate of 0.01 countss~.
(b) Optimized measurement time per retarding potential of the above spectrum for widths from 50
(red) to 20 eV (blue) below E of analyzed intervals, total measurement time 3 years. The height of the
entries represents the integrated time over many scans. At U > 18566V, qU being the spectrometer
retarding energy, the measurement time is not influenced by the lower limit of the energy interval.
Such optimization allows to improve the statistical accuracy by about 40-50 % as compared to a
uniform distribution of the measurement time. The figure is taken from [KAT04].
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Fig. 2.9: The statistical uncertainty Am?,, (for the measurement time of three years) and the corre-
sponding 90 % C.L. upper limit on m(ve ) (right y axis) as a function of the lower limit of the measuring
interval below Ey. Different configurations and background rates are compared: (a) values stated
in the KATRIN Letter of Intent [KATOT]], (b) increased source strength and isotopic purity of the T,
gas, spectrometer diameter enlarged to 10 m, uniform measurement time, (c) same parameters as
in (b), but taking into account the optimized measurement point distribution shown in (d)
reduction of the background rate from 0.01 countss~! as in (a) to (c) down to 0.001 countss~!. The
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3. Stability monitoring and calibration
of the energy scale in KATRIN

In the possible instability of the energy scale of the KATRIN spectrometers was
recognized as one of the six major sources of the systematic uncertainties in the KATRIN
experiment. The principle of the MAC-E filter technique (see Bect. 2.7) relies on the precise
knowledge of the retarding potential which is experienced by the B-electrons in the ana-
lyzing plane of the spectrometer. Therefore, the challenge of knowing the retarding poten-
tial precisely enough in every moment during the measurement is inevitable in the KATRIN
experiment.

In this chapter firstly the motivation for the continuous monitoring of the energy scale sta-
bility as well as for the absolute calibration of the scale is discussed (Bect. 3.1)). In pect. 3.2
the concept of monitoring of the KATRIN energy scale stability is described. Finally, the
possible sources of electrons of well-defined energies are considered in detail in Bect. 3.3.

3.1. Motivation for continuous monitoring and absolute
calibration of the energy scale

It was shown in that the total systematic uncertainty of KATRIN with respect to
the observable m? (v ) is expected to be Amgyst = 0.017eV?c*, where each of the six major
systematic uncertainties is limited by Amgyst ; = 0.007 eV2c~*. The same constraint holds

for the instability of the retarding high voltage (HV), thus
Ay (ve) = 0.007eV2 ¢4, (3.1)

The relationship between such a requirement and a quantity relevant to the HV stability can

be derived in the following way [Rob88]. The B-spectrum, precisely described by

can be approximated in the vicinity of the endpoint Ej as

dN

SN 4 (B — CEV? —m2 4

= =a-(E E)y/(Eo — E)? — m2(ve) c*, (3.2)
where a includes all constant factors in which can be omitted in this approximation.
The observable m? (v, ) is used here in accordance with Eq. 2.§. Assuming the neutrino mass

to be small, one can rewrite with the help of Taylor series in the vicinity of the point
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m?(ve) = 0 as
an
dE

(m*(ve) ~0) ~a-(Eg—E)*— %mz(ve) ct, (3.3)

where the terms of O (m*(ve) ¢®) and higher orders were omitted. Evidently, for m?(ve) =0

one can introduce _
dN
g(E) = dE (mz(Ve) =0)=a-(E — E)?, (3.4)

where ¢(E) denotes the simplified shape of the B-spectrum for zero neutrino mass.

In order to assess the influence of the instability of HV scale on the spectrum, a periodic
fluctuation of the HV shall be introduced. The fluctuation can be described by a Gaussian
distribution with a given width ¢ and mean value y equal to zero:

1 _ (=p)? 1 _a2
e Zalé — e 202 . (35)
oV2m oV 2

flx) =

The instability of the HV can be interpreted in terms of fluctuations of the energy barrier in
the analyzing plane which is experienced by the B-electrons. This way the width ¢ can be
expressed in energy units. The shape of the B-spectrum g(E) affected by the HV fluctuation
follows from the convolution

(Fog) (E) = [ fx)-g(E—x) dx

e}
2

1 _ 2
= / e 22 a(Eg— E+x)*dx
oV21T

1 7 e 1 7 2
=a(Ey— E)? /e 202 dx +2a(Ey— E /xe 202 dx
(0 ) o 27{700 (O )0'\/27t

=1 =u=0
ta— [ oot
aaméx e 22 dx
—?
=a(Ey—E)*+ac?. (3.6)

From the comparison of the simplified g-spectrum in with the result of the convolu-
tion in it follows that the introduced HV fluctuation affects the f-spectrum as a shift
towards negative m?(v,) values,

m?(ve) ¢t = —202. (3.7)
This relationship shows that an unrecognized fluctuation of the retarding potential in the
form of a Gaussian broadening of the width ¢ imprints on the -spectrum in the manner of

reducing the neutrino mass squared:

Am?(ve)c* = —202. (3.8)
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Finally, comparing with the KATRIN requirement stated in the upper limit
on the unrecognized fluctuation of the HV scale is obtained:

Ay, (ve) = 0.007eV2c* = ¢ < 0.059eV. (3.9)

The upper limit on ¢ stated in [Eq. 3.9 can be interpreted as the requirement on the HV scale
stability of A,,s(HV) = £60 meV which represents the portion of A (HV) = £3.2 ppm of
the retarding potential of 18.6 keV corresponding to the tritium endpoint. This requirement
defines the aim of the task “Calibration and Monitoring” within the KATRIN project. At
first sight it may seem that the stringent limit on the HV scale stability has to be fulfilled
over the whole three years period of KATRIN data taking. However, the requirement is
relieved by the fact that the procedure of data taking in KATRIN will consist of a series
of individual tritium runs of two months length. The absolute energy scale is not relevant
here as from each run a separate value of m?(v.) will be determined. On the other hand,
the successful stabilization of the HV scale over more than one tritium run would allow to
combine the data series obtained in the runs. Stabilizing and, moreover, monitoring the HV
of ~ 20kV on the ppm level over time periods spanning several months is an uneasy task
as will be seen later in this work. In addition, it should be noted that foreseen length of the
single trititum run may change slightly in the future which would alter the aforementioned
requirements on the HV scale stability correspondingly.

The influence of the imperfections of the energy scale on the observable m?(v,) was studied
in detail in [Kas04, KAT04] with the help of the B-spectra simulated for parameters very close
to those of the KATRIN experimental setup. In the systematic shift Am? (v, ) is plotted
for four cases of the imperfections. In the first plot (a) the absolute HV scale varies over
time in two exemplified schemes: having an unaccounted shift of amplitude d of the HV
divider and the digital voltmeter in 50 % of the total measuring time or having a Gaussian
variation of the energy scale with an appropriate value of ¢. Taking the maximal allowed
systematic shift of Am%{v(ve) = 0.007 eV? ¢~* (illustrated by the horizontal dotted line), the
Gaussian variations of the HV have to be limited to ¢ < 60mV in a good agreement with
the analytical description given in Eq. 3.9. Another potential source of the HV imperfections
could be inaccuracies ¢ of the HV slope of the calibration line of the voltmeter along the
energy interval under analysis (plot (b)). For the two cases of an unaccounted constant or
a Gaussian-varying HV slope error J, inaccuracies have to be limited to the 1072 level, e. g.
less than 50 mV along the analyzing interval of 50 eV below the endpoint energy.

So far only the stability of the HV scale was discussed. Here the absolute calibration shall be
mentioned as well. The effect of a wrong calibration can be visualized as an unrecognized
constant shift (bias) of the HV scale over the whole energy range used for evaluation. In
[Kas04] it was demonstrated that the unrecognized energy bias is much less critical with
respect to m?(v, ) than the unrecognized instability of the energy scale. It was found that the
results are insensitive to constant energy scale bias, e. g. an unrecognized constant energy
bias of 10eV implies the shift Am?(ve) of the order of 107'2eV? c~* which is negligible for
KATRIN. Actually, the notable insensitivity of the observable m? (v, ) with respect to the con-
stant energy bias comes by no surprise as the endpoint energy E, of the tritium B-spectrum
was a fitted parameter in [Kas04]. This is a usual procedure in fitting the f-spectrum. It is
a well known fact that in the least-squares fit of the p-spectrum the endpoint energy Ej is
strongly correlated with the observable m?(v,). An example of such correlation is shown in

Fig. 3.2,
2
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Fig. 3.2: The x? contour plot illustrating the correlation between the fitted endpoint Eq and the fitted
neutrino mass squared m?(ve) from Monte Carlo simulations with conditions similar to the KA-
TRIN experiment [KAT0] for a measurement interval of 25eV below the endpoint. The ellipses
correspond to 1, 20 and 3¢ contours. The 2¢" uncertainty of m?(ve) amounts to about 0.1eV? and
corresponds to an endpoint uncertainty of AEy = £5meV. The figure is taken from [Dtt0q].
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3.1. Motivation for continuous monitoring...

Therefore, one may consider not to fit Ey together with the other parameters from the data,
but instead to use a fixed Ej value determined from external measurements. In other words,
knowing the E precisely enough would help to check the systematic uncertainties of KA-
TRIN: any significant difference would point to unaccounted systematic errors. There is
a direct relation between endpoint energy Ey (and thus the Q value of the tritium decayl)
and the mass difference AM = M(T) — M(®He) of neutral parent and daughter atoms. This
fact is illustrated in Fig. 3.3. The most recent determination [Nag0§] of the mass difference
AM(T,? He) is based on high precision mass spectrometry utilizing the Penning trap. From
this measurement the value of the endpoint energy of molecular tritium follows as

Eo(Ty) = 18571.8(12) eV . (3.10)

Unfortunately, the uncertainty of 1.2eV is not sufficient for the purpose of KATRIN. Fu-
ture measurements are anticipated to improve this uncertainty by one order of magnitude
[BIaI(]. Such a precision would still be insufficient for including the external value of E, as
a fixed parameter in the analysis, on the other hand, a comparison of the fitted Ey with the
external value will be a significant check of systematic effects.

T+T

/

Ey(T) = 4.59 eV

T, /

QM)

AM(*He,T) = 18589.8 + 1.2 eV

T
Q) YT+He +e

E,CHeT") =1.90 eV E_(He) = 24.6 eV

CHeTy +e ¥/ E,.(T) = 13.60 eV
*He + T\1 \

Fig. 3.3: The level diagram illustrating the relation between the mass difference AM(*He, T) mea-
sured by cyclotron resonance in a Penning trap [Nag0d] and the Q values of molecular and atomic
tritium decay. The figure is taken from [Dtt0g].

At this point it shall be discussed what physical quantity is actually of our concern with
respect to the HV scale stability. In a simplified overview of the various HV levels
applied in the KATRIN experimental setup is presented. The measurement procedure of
the tritium B-spectrum can be summarized in the following way [KAT04, [[hu07, [[huTl]):

e The scanning of the B-spectrum is performed by varying the potential difference be-
tween the windowless gaseous tritium source (WGTS) and the main spectrometer.
The HV applied to the main spectrometer (marked as (d) in Fig. 3.4) will be fixed and
actively stabilized (level of 20 mV) to the value U,n, which will be close to —18.6 kV.

1Using the notation defined in one can write Q = E + Eiot v + Erec + Vj = Eq + Erec.
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3. Stability monitoring and calibration...

However, it will be possible to apply up to —35kV on the main spectrometer vessel.
This approach is convenient with respect to technical difficulties connected with huge
dimensions of the main spectrometer vessel. The stability of the U,na voltage is crucial
regarding the observable m?(ve).

e Strictly speaking, the B-electrons flying through the main spectrometer will encounter
the HV by about 200 V more negative with respect to Uana. The reason for this is the
presence of the “massless” double-layer wire electrode installed inside the main spec-
trometer vessel for the purpose of the background reduction. Flexible connections of
the HV to the individual electrode modules will allow to produce various HV schemes
(e. g. dipole). However, the stability of this additional voltage shall not represent a ma-
jor technical difficulty and therefore it will be further omitted here.

e The B-electrons created in the WGTS with the starting kinetic energy of about 18.6 keV
will be accelerated (or decelerated) by the voltage Usource Of the order of 1kV. The
variation of this relatively low voltage will result in the actual scanning of the tri-
tium B-spectrum. Direct measurement and active stabilization of Usource at the level
of £20mV is intended. The region where Usource Will be applied is marked as (a) in
and it spans the WGTS together with the differential pumping section.

* The cryogenic pumping section (marked as (b) in Fig. 3.4) will be kept at ground po-
tential.

* The pre-spectrometer ((c) in Fig. 3.4) will pre-filter the electrons of kinetic energies
below a certain value. The stability of the retarding potential in the pre-spectrometer
is not crucial regarding the neutrino mass. On the other hand, the adiabatic motion of
electrons within the pre-spectrometer and low background are of concern here.

e The electrons passing the retarding potential of the main spectrometer will be focused
onto the detector ((e) in Fig. 3.4). Here the post-acceleration of the electrons by up
to +25kV takes place prior to their impact on the detector. This measure reduces
the backscatter effects of the electrons and lowers the intrinsic detector background.
However, the stability of this HV is not critical.

e Lastly, the fixed HV U,n, will also be connected to the monitor spectrometer, noted as
(f) in Fig. 3.4 This spectrometer is intended as a “direct high precision meter” of Uana
and it represents the main part of the HV scale monitoring concept described below
in Pect. 3.7
To summarize the considerations, the p-electrons will be analyzed according to the “effec-
tive” potential difference AU,g between Uana and Usource. However, the situation is compli-
cated by several effects occurring in the WGTS and in the main spectrometer:

AUes(t) = (Uana(t) + Uinhom. + Pspec(t) ) = (Usource (£) + 6Uspace charge (1) + Prource(t) )

(3.11)
Here the time dependence of the individual terms was expressed. Firstly, the inhomo-
geneities 60U pom. Of the retarding potential in the main spectrometer have to be investi-
gated with the help of a suitable calibration source. For this purpose the angular-resolved
electron gun is intended [HugI(]. However, such inhomogeneities can be corrected by the
flexible schemes of the voltages attached to the wire electrode modules and their stability
in time does not represent an issue as this voltage is of the order of 200 V. Further, the work
function ¢spec(t) of the main spectrometer plays an important role. Its stability has to be
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(@ O

Fig. 3.4: The schematic overview of the KATRIN experimental setup from the point of view of the HV
stability requirements. To the WGTS and DPS sections marked (a) the voltage of Usource Of the order
of 1kV will be applied. The CPS section (b) will be kept at ground potential. The pre-spectrometer
denoted (c) will be set to HV about 300V “below” the tritium endpoint Ej in order to pre-filter the
B-spectrum. The HV applied to the main spectrometer (d) will be simultaneously applied to the
monitor spectrometer (f) as well, this fact is represented by the red line. In the detector region (e) the
post-acceleration of electrons will take place.

ensured and this should be achievable with the help of the sophisticated vacuum system of
the main spectrometer [[Aol09] that keeps the base pressure in the main spectrometer ves-
sel below 10~ mbar. Similarly, the work function ¢source(t) of the rear wall of the tritium
source [Nas0g] is of main concern. Any unrecognized change of ¢spec(t) and Psource(t) has
to be prevented. Finally, the charging of the WGTS due to remaining ions, mentioned in
Bect. 2.4, may affect the electron kinetic energy and the stability of dUgpace charge (t) has to be
monitored.

3.2. Concept of monitoring of the KATRIN energy scale
stability

Previous emphasized the necessity of continuous monitoring of the HV scale sta-
bility at the level of £60 meV per one tritium run at 18.6 keV. The schematic overview of the
concept of monitoring the HV scale stability in KATRIN is depicted in and can be

summarized as follows [KAT04, [huTll:

e A commercial HV power supply, marked in as “HV PS #1”, will deliver the
HYV of value U to the main spectrometer vessel including the vacuum pumps and
various sensors. The ripple of the AC noise will amount to about 50 mV peak-to-peak.
Post-regulation circuit will accomplish an active stabilization of the HV.

e Another commercial HV power supply “HV PS #2” featuring very high stability and
very low ripple of the AC noise (20mV peak-to-peak) will produce HV of value U,
which will be fed to a) the HV distribution unit where surplus voltages to individual
modules of the “massless” wire electrode will be created, b) the high precision HV di-
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3. Stability monitoring and calibration...

vider, and c) the electrodes of the monitor spectrometer placed in a separate building.

* In the HV distribution unit in total 46 individual voltages Uyire e, ; Will be created
with the AC noise of 10mV peak-to-peak and applied to the wire electrode modules
inside the main spectrometer. The central part of the wire electrode system defines
the retarding potential of the MAC-E filter. Moreover, the double-layer wire electrode
causes a screening offset of the applied HV.

e The high precision HV divider will divide the HV of U, down to a low voltage in the
20V range which can be easily measured with the help of the commercial digital volt-
meter. This way the direct measurement of the retarding HV is accomplished. Both
the HV divider and the digital voltmeter are regularly calibrated and the calibration
procedure can be traced back to the PTB standards.

* The main beam line will be regularly calibrated via adding suitable gaseous source
(“calibration source #1” in Fig. 3.5) of well defined electrons as an admixture to the
WGTS.

* Another well defined electron source (“calibration source #2” in Fig. 3.5) will be at-
tached to the cryogenic pumping section in the main beam line and will be regularly
used for the energy calibration. Prior to the whole series of tritium measurement runs,
such a source may be used for detailed studies of the transmission function of the main
spectrometer.

e The third electron spectrometer of the MAC-E filter type, denoted as monitor spec-
trometer, will form the monitor beam line parallel to the main beam line. Its purpose
is to monitor the instabilities of U, ~ —18.6 kV with the precision at the ppm level. The
monitor spectrometer will continuously measure the energy of a well defined sharp
electron line (denoted as “calibration source #3” in [Fig. 3.9). The MAC-E filter of the
former Mainz Neutrino Mass Experiment [Kra03] will be utilized as the monitor spec-
trometer.

The working principle of the HV divider will be briefly described in the coming section.
The candidates for suitable monoenergetic electron sources will be discussed separately in
Bect. 3.3. The calibration source marked as #3, which is intended to be used in the combi-
nation with the monitor spectrometer, is the main subject of this work.

3.2.1. High precision high voltage divider

In the KATRIN experiment the HV divider will be utilized for scaling the HV of about
—19kV down to about —10V. Such a low voltage can be then measured by a commercial
digital voltmeter with high precision. In the framework of the KATRIN project two high
precision HV dividers were developed at the Institute of Nuclear Physics, University of
Miinster, in cooperation with Physikalisch-Technische Bundesanstalt (PTB) Braunschweig.
The HV divider concept was similar to the one used before for producing the PTB standard
divider “MT100” [Mar0]]], although very different types of resistors were used in these two
concepts. The HV divider MT100 allows to perform a HV measurement up to 100 kV with
the ppm-scale precision. The dividers developed within the KATRIN project will be de-
noted as K35 and K65 henceforth.
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3. Stability monitoring and calibration...

The HV divider K35 was built in 2005 and consists of 106 precision resistors of type Bulk
Metal Foil, company Vishay [[hu07, [hu09]. The inner setup comprises four sections sub-
divided by five control electrodes made of polished copper and supported by a set of poly-
oxymethylene rods, see Fig. 3.6. The HV is fed to the top electrode by an appropriate sealed
HV bushing. The whole structure is supported by polyoxymethylene rods on the bottom
flange of the stainless steel vessel. In the four upper sections of the divider, 100 resistors of
the resistance of 1.84 M() are arranged in a helix structure, each section comprises 25 resis-
tors. Every such section is shielded by electrodes creating a smooth potential distribution
at the mounting position of the resistors, in order to reduce leak currents across the insula-
tors and to prevent sparking. The remaining six resistors of the resistance of 140 k() each,
provide two low voltage outputs. Therefore, two groups of three resistors in parallel are
arranged subsequent to the 100 precision resistors. One such group provides the dividing
ratio (also called scale factor) of 3945 : 1, both together provide the dividing ratioof 1972 : 1,
thus allowing precise measurements in the 20 V range, as needed by KATRIN. During the
KATRIN test runs, the input voltages in the range of 7-35kV are expected.

c
<
=
<

i: = — B
-!::;.:.!L

height / cm

radius / cm

Fig. 3.6: The inner view and the electric field map of the HV divider K35. (a) The photograph of
the inner layout of the divider. Five copper electrodes are visible which divide the setup into four
sections, each containing 25 resistors. In the bottom part the voltage output can be recognized. (b)
The electric field map simulated for the actual configuration of the HV divider. The figure is taken

from [[Thu07].

The resistors are specified for voltages up to 600V and according to the published specifi-
cations they show the long-term stability of the resistance of =5 x 10~° in one year shelf life
and +2 x 107% in load lifeE. This drift is mainly caused by an ageing effect of the resistor
material and is supposed to decrease with time [[[hu09]. The specified voltage coefficient
of resistance is of the order of 1077 V! and the temperature coefficient of the resistors is of
the order of 10-°K~!. However, under load each resistor shows a characteristic warm-up
deviation of the resistance value, which is strongly correlated to the internal temperature
increase and the temperature coefficient of resistance [[[hu09]. Therefore, the warm-up de-
viation of each resistor was checked and the resistors were chosen from a lot of 200 pieces so

2 After 2000 h operation at a power of 0.1 W and a temperature of 60°C.
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3.3. Candidates for quasi-monoenergetic electron...

that the warm-up deviation of pairs or triplets of neighboring resistors cancels out. More-
over, the temperature inside the divider device is stabilized at 25.0(1)°C.

While the HV divider K35 is designed for HV up to 35kV, the second HV divider K65 built
in 2008 [Bau09] is used for HV measurement up to 65kV. It consists of 170 resistors of the
same type as in the case of K35. However, the resistors of resistance 880 k() were pre-aged
during their production process. This is one of the main improvements of the divider de-
sign with respect to K35. The use of the pre-aged resistors should in principle minimize the
ageing effect of the HV divider, thus delivering even better long-term stability of the divid-
ing ratio M. In general, the long-term dependency of the dividing ratio can be described
as exponential [[[hu07] which—after sufficient time has passed from the divider production
date—can be simplified to a linear function

M(t) =M (1+ 221, (3.12)

where the long-term drift m is typically of the order of 0.1 ppm month ! for a high precision
device.

Both HV dividers were extensively tested and calibrated against the PTB standard HV di-
vider MT100 and also against each other. The fact that two such devices are available for
KATRIN is of great importance with respect to their mutual cross-checks and overall re-
dundancy. The dividers K35 and K65 were also recently utilized as the HV reference for
calibration of the HV installation at the ISOLDE facility at CERN [KriL]]].

3.3. Candidates for quasi-monoenergetic electron sources for

KATRIN

High order of redundancy in the concept of monitoring of the HV scale stability in KATRIN
can be achieved by relying not only on the state-of-the-art electronics, but also on the natural
standards of the atomic and nuclear physics. It should be noted that on the contrary to
e.g. gamma spectroscopy, where various gamma ray standards [Fir9q] are commercially
available, the situation in the electron spectroscopy is much less favorable. There exists no
commercial standard of electron source with the stability required by KATRIN (cf. Eq. 3.9).

This section introduces two main candidates for the source which could be utilized as the
standard source at the monitor spectrometer. Firstly, the 2! Am/Co source of photoelec-
trons will be discussed. Then the 8™Kr source of conversion electrons will be introduced.
The third possible candidate for monoenergetic electron source, the Cd source of Auger
electrons will not be discussed here. The reader is kindly referred to [KAT04] for the de-
scription of this source.
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3.3.1. Photoelectrons from 24 Am/Co

Precise energy calibration of electron spectrometers at energies up to several keV is often
performed by means of photoelectrons induced by X-rays. However, increasing the natural
width of exciting X-radiation from heavier elements decreases the accuracy of this method
at higher electron energies [KAT04]. A sharp electron source with an energy very close to
the endpoint energy of the tritium B-spectrum can be based on the photoelectrons ejected by
gamma ray photons of 2! Am from a thin foil of metallic cobalt. The kinetic energy Ey, (i)
of the photoelectrons ejected from a given atomic shell i, measured by the spectrometer, can
be determined as

Exin(i) = Ey — EGa™ (i) — Erec,e (1) — Pspec, (3.13)
where
E, is the gamma ray energy,

Efermi(i)  is the electron binding energy of the shell i related to the Fermi level,

Erec,o(i)  is the energy of the recoil atom after photoelectron emission, and

Pspec is the work function of the retarding electrode of the electron spectrometer
measuring the electrons.

The balance of the individual terms is illustrated in (where the recoil energy was
neglected). The electron binding energy is related to the Fermi level since the photoelectrons
are created in metallic environment which is electrically connected to the ground of the
electron spectrometer. Of particular interest for KATRIN is the combination of the 24! Am
gamma transition of energy E, = 26344.6(2)eV [Hel00] with the photoelectric effect on
the cobalt K shell where the electron binding energy amounts to Eiierfmi (K) =7708.78(2) eV
[Des03]. Thus, in accordance with the kinetic energy of the “K-26" electron line is

Exin (K) + @spec = 18635.7(2) eV, (3.14)

where Ere, .(K) = 0.14eV was taken into account. The value of the work function ¢spec of a
stainless steel electrode is typically 4-5eV.

The features of the ?*! Am/Co photoelectron source can be summarized as follows [KAT04,
Kas0§, PraTld]:
* The energy of the photoelectrons intended for HV scale monitoring, Ey;,(K) ~ 18631 €V,
differs from the tritium endpoint Ey only by about 60 eV. Moreover, the calibration line
lies “above” the tritium endpoint, therefore, it would not be affected by the B-spectrum
if one would consider applying such source in the main spectrometer directly.
e The recoil energy and the natural width of the exciting gamma rays together with its
Doppler broadening at 300K are less than 0.02 eV, i.e. completely negligible for this
purpose.

e The natural width of the atomic K shell of Co, caused by the lifetime of the K hole, is
rather narrow: 1.28 eV.

e The 2*! Am half-life of 432 a is practical for long-term monitoring.

e The 2! Am/Co source may suffer from physical-chemical changes of the binding en-
ergy. Differences of the binding energies of the Co metal component and possible Co
oxides are in the range of 1.9-2.1eV. Photoelectrons corresponding to the metal Co
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Fig. 3.7: The energy diagram for an electrically conducting sample (source of electrons) that is con-
nected with the ground of the electron spectrometer. A scan of the spectrum of emitted electrons is
obtained by varying the voltage U < 0 between the Fermi levels (marked red) of the source and the
spectrometer electrode. In the depicted situation exactly the electrons from the conversion electron
line are transmitted. When U = 0 the Fermi levels of the source and the spectrometer electrode
are aligned, Epermi(source) = Epermi(spec). The bands of conducting electrons are shown in green
whereas the bands of valence electrons are denoted blue. The notion of spectrometer work function
Pspec denotes, more precisely, the work function of the retardation electrode. The work functions
difference ¢spec — Psource which is introduced via Egierfmi = EJIY — ¢source, Can be positive or nega-
tive. In the diagram the terms of recoil energy were omitted. For the sake of simplicity, the dip of the
retarding potential across the analyzing plane of the spectrometer (see below) is also not
vac

drawn. The same holds for the shift of the electron binding energy E;2¢ resulting from the surface

or solid state effects (see below). The figure is based on [Rat09].

49



3. Stability monitoring and calibration...

component originate with higher kinetic energy than the ones corresponding to Co
oxide states. The differences are both well described and observable in the monitor
spectrometer. Moreover, the effect may be suppressed by cleaning the Co foil with the
help of ion etching.

The electron source based on such principle of the 2! Am/Co convertor is very promising
regarding the long-term monitoring of the HV scale (time scale of two or more months) as
the metallic convertor is expected to be physically and chemically stable. The source was
tested in 2005 at Mainz MAC-E filter spectrometer [Kas0§, Draild]. The main drawback
of the source was found to be a rather low count rate (of the order of 10 countss~!) of the
zero-energy-loss electrons coming from the source. Moreover, the high energy X-rays and
gamma rays produced considerable background upon which the useful electron line was
superimposed. The stability of the source was not studied in detail.

3.3.2. Conversion electrons from 83mMKr

An electron source based on the internal conversion in 8™Kr was already used in the past
for the calibration purposes in Mainz Neutrino Mass Experiment [Pic928] and other experi-
ments [Rob91], Bel0g]. Similarly to the 2! Am/Co source, the initial energy is available upon
the gamma transition. However, in the source based on 83™Kr the process of internal con-
version is utilized. The process of internal conversion was described above in Bect. 1.2.

The 83™Kr source will be applied in KATRIN in three different physical states: as a gas, as
a condensed film of the sub-monolayer thickness and as a solid source. Regardless of the
physical state of the given source, the parent isotope 8*Rb with the half-life of 86.2(1) d [Fir94]
will be exploited, since 8Rb decays via electron capture to 8™mKr. Thus, #Rb conveniently
serves as a generator of the short-lived isomeric state ™Kr with the half-life of 1.83 h [Fir9q].

The decay schemes of #Rb and 83™Kr are depicted in [Fig. 3.§. About 77.9 % of 8*Rb decays

to the metastable state of ™Kr of energy 41.5keV and nuclear spin of I = 3 . This state

decays further to the short-lived state (147 ns) of energy 9.4 keV and spin of I = %+. Lastly,
the stable state has the spin of I = %Jr. The conversion electrons produced in electromag-
netic transitions from the krypton nuclear levels above the isomeric state are not usable for
our purpose due to high energies [Fen09]. However, the isomeric state decays via a cascade
of suitable low energy transitions of 32.2 and 9.4 keV possessing high intensity of conversion
electrons. The first transition (32.2keV) with the multipolarity E3 is especially highly con-
verted: the total internal conversion coefficient (ICC, cf. Eq. 1.23) amounts to ayr = 2010
[Ros7g]. The second transition of 9.4keV energy is practically a pure M1 transition (the
amount of the E2 multipolarity admixture is given by the mixing parameter 6 = 0.013 0(8))
and the total ICC amounts to aor = 17 [Ros7g].

In the case of gaseous #3™Kr, the kinetic energy of an electron emitted from atomic shell i,
measured by the spectrometer, reads (cf. Fig. 3.7)

El%fr?(l) = E’Y + EI‘GC, Y EI‘GC/ e(i) - Eﬁ/ﬁf(gasf Z) - (‘Pspec - (Psource) - C/ (315)

where
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Fig. 3.8: The decay schemes of 83RDb (left scheme) and $3™Kr (right scheme). The decay of 83mKy is
visible also in the bottom part of the decay scheme of 83Rb but for the sake of clarity it is plotted
separately. The 83Rb (half-life 86.2 d) decays by the pure electron capture with the branching ratio of
77.9 % into the short-lived isomeric state 8™Kr (1.83h). Detail on the right side shows its 32.2keV
(intensity 0.035 8(45) %, multipolarity E3) and 9.4 keV (5.86(134) %, M1+E2) gamma transitions. The
schemes are taken from [Fir9q].

E, is the gamma ray energy,

Erec, ¢ is the energy of the recoil atom after gamma ray emission and is equal
to 0.007 and 0.002 eV for the E3 and M1 transitions, respectively,

Erec, (i) is the energy of the recoil atom after emission of the conversion electron

from shell 4,

EY*(gas, i) isthe electron binding energy of the shell i (related to the vacuum level)
of the free atom,

Pspec is the work function of the spectrometer electrode,
Psource is the work function of the source, and
C is an additional term accounting for possible space and surface charges

within the gaseous source.

The electron binding energies of krypton in gaseous form are tabulated in [App. Al. The
gamma ray energy E., of the aforementioned 9.4 and 32.2keV transitions was determined
by high precision gamma ray spectroscopy with semiconductor detectors. In [Ven0d] the cal-
ibration method of closely spaced lines in the gamma spectrum was used. The soft gamma
ray lines with the energies of 26 and 33 keV of 2! Am were utilized (their energy is known
with the precision of 0.2 and 0.1eV, respectively) and the energy E, = E,(32) of the E3
transition in 3™Kr was determined as

E,(32) =32151.7(5)eV. (3.16)
Similarly, in [FleT]]] the energy E, = E,(9.4) of the M1 transition was measured as

E,(9.4) = 9405.8(4)eV. (3.17)
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The values stated in Eq. 3.1 and Eq. 3.17, representing the most recent values, were found
to be in a very good agreement with the values 32 151.5(11) eV and 9405.9(8) eV published in
[Pic928]. There the values were obtained from the analysis of the 3™Kr conversion electron
spectrum measured at Mainz MAC-E filter with the 8™Kr atoms condensed onto cooled
copper substrate. A similar analysis was carried out in [[Dst0g] where the 8™Kr was con-
densed onto cooled highly ordered pyrolytic graphite and the values of 32151.74(35) eV
and 9404.71(35) eV were determined. While the E3 transition energy values are in an over-
all agreement, there is a certain discrepancy concerning the M1 transition values. This issue
will be addressed later in this work. In addition, the values in and agree
well with the previous measurements carried out with semiconductor detectors. Similarly
to the 2! Am/Co source, the most interesting conversion electron line of ¥™Kr regarding
the application in KATRIN is the conversion on the K shell. The precision of the electron
binding energy of this core shell was increased in the recent reevaluation [Dra04] and the
value of EJ2¢(K) reads

Eyie(K) = 14327.26(4) eV, (3.18)

which, combined with Eq. 3.15 and Eq. 3.1§, gives the kinetic energy of the “K-32” electron
as

EZ*(K) + (¢spec — Psource) = 17824.3(5) eV . (3.19)

Here the values Ee, , = 0.007eV and Ere, .(K) = 0.12eV were taken into account while
other effects were omitted via taking C = 0. In the same way the kinetic energies of the
other electron lines of the ™Kr conversion spectrum were calculated, using the EY2¢(i)
values stated in [App. A. The following quantities are summarized in [[ab. 3.1):

e recoil atom energy Erec, (i),

e kinetic energy E> (i) of the electron line, calculated according to while the
difference of the work functions was omitted, i. e. Pspec = Psource,

e intensity (i) of the electron line in % per 8*Rb decay, based on the interpolation of the

ICC values tabulated in [Ros7g],
e the Lorentzian width I'(7) of the electron line as recommended in [Cam07]],

o the width T'(i) of the electron line as measured at Mainz MAC-E filter with the 83™Kr
condensed onto cooled copper [Pic92H] and highly ordered pyrolytic graphite [Ost0g]

substrate, and

e the instrumental energy resolution AE of Mainz spectrometer used in this work (as
well as in [Dst0g]) for measuring the given conversion line .

3From [Eq.2.13 in Bect. 2.7 it follows that the energy resolution of the MAC-E filter increases linearly with the
starting energy of the electron. The ratio of maximal and minimal magnetic field strengths is kept constant.
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Tab. 3.1: The overview of the conversion electron lines of 83™MKr.

Electron Atom rec. Kinetic Intensity Lorentzian line width I'(7) Instr.
level and energy energy I(i) [%] per recomm. exp. (cond. Kr) resol.
notation Erec,e(i) EY (i)  ®*Rbdecay [Cam0d] [Pic92H] [Ostod] AE
< transition M1 9405.8(4) 5.86(134)
251, Ly 0.05 7481.2(9) 70.32 3.75 5.30(4)  3.72(19) 0.4
2p12 Lo 0.05 7673.8(4) 791 1.25 1.84(5)  1.29(14) 0.4
2p3;n L3 0.05 7726.5(4) 5.07 1.19 1.40(2)  1.58(16) 0.4
3s12 M 0.06 9113.0(5) 11.60 3.5 427(5)  3.123(4) 0.5
3p12 Mz 0.06 9183.5(4) 1.30 1.6 1.99(32) 0.63(39) 0.5
3ps;2 M 0.06 9191.3(4) 0.98 1.1 1.66(8)  1.1(4) 0.5
451, Ny 0.06 9378.2(4) 1.43 0.4 0.19(4) 0.288(93) 0.5
4p1, N 0.06 9391.1(4) 0.12 0.03% - 0b 0.5
4ps;n N3 0.06 9391.7(4) 0.09 0.03? - 0P 0.5
< transition E3 32151.7(5)  0.0358(45)
1s1,, K 0.12 17824.3(5) 17.07 2.71 2.83(12) 2.70(6) 0.9
2510 Ly 0.20 30226.9(9) 1.13 3.75 - - 1.6
2p12 Lo 0.20 30419.6(5) 17.61 1.25 1.84(5) 1.165(69) 1.6
2p3;n L3 0.21 30472.3(5) 27.42 1.19 1.40(2)  1.108(13) 1.6
351,20 M 0.21 31858.8(6) 0.19 3.5 - - 1.6
3pi2 Mz 0.21 31929.3(5) 2.99 1.6 1.99(32) 1.230(61) 1.6
3ps;; Ms 0.21 31937.0(5) 4.65 1.1 1.66(8)  1.322(18) 1.6
3di;, My 0.21 32056.5(5) 4.69 0.07 - - 1.7
3d3;,  Ms 0.21 32057.7(5) 6.59 0.072 - - 1.7
451, Ny 0.21 32124.0(5) 0.02 0.4 0.194) 04 1.7
4 N: 0.21 32136.8(5) 0.27 0.03% 1.7
Pz 2 ©) 0.59(4)¢  0.608(13)¢
4p3;n N3 0.21 32137.5(5) 0.41 0.03° 1.7

All the values of energy, line width and instrumental resolution are stated in eV. The energies of the
M1 and E3 gamma transitions were taken from [Ven0d] and [BleT]]], respectively. The intensities of
the gamma transitions per Rb decay are based on [Vai7q] and [Wu0T]. The electron kinetic energies
are stated for gaseous krypton (cf. Eq.3.15) for ¢spec = ¢source, using the gamma transitions energies
shown in the table and the binding energies summarized in [App. A. The intensities of the electron
lines per 8*Rb decay were determined using interpolated internal conversion coefficients tabulated
in [Ros7g]. The experimental line widths were obtained from measurements with the condensed
83mKy at Mainz MAC-E filter. In the last column the energy resolution is noted for the settings of
Mainz spectrometer which was typically used in this work. Remarks: a from Table I of [Cam01] (not
stated as “recommended”) and [Aks77]]. b natural line width fixed to 0 in the analysis. c the lines N,
and N3-32 were analyzed as a single line N, ,3-32.




3. Stability monitoring and calibration...

At this point the individual types of the source based on the 83™Kr conversion electrons shall
be discussed and compared.

Gaseous 33™Kr source

The gaseous 33™Kr source is denoted as “calibration source #1” in [Fig. 3.5. It is intended
to be used directly in the WGTS as an admixture to the tritium gas. This way the distribu-
tion of space charge within the WGTS can be studied. Such effect would be observed as
broadening of the conversion electron lines [Bel0§]. For instance, the natural width of the
valence electron line N-32 is practically zero and thus any broadening of the line shape can
reveal systematic effects. In addition, the 8™Kr gas will provide the absolute calibration of
the energy scale in KATRIN: this type of source is especially convenient for such purpose,
while in the cases of the condensed and solid sources the electron binding energies are af-
fected by surface and solid state effects. The conversion electron lines L1-9.4 (~ 7.5keV),
K-32 (~ 17.8keV) and L3-32 (~ 30.4 keV) are of particular interest as they profit from high
statistics. Any contamination of the KATRIN main beam line can be excluded as the 33™Kr
isotope is short-lived and the parent isotope #3Rb can be safely separated from the WGTS
setup with the help of cold traps. Rather high activity of 83Rb of the order of 1 GBq will be
necessary for KATRIN. An open radioactive source based on 83Rb trapped in zeolite beads
[Ven03] seems very well suitable for this task. High activity of 8Rb can be absorbed in a
small amount of zeolite beads which ensure a nearly complete release of 83™Kr but prevent
any release of 8Rb. In order to avoid freeze-out of the krypton, the temperature of the
WGTS has to be increased from the working value of about 30 K (tritium measurement) up
to about 120-150 K.

Condensed 83™Kr source

The concept of condensed 8™Kr source (CKrS) dates back to the Mainz Neutrino Mass Ex-
periment [Pic92H, Kra0q] where it was used as the calibration source before and after each
tritium run. Moreover, the CKrS was used very successfully for various systematic investi-
gations [Pic9q, F1e92, Bor03]. The 8Rb atoms were ion-implanted into a copper or Kapton
sheet which was kept in a separate vacuum vessel. The gaseous 3*™Kr emanated from the
copper sheet and it was led to condense on a helium cooled copper or highly ordered py-
rolytic graphite (HOPG) substrate. The surface of the substrate was kept clean via resistive
heating and the source region was shielded by cold cylindrical baffles against heat radia-
tion and condensation of residual gas from the spectrometer vacuum. The process was con-
trolled in such a way that only the sub-monolayer amount of 83™Kr atoms was condensed
onto the clean surface. The cleanliness of the substrate and thickness of the ™K film was
monitored with the help of laser ellipsometry.

In [Dst0g] the concept of the CKrS was further improved and automatized. The schematic
view of the CKrS setup is shown in Fig. 3.9. In Fig. 3.17 the simplified model of the sub-
strate conditions is illustrated. The laser ablation was introduced as another method of
substrate cleaning. A NdYAG laser system anneals the HOPG substrate and thus provide
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3.3. Candidates for quasi-monoenergetic electron...

reproducible substrate conditions before each film preparation. As the electron emission
rate is governed by the short half-life of 83™Kr of ~ 2h, the 83™Kr was let to continuously
condense on the substrate during the measurement. Overall, the control of the 3™Kr film
properties was improved. In 20062007 the long-term energy stability of the conversion
lines of CKrS was extensively tested at Mainz MAC-E filter [Ost0g]. The high precision HV
divider K35 was exploited as the HV reference. It was shown that the CKrS concept provides
conversion electrons with the energy stability on the level of ppm month 1.

coldhead
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. inlet
. capillary I system
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for Ellipsometry
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Fig. 3.9: The schematic view of the experimental setup of the condensed 8™Kr source. From the gas
inlet system, depicted on right, the 8™Kr gas is transported via capillary and is let to condense on the
substrate (black spot on the left side). The laser beam, coming either from the ellipsometry He-Ne
laser or from the ablation laser, is shown on the left side. The figure is taken from [[[hu07].

In the condensed 8™Kr source (CKrS) was marked as “calibration source #2”. The
CKrS setup will be attached to the cryogenic pumping section in the KATRIN main beam
line and it will serve as the calibration source for monitoring the HV scale between the
individual tritium runs. The features of the CKrS can be listed as follows:

e Thanks to the laser annealing of the substrate, reproducible conditions can be repeat-
edly prepared before the 8™Kr atoms are condensed. The concept of the source re-
quires high reproducibility of the cleaning procedure of the substrate.

e The emission of the conversion electrons is isotropic into the forward 27t space.

* High electron count rate of the order of 10? counts s~! or more can be reached, limited
practically by the amount of parent 83Rb and losses during the #™Kr gas transport
to the substrate. In any case the amount of condensed 3™Kr corresponds to a sub-
monolayer coverage of the substrate.

e It was shown in [Dst0g] that the CKrS can operate for about one week without any
cleaning of the HOPG substrate. After this time period, however, the stability of the
conversion line energy was hindered by the rest gas adsorption and it was necessary
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® 83Ky

® residual gas

Fig. 3.10: The schematic view of the CKrS substrate illustrating the surface conditions. A small
amount of residual gas atoms is depicted on the surface as it is virtually impossible to achieve a
perfectly clean surface. However, the substrate contamination is minimized with the help of the
laser annealing technique. The arrows denoted the electrons emitted into the space of 471. The star
denotes a backscattering event inside the substrate which leads to the loss of a certain portion of
the starting energy of the electron. This way the electron falls out of the elastic peak (“zero-energy-
loss peak”) in the electron spectrum and is not useful for the calibration. In addition, the scattered
electron may also fall out of the accepted solid angle A(), as usually AQ) < 27.

to clean the substrate and prepare a new source.

e The automatized maintenance of the setup is relatively easy, on the other hand, ul-
trahigh vacuum of 107!Y mbar or better is required in the vicinity of the substrate.
Moreover, a highly sophisticated setup of the gas purification, gas inlet and overall
source positioning is required.

* There is no danger of contamination regarding this source. Any possible release of
83mKy from the substrate is harmless thanks to the short half-life. Furthermore, the
long-lived 8Rb is kept separated from the source vacuum section. Thus, it is possible
to place the CKrS in the mean beam line of the KATRIN experiment without the worry
of contaminating the main spectrometer.

It should be noted that the kinetic energy of the conversion electron is influenced by the
condensation of the 83™Kr atom on the cold substrate. Original is changed to

Eli?r?d(i) = Ey + Erec,y — Erec, e(i) — ( ;),iarf(gasl i) — AEl‘J’iarf(cond, ’)) - <‘P8pec - ‘Psource) ’

(3.20)
where by the use of the notation “gas” in E}7°(gas, i) it is emphasized that this binding
energy is valid for the free atom. The term AEY2°(cond, i) accounts for the change of the
electron binding energy due to the image charge [Dst0§]. As AEY2(cond, i) > 0, the electron
binding energy of the condensed atom is lower than of the free atom. In [Dst0§] the constant
correction AEY?(cond, i) = AEY2(cond) = 1.74(23)eV was used for all krypton atomic
shells. As mentioned above, in [Dst0] the values of 32151.74(35) eV and 9404.71(35) eV

were determined for the energy of the E3 and M1 transitions, respectively.
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3.3. Candidates for quasi-monoenergetic electron...

Solid 8Rb/**™Kr source

In order to avoid the repeated condensation of 83™Kr which is necessary for the operation
of the CKrS source, the solid type of 8™Kr source was introduced in the framework of the
KATRIN experiment. The concept is based on the fact that the “83Rb-generator” of ™Kr
lies directly in the source itself. Thus, the count rate of such source is driven by the half-life
of 8Rb. The solid type of source is denoted as #Rb/#™Kr henceforth. In the 8Rb/8™Kr
source an extremely small amount, corresponding to a sub-monolayer quantity, of radioac-
tive material is placed onto or into suitable backing. Changes of the electron binding energy
are to be expected due to surface and solid state effects.

The solid 3Rb/%™Kr source is highlighted as “calibration source #3” in and its
intended application is to serve a as calibration source of stable conversion electron lines in
combination with the monitor spectrometer. This type of source is the subject of this work
and is thoroughly discussed in coming [Chap. 4. In [[ab. 3.7 the three types of 3™Kr source
are briefly compared.

Tab. 3.2: The comparison of the three types of the calibration source based on the 83™Kr conversion
electrons.

type of source

gaseous

condensed

solid

source
tion

produc-

~ 1GBq of 83RDb,
probably absorbed
in zeolite beads

~ 5MBq of ®Rb,
then repeated clean-
ing 83mKy
condensation onto
cooled substrate

and

~ 5MBq of ®Rb
placed onto or into
solid

simple, but open ra-

kinetic energy for
different sources

tion

source handling | high radioactivity complicated setup dioactive source
expected  elec-
tron count rate | . 4 103 e 1314
in the K-32 line | ~ '° ~ 10 ~ 1010
[countss™1]
stability Of, the stable on the level of .
electron  kinetic 1 . | to be proved (this
energy of one stable ppmmonth™, veri- work)

ied in [Ost08
source fied in [Dst0d]
reproducibility achieved in [Dst08]
of the electron reproducible thanks to laser abla- to be proved (this

work)

vacuum require-
ments

compatibility ~with
WGTS

UHV of 10~ mbar
(or better) necessary

to be investigated
(this work)
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4. Solid 83Rb/83™MKr electron sources
for KATRIN

In the metastable 8™Kr was introduced as a promising source of conversion elec-
trons with sharp and well defined kinetic energies. Of main interest is the internal conver-
sion on the K shell which results in the K-32 electron line (cf. Eq. 3.19) with the energy of
~ 17.8keV, by only 0.8 keV lower than the endpoint energy E of the tritium S-spectrum.
In the KATRIN experiment the 83™Kr source will be utilized in the form of a) gas, b) atoms
condensed on a clean surface and c) atoms adsorbed on or implanted in solid. The option
(c) will be discussed in this chapter. The concept of the solid source is actually simple: the
parent isotope ®°Rb is directly placed onto or into the source substrate itself where it gen-
erates the metastable ™Kr which emits the useful conversion electron lines. It should be
noted already now that the solid 83Rb /#™Kr source is not intended as a calibration source
in the sense of absolute calibration of the high voltage (HV) scale of the KATRIN spectrom-
eters: due to surface and/or solid state effects, affecting the electron binding energy, the
conversion electron energy may vary from source to source. On the other hand, the source
is intended for continuous monitoring of the HV scale with the ppm precision. Therefore,
the aforementioned effects have to be recognized and controlled.

Firstly, the production and main features of the vacuum-evaporated #*Rb /%™Kr sources are
introduced in Bect. 4.1. This production technique is based on ultra-pure radiochemistry
of trace amount of 3*Rb and its subsequent evaporation onto suitable backing in vacuum.
Secondly, in the ion-implanted sources are described, together with basic notions
of the ion implantation and radiation damage. Here the production technique consists of
implanting the 83Rb ions into suitable substrates. Finally, the effects of surface and solid
state physics, affecting the conversion electrons emitted from the solid sources, are covered
inBect. 4.3. In the course of coming sections the actual samples will also be described, which
were investigated in this work at Mainz MAC-E filter spectrometer.

The non-SI unit of Angstrém, 1A = 0.1 nm, will be used in this chapter due to its historical
use in a number of works, dealing with surface and solid state effects, which are cited here.

Before introducing the production techniques of the solid 83Rb/#™Kr sources, the basic
properties of the elements 3,Kr and 37Rb can be briefly summarized [[Gree84]:

e From their nature (Kr being a noble gas, Rb an alkali metal) it follows that these two
elements are very different concerning their properties and behavior. Krypton has
very weak inter-atomic forces of attraction and consequently very low melting and
boiling point. On the other hand, rubidium is a highly reactive and easily surface-
ionized low density metal igniting spontaneously in air, reacting violently in water
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and in nature it is never found in the elemental form.

e The electron configurations of these two elements differ by one 5s electron, “Rb =
[Kr] 55!, while Kr possesses fully filled s and p electron shells, “Kr = [Ar] 3d'° 452 4p°”.

e For Rb the energetically preferred state of achieving a filled electron shell is to lose
one electron to form a singly charged positive ion, thus Rb easily reacts mainly with
the elements of the groups 17 (halogens) and 16 (chalcogens). Elements of both these
groups are willing to acquire the noble gas configuration this way. Various compounds
of halides (RbX, X = F, Cl, Br, I), oxides (RbO,, Rb,O, Rb,O,, Rb,0O3), chalcogenides
(RbyX, X =S, Se, Te), and their salts are created.

From the properties listed above it follows that rubidium will be always present in the form
of compound in the solid source. However, virtually immediately (within ~ 1075 or
less) after the disappearance of a proton in the 83Rb nucleus during the electron capture the
rearrangement of the electron shells occurs and the atom behaves chemically as Kr [CebT]]].

4.1. Vacuum-evaporated sources

The idea of the solid 3Rb/8™Kr source was introduced in the works [Kov93] (KLL and
LMX Auger spectra from the 8Rb decay) and [Kov93] (conversion electron investigation of
the 9.4 keV transition in 3™Kr) where the electrostatic spectrometer ESA-50 [Bri84] operated
in the JINR Dubna at the vacuum level of 107® mbar was used. Here the radioactive 8Rb
sources (activities of ~ 4.5 MBq) were prepared by means of evaporation in the vacuum of
10~° mbar onto aluminum backing (cleaned in alcohol by ultrasonics). The source evapora-
tion took about one minute at 800°C. The deposits of 8 mm diameter were invisible on the
backing. The shift of about 13-15eV of the electron lines energies was found in both works,
resulting probably from the negative shifts of the electron binding energies in 8™Kr atoms
generated in the solid source. The energy stability of the conversion electron lines was not
tested in detail, however, the stability of the order of 1eV was claimed.

The successful use of the vacuum-evaporated sources in [Kov93, Kov93] led to the system-
atic investigation of the 83Rb/%™Kr sources in the Nuclear Physics Institute ReZ/Prague
with the perspective to use such sources in the KATRIN experiment. The concept of the
vacuum-evaporated source was also appealing due to its compactness and ease of han-
dling. However, being an open radioactive source with the half-life of ~ 86 d, such source
requires certain precaution in handling. The investigation started in 2005 and is described
in [KAT04, [Ven09, [VenI(]. Only the main features of the source production technique will
be mentioned here.

4.1.1. Vacuum evaporation of 33Rb

The production of the 83Rb activity is accomplished on the U-120M cyclotron facility via the
reaction "Kr(p, x n)¥Rb using a water cooled krypton gas target. The pressurized krypton
gas is exposed to the external proton beam for several hours. The mixture of rubidium
isotopes is then washed out of the target chamber by water. The elution efficiency of 8Rb
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from the target amounts to ~ 95 %. After the chemical treatment, the 83Rb water solution is
obtained in purified and concentrated form. For the evaporation of 8Rb in the vacuum of
10~° mbar the commercial modular coating system BAL-TEC MED 020 is used. The water
solution of #Rb, containing several tens of yl, is placed onto the tantalum evaporation boat
and dried. Then the boat is placed in the coating system and is heated to 200°C for about
10 minutes in order to let the impurities to evaporate. During this phase the boat is shielded
by a special mask so that the substrate is kept clean. It was found out that no *Rb evaporates
below 300°C, thus, no 8Rb is lost during this preliminary heating. The evaporation of 8Rb
then follows for 30-60 seconds at 800°C. The efficiency of the vacuum-evaporation amounts
to 5-30 %. Thanks to a suitable mask the evaporated 3*Rb activity forms a circle of area of
~ 1cm?. As a backing, metal (Al) or graphite (foil or HOPG) is used.

Typical 3Rb activity evaporated onto the backing is 5-10 MBq. This amount corresponds to
an average thickness of only ~ 0.5 monolayer of radioactive rubidium. However, according
to its high reactivity, the ¥Rb on the backing is never found in a pure metallic form, rather
in the form of compounds which reflect the chemical environment of the source. In addi-
tion, during the vacuum evaporation procedure and the consequent storage of the source
on air various oxides spontaneously cover the backing, thus creating additional layers on
its surface. This process is inevitablel even in vacuum conditions of 10~ mbar. Thus, in
the application of monitoring the HV scale of KATRIN over several months, the contamina-
tion of the source surface with residual gas is inevitable without cleaning. However, some
cleaning of the source by means of ion etching is excluded as it would remove also the thin
film containing the useful 3*Rb. Besides adsorption, another processes involving desorption
and surface diffusion can possibly occur. The simplified model of the vacuum-evaporated

source is illustrated in Fig. 4.1.

© 8Rb
@ 33mKy

® residual gas

impurity

Fig. 4.1: The schematic view of the vacuum-evaporated 83Rb/3*™Kr source illustrating the surface
conditions. On the contrary to the condensed #™Kr source (cf. [Fig. 3.10), the surface is contaminated
due to the adsorption of residual gases. The residual gas adsorption is approximated by a layer of
thickness a. The arrows represent the conversion electrons emitted into the space of 47r. The star
denotes a backscattering event inside the substrate.

IThe surface area of 1cm? kept on air is covered with a film of residual gas of one monolayer thickness within
~ 1077 s and even in the vacuum of 107! mbar this process takes only about 6 h [Rot9g].
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After the decay, 8Rb atoms convert into chemically inert krypton atoms kept fully or par-
tially in the source solid matrix. With respect to the task of HV scale stability monitoring
the aim is to capture both 3Rb and %™K in a thin film adsorbed on a solid:

* the conversion electrons created in an 8™Kr atom escaped from the source are not
situated in the right place defined for the source position (cf. Fig. 2.3 in Bect. 2.2) and
thus are useless for the energy calibration,

o the escape of the 3™Kr atoms would have to be compensated by a higher 3*Rb activity
of the calibration source,

* a possible release of Rb compounds from the source into the ultrahigh vacuum of
the monitor spectrometer would increase the background in the electron spectra.

The bond of #Rb atoms in the substrate seems to be easily achievable due to its reactivity.
On the other hand, it may be difficult to prevent the spontaneous release of the weakly
interacting noble gas 83™Kr. The capture (also denoted as retention) of #™Kr inside the
source was found to significantly vary from source to source even when the various factors
affecting the process of vacuum evaporation were reproduced.

The reproducibility and stability of the conversion electron energy is determined by the re-
producibility and stability of the source matrix surrounding the 83™Kr atoms. Such a chal-
lenge is complicated by the fact that the vacuum-evaporated 8Rb /83™Kr source does not
represent a well defined macroscopic sample. On the contrary, sub-monolayer of 83Rb corre-
sponds to trace amount of radioactive material exposed to surrounding conditions. Certain
broadening of the conversion electron lines can also be expected in comparison with those
obtained from a free 8™Kr atom.

4.1.2. Samples investigated in this work

Altogether four sources, prepared by vacuum evaporation at the Nuclear Physics Institute
Rez/Prague, were tested at Mainz MAC-E filter. They were denoted as “S X”, where X is the
production number of the given source. In the following properties of the sources
X = 11,13, 28 and 29 are presented:

e the date of production,

¢ the amount of 3Rb [MBq] which was placed into the evaporation boat,
e the element of the substrate onto which the 3°Rb was evaporated,

¢ the distance between the boat and the substrate,

* the efficiency of the evaporation process, determined simply from the comparison of
the 8Rb activities of the boat and the substrate,

o the amount of 8Rb [MBq] which was evaporated onto the substrate,

o the retention of 3™Kr [%], defined as the portion of 8™Kr which was trapped inside
the solid source, and finally

e the amount of 8Rb [MBq] in the source when the measurement of the given source
actually started at Mainz MAC-E filter (reference date is also included).
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It is clearly seen that reducing the distance between the boat and the substrate increased the
efficiency of the evaporation. This enabled to produce strong sources S28 and 529 which
both contained about 5 MBq of 3Rb. However, their retention of 8™Kr (denoted here as
Rk;) was different: Rk, (S28) =19 % and Rk:(S29) = 11 % [Ven09].

After the test measurements at the Institute of Physics, University of Mainz, were finished,
the source S28 was transported back to the Nuclear Physics Institute ReZ/Prague. The
83Rb activity of the source was remeasured on 20.11.2009 and determined as 0.101(4) MBq
[BleTT)]. Thus, it was found out that within 16 months which passed since the production
date, no 8Rb was released from the source. The uncertainty of the 3Rb activity measure-
ments amounted to 4 %. It should be noted that during these 16 months the source S28
was kept for prolonged periods of time (typically of the duration of ~ 1 month) in the vac-
uum setup of Mainz spectrometer (10~12 mbar). The zero release of the 83Rb atoms from the
vacuum-evaporated sources was also reported in [Zbo0d] where the 8Rb activity of several
sources was repeatedly measured (with the precision of 0.2 %) before and after inserting the
sources into vacuum of 10~® mbar.

Furthermore, the 8™Kr retention of the source S28 was remeasured with the help of two
different methods [BleT]]]. Both methods utilized the soft gamma ray lines of #¥™Kr of en-
ergies 9.4 and 32.2keV (cf. Eq. 3.14 and [Eq. 3.17). The results obtained with both methods
agreed well, giving the new value of Rj.(S28) = 26.5(14) %. Clearly, the new value Ry, is
by 7.5 % higher than the value Rk, determined shortly after the source production. It may
be speculated that either the 8™Kr retention of the vacuum-evaporated source changes in
time as the source “ages” or the 8™Kr retention is changed by keeping the source in the ul-
trahigh vacuum conditions of 1019 mbar for prolonged periods of time. Moreover, during
the series of measurements at Mainz spectrometer several abrupt breakdowns of vacuum
(10710 107> mbar or worse) occurred which might affect the vacuum-evaporated source
in some way.

Finally, in [BleTl]] the spatial distribution of 33Rb atoms over the source S28 surface was
studied with the help of the Timepix detector [[Io07]. The Timepix detector is based on the
silicon detector chip with 256 x 256 pixels, each pixel having the dimensions of 55 x 55 ym.
Thus, the total sensitive area is a square with the edge of 14.08 mm. The scan of the 33Rb
activity of the source S 28 is shown in Fig. £.3. It was found that the distribution of 3Rb in the
x-y plane can be represented by a two-dimensional Gaussian distribution with a given width
(FHWM). In the case of the source S 28 the spot of the 8Rb activity was of circular shape of
the diameter 7.3 mm. In it is also seen that the spot with the maximum density of
83Rb atoms is off-centered, which comes probably from a slight geometrical misalignment
during the process of vacuum evaporation. However, this represents no problem for the
utilization of the source.
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Fig. 4.2: The spatial distribution of the 8*Rb activity on the surface of the vacuum-evaporated source
S28. The relative intensity of the recorded signal in each pixel is represented by the color scale. The
red circle denotes the edge of the source holder of inner diameter 11 mm. The figure is based on

[BTeTT])

4.2. Ion-implanted sources

The systematic measurements of the energy stability of the 3™Kr conversion electron lines,
carried out at Mainz MAC-E filter, were started with the vacuum-evaporated sources. In
the course of these measurements, which are reported later in it was realized that
the sources did not really provide well defined stable conditions for the 33™Kr atoms. In
2008 an idea arose, to implant the 8Rb ions into suitable substrates. The idea was based
on the early work [Por7]]] where the ’Co ions were a) deposited at very low energy <
25eV on the substrate surface and b) implanted at the energy of 500 eV into the substrate
lattice. The cleaved surfaces of natural graphite crystals were used as the substrate. The case
(a) corresponded to an “oxide state” where the >’Co ions could not penetrate the graphite
lattice. The case (b) was denoted as a “metallic state” where oxidation could not occur as
the ions penetrated at least one but no more than five atomic planes of graphite. The > Co
(half-life of ~ 272 d) decays by electron capture into >’ Fe which emits electrons of internal
conversion from the 14.4 keV gamma transition. The comparison of the “K-14.4" conversion
electron lines (internal conversion on the K shell) measured in the two chemical states is

shown in Fig. 4.3.
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Fig. 4.3: The K-14.4 internal conversion electron lines at 7.3 keV, showing the chemical shift (change
in the K binding energy). Ions of >’ Co from the electromagnetic isotope separator were allowed to
impinge on natural graphite crystals at energies of 0-25 or 500 eV. The “zero” energy ions cannot
penetrate the graphite lattice and are oxidized on the surface, whereas the ions with the energy of
500 eV penetrate the lattice and remain in a metal-like environment protected from oxidation. The K
shell binding energy differs by about 3.3 eV in these two chemical states, being lower for the 500 eV
ions sample. A more pronounced low energy tail of the line corresponding to the implantation at
500 eV was caused by greater energy losses of the conversion electrons emerging from the backing.
The figure is taken from [Por7]]]. In Bect. 4.3 the effects of the binding energy shift and the electron
energy losses are discussed in detail.

4.2.1. Basic processes of ion implantation

It is beyond the scope of this work to give a complete overview of the implantation tech-
nique. An attempt will be made to cover the following topics:

e The basics of the of ion implantation will be introduced with the help of reviews

[fow7d, Dav80H, Nie83, Dez93, For99l. The interplay of a number of factors affect-

ing the process of ion implantation can be comprehended this way.

* The radiation damage will be briefly discussed as it also influences the final structure
of the system “target + implants”.

Besides nuclear reactions and diffusion, the ion implantation is the main doping technique
with a great versatility: the atoms (which can also be radioactive isotopes) can be implanted
into any host lattice. This way the modification of materials is easily achievable which has
far-reaching applications, ranging from metal finishing (metal surfaces resistant to corrosion
and wear) to production of semiconductors.

The process called ion implantation stands for the phenomenon when the solid is bom-
barded with ions and the ions remain in the solid. The advantage of this process is that
no serious limitations exist for mixing atomic components in the soli<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>