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Zusammenfassung

Die bislang ungeklarte Frage nach der absoluten Massenskala der Neutrinos hat groBe Relevanz fiir die Teilchenphysik,
sowie auch fiir die Kosmologie und die Astrophysik. Eine Moglichkeit zur direkten Neutrinomassenbestimmung bietet
die prézise Vermessung des Tritium--Spektrums. Die Signatur einer endlichen Neutrinomasse ist nur mit hochauf-
l6senden Elektronenspektrometern zugénglich, welche gleichzeitig eine Messung mit sehr geringem Untergrund er-
lauben. Bei dem momentan am Forschungszentrum Karlsruhe im Aufbau befindlichen KATRIN-Experiment, welches
eine Sensitivitdt von m(v,) < 0,2 eV/c? (90% C.L.) anstrebt, kommt hierzu eine Kombination aus zwei elektrostati-
schen Retardierungsspektrometern mit magnetischer adiabatischer Kollimation (, MAC-E-Filter“) zum Einsatz.

In dieser Arbeit wurden verschiedene spektrometerbezogene Untergrundquellen im KATRIN-Experiment sowie Me-
thoden zu ihrer Unterdriickung untersucht. Sekundérelektronen aus den Retardierungselektroden bilden eine wesent-
liche Untergrundkomponente, welche durch eine Innenelektrode aus Dréihten auf negativerem Potential abgeschirmt
werden kann. Im Rahmen dieses Dissertationsprojektes wurde ein komplexes, doppellagiges Drahtelektrodensys-
tem fiir das KATRIN-Hauptspektrometer entworfen und mit Hilfe von detaillierten Computersimulationen optimiert.
Ebenso kénnen Fallen fiir geladene Teilchen, welche im Experimentaufbau an verschiedenen Stellen auftreten, zur
Untergrundrate beitragen. Die Moglichkeit, solche Fallen durch geeignetes Elektrodendesign zu unterdriicken, wurde
in dieser Arbeit am Beispiel des Vorspektrometers untersucht. Auch die Schnittstelle zwischen den beiden KATRIN-
Spektrometern bildet prinzipbedingt eine Penningfalle fiir Elektronen. Ein wesentliches Ziel dieser Arbeit war es, das
System mit einem Testaufbau nachzustellen und die Funktionsweise eines Mechanismus zur periodischen Entleerung
der Falle zu erproben. Hierzu wurde ein periodisch durch das Fallenvolumen bewegter Metalldraht verwendet, welcher
prinzipiell auch fiir einen Einsatz im realen KATRIN-Aufbau geeignet ist. Zur kiinstlichen Fiillung der Falle im Test-
aufbau wurde u.a. eine Kathode aus Edelstahl mit UV-Licht aus einer Leuchtdiode bestrahlt, um Photoelektronen
zu erzeugen. Dabei konnte auch gezeigt werden, dass sich eine solche schnell pulsbare Photoelektronenquelle (mit
Leuchtdiodenpulsbreiten von 7 2 40ns bei Wiederholraten von 1 —10kHz) aufgrund der geringen Breite der gemesse-
nen Elektronen-Energieverteilung (o ~ 0,2 eV) in Verbindung mit Flugzeitmessungen auch zur Charakterisierung der
elektromagnetischen Eigenschaften von MAC-E-Filtern, insbesondere fiir Kalibrationsmessungen des KATRIN-Haupt-
spektrometers, nutzen lieBe. Zusétzlich kann die Winkelverteilung der emittierten Elektronen durch geeignete Wahl
der elektromagnetischen Felder gesteuert werden. Ein Prototyp einer solchen winkelselektiven Photoelektronenquelle
wurde ebenfalls erfolgreich am Mainzer MAC-E-Filter getestet und soll in detaillierten Studien im Hinblick auf eine
Anwendung am KATRIN-Hauptspektrometer weiterentwickelt werden.

Abstract

Despite the impressive progress the field of neutrino physics has seen over the past decade, the absolute scale of neu-
trino masses remains an open question with a large impact on particle physics, astrophysics, and cosmology. One way
of direct neutrino mass determination with a laboratory experiment consists in the precise measurement of the tritium
pB-decay spectrum. The imprint of a non-zero neutrino mass on the spectrum is discernible only with high-resolution
electron spectroscopy methods which at the same time allow to achieve a very low background level. In the upcoming
KATRIN experiment, aiming for a sensitivity of m(v.) < 0.2eV/c? (90% C.L.), two successive electrostatic retardation
filters with magnetic adiabatic collimation (“MAC-E filters”) will be used.

In this work, various spectrometer-related background sources and methods to suppress them were investigated. Sec-
ondary electrons created at the surface of the retardation electrodes form a major source of background in MAC-E
filters. This background component can be suppressed significantly by means of an inner wire electrode at a more
negative electric potential than the one supplied to the solid retardation electrodes. In the course of this disserta-
tion project a complex double-layer wire electrode system for the KATRIN main spectrometer was designed and opti-
mized based on detailed computer simulations. Furthermore, traps for charged particles, which occur in several places
throughout the experimental setup, can contribute to the background rate. The possibility to suppress such traps by a
suitable design of the electrode system was investigated in this work for the example of the KATRIN pre-spectrometer.
Likewise, the interface between pre- and main spectrometer forms an unavoidable Penning trap for electrons. A cen-
tral aim of this thesis was to simulate this system in a mockup experiment and to devise and test a mechanism to
periodically empty the trap. To this end, a metallic wire was scanned through the trapping volume periodically. This
concept was found to be suitable for an application at the real KATRIN setup.

Among other methods, photoelectrons created by irradiating a cathode with UV light from a light emitting diode (LED)
were used as an artifical mechanism to fill the trap. In the course of the measurements, it was also demonstrated that
such a fast-pulsed photoelectron source (LED pulse width 7 > 40ns, repetition rate 1 — 10kHz) with a small measured
energy spread (o ~ 0.2eV) may be used to characterize the electromagnetic properties of MAC-E filters. In particular,
it might serve as a calibration source to be used in a time-of-flight measurement mode at the KATRIN main spectrom-
eter. As an additional feature, angular definition of the photoelectrons can be obtained by a suitable choice of the
electromagnetic field configuration. A prototype of such an angular-selective electron source was successfully tested
in the scope of this work, and studies are under way to further develop the concept in view of a potential application
at the KATRIN main spectrometer.






Experimental science is continually revealing to us new features of natural processes and we are
thus compelled to search for new forms of thought appropriate for their description.

— James Clerk Maxwell
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Everything comes to him who knows how to wait. — Wolfgang Pauli

1 Introduction

Although today neutrinos are well-established in the framework of the Standard Model of elemen-
tary particle physics, essential questions regarding their fundamental properties have remained
unanswered. Attempts to explain some of these characteristics even lead to physics beyond the
Standard Model, and the past years have seen a flourishing research activity both in theoretical
and in experimental neutrino science. The abounding evidence from recent neutrino flavor os-
cillation experiments confirming that neutrinos have non-vanishing masses marks an important
milestone, which provides further motivation for the ongoing hunt for the absolute neutrino mass
scale that has up to now not been uncovered.

This chapter gives an introduction to neutrino physics with a special emphasis on the topic of
neutrino masses, which not only have a natural impact on particle physics but are also closely
linked to modern cosmology and astrophysics. Different methods to determine the absolute neu-
trino mass scale are discussed.

1.1 A brief historical outline of neutrino physics

The beta decay puzzle

The discovery of radioactivity at the end of the 19" century started a wealth of investigations
concerned with the structure of atoms and nuclei. Soon, three types of radiation were distin-
guished, which were classified according to their penetrating power as @, § and y rays. While
a-particles were identified with helium nuclei [Rut08], B-rays were found to be composed of
electrons [Kau02]. Lastly, y-rays were shown [Rutl4] to be electromagnetic radiation with en-
ergies higher than those known from X-rays. Guided by the experimental observation that both
in a- and y-decay particles with discrete energies are ejected from the nucleus, the common ex-
pectation at that time was that such a behavior should also be found in B-radioactivity. Early
experiments on f3-spectroscopy made use of magnetic momentum separation and subsequent
photographic detection (see, for example, [Bael0, Baell]). These studies indeed indicated a dis-
crete energy distribution of -particles, but the results remained inconclusive.

In 1914, J. Chadwick [Chal4] used a new approach, replacing the photographic plate by an ion-
ization counter. In contrast to previous experiments, his measurements! revealed a continuous
[B-spectrum (see figure 1.1).

Chadwick’s experimental findings were met with astonishment and scepticism. Not only was the
observed spread of 3 -energies over such a wide — and continuous — range at odds with the concept
of a “quantized” nucleus with well-defined energy levels, but, more importantly, it seemed to vi-
olate energy and momentum conservation for the radioactive disintegration which was thought

Tn the same work, Chadwick was able to show that the photographic method was misleading because the relative in-
tensity of lines was strongly exaggerated as compared to a continuous contribution and the development process
of the plate had considerable influence on the resulting photographic picture. Chadwick’s spectra actually con-
tained a few sharp lines - much weaker and fewer in number than in the photographic measurements — on top of a
continuous “background”. However, Chadwick concluded that the main component was formed by the continuum
rather than by the discrete lines. See reference [Pai86] for details.
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of as a two-body process. For several years, nuclear physicists were considering the possibility
that the continuous f3-spectra could be due to secondary effects modifying the energies of the
B -particles after they emerged from the nucleus with definite characteristic energies (see, for ex-
ample, [Mei22]), or that maybe the conservation laws might only hold in the statistical limit.

By the end of the 1920s, the long-lasting controversy could finally be considered as settled, when
calorimetric measurements of the mean amount of heat liberated in the -decay of Ra E (?1°Bi),
which were carried out by C. D. Ellis and W. A. Wooster [ElI27] and later confirmed and refined by
L. Meitner and W. Orthmann [Mei30], cleared out any doubts about the continuous shape of the
primary f-spectrum. Still, the fundamental question remained unanswered: How could these
experimental findings be explained?

Eventually, W. Pauli proposed a way out in his famous letter [Pau30] dating from 1930, in which
he postulated 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. The hypothesis that such a neutral particle is emitted in -decay together with
the electron, forming a three-body process, would then indeed allow to understand the puzzling
experimental results.

By 1934, E. Fermi had succeeded in setting up a theoretical description of f-decay including the
new particle [Fer34], which was from then on called the “neutrino” to distinguish it from the much
more massive neutral nucleon, the neutron, that had in the meantime been discovered by Chad-
wick [Cha32]. In contrast to Pauli’s original conception, Fermi did not assume the neutrino and
the electron to be present inside the nucleus prior to the decay. Instead, in his model the two
particles were supposed to be created at the instant of their emission. Modelled on the well-
established theory of electromagnetic interactions, Fermi’s approach proved useful in describing
not only -decay, but also several related processes which are due to the weak force. There-
fore, it has been termed the “universal Fermi interaction”. Despite some modifications, the basic
framework of Fermi’s theory is still valid today in the low-energy limit of the weak interaction. R.
P. Feynman and M. Gell-Mann [Fey58], E. C. G. Sudarshan and R. E. Marshak [Sud58], and J. J.
Sakurai [Sak58] independently proposed to expand Fermi’s vector current (“V”-type) interaction
by adding an axial vector current (“A”-type) contribution. The “V — A” structure chosen for the
description of the weak interaction is not symmetric with respect to spatial reflection (i. e., un-
der the parity transformation). In fact, parity is maximally violated in weak interactions, as was
demonstrated in classic experiments by C. S. Wu et al. [Wu57] and M. Goldhaber et al. [Gol58].



1.1 A brief historical outline of neutrino physics

The experimental search for neutrinos

In spite of Pauli’s conviction that the particle he had introduced would probably never be detected
due to its extremely weak interaction, the hunt for experimental evidence started soon after the
neutrino hypothesis became known. Further indirect hints came from experiments on momen-
tum conservation in 3-decay [Lei36, Cra38, Cra39], where the recoil of the daughter nucleus was
observed together with the emitted electron, for example in pictures taken with a cloud chamber.
Clearly, the emission of a third — “invisible” — partner was required to explain the cases in which
electron and recoiling nucleus were not emitted in exactly opposite directions.? By the end of
the 1940s, the neutrino was generally believed to be “real” due to its usefulness in explaining a
wealth of experimental data. However, what was still missing was a detection of neutrinos sepa-
rately from the process in which they are born, and so, in 1951, E Reines and C. L. Cowan set out
to plan an experiment to “demonstrate the existence of the neutrino in the free state (...) by an
observation at a remote location” [Rei96]. They chose to look for the reaction3

v+p—n+eh, (1.1)

with a large-volume, segmented liquid-scintillator detector and a nuclear reactor as a high-in-
tensity source of antineutrinos. Two reservoirs of target material (CdCl, dissolved in water) were
sandwiched between three tanks filled with liquid scintillator and instrumented with photomul-
tiplier tubes. The strategy to use a delayed coincidence formed by the photons created in the
annihilation of the positron with an electron and the gamma rays emitted upon the capture of
the decay neutron on a Cd nucleus proved essential in overcoming the large background. Nev-
ertheless, it took several years and various improvements of the experimental setup before the
results were sufficient to support a confident claim that, more than 25 years after its “invention”,
the neutrino had finally been detected. Furthermore, Cowan and Reines were able to give a value
[Rei59] for the measured cross section of the reaction (1.1):

o=(11+2.6)-10"*cm? (1.2)

(at E, <8MeV).

Just a few years later, M. Schwartz, L. M. Lederman and J. Steinberger were able to demonstrate
that there is more than only one type of neutrinos [Dan62]. In their experiment they used a proton
accelerator to produce a shower of pions which subsequently decayed into muons and neutrinos:

nt—ut+v, o u V. (1.3)

When interacting with matter, the neutrinos from the reaction (1.3) were found to produce u*, but
not e*, which led to the conclusion that there must be at least two different types of neutrinos:
one (namely v, V) is associated with the production of e¥, the other one (vy,vy) is related to ut.

These two neutrino flavors fitted smoothly into the Standard Model of elementary particle physics,
which emerged in the early 1960s and gradually evolved into the extensive and successful concept
we know today. The Standard Model distinguishes 12 fundamental fermions (quarks and leptons,
see table 1.1) plus their corresponding antiparticles. Bosons (y, W#, Z9, g) mediate the interac-
tions. Quarks and leptons are grouped into doublets which form three families (or generations).
For the quarks this makes six flavors which come in three colors. Their electric charges are i%e

and :I:%e. Until the early 1970s, the quark model only incorporated the four lightest ones (u, d,

2Similar evidence came from experiments detecting nuclear recoil in the electron capture process (see, for example,
[All42]), which was likewise attributed to the emission of a neutrino. For reviews of the experimental evidence for
the existence of neutrinos from recoil studies, see, for example, references [Pon47, Cra48].

3At the time of the experiment, no distinction was made between the neutrino flavors ve, v, and v..
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c, 8), i. e, two families in perfect symmetry to the two known lepton doublets, (ve,e) and (v, u)
(with the neutrinos being electrically neutral and the charged leptons carrying one elementary
charge +e). However, in 1973 M. Kobayashi and T. Maskawa [Kob72] predicted the existence of
a third family of quarks as this yields a mechanism for the generation of CP violation.* Hence, it
seems natural that there should also be a third lepton family. Indeed, the charged component 7
of the missing doublet was discovered in 1975 by M. L. Perl et al. [Per75], but it took 25 more years
until also the partner-neutrino v, was found [Kod01].°

Table 1.1: The 12 fundamental fermions of the Standard Model of elementary particle physics.

quarks | leptons |

1.2 Neutrinos as a probe of physics beyond the Standard
Model

Aside from being electrically neutral, neutrinos are in the Standard Model assumed to have no
electric or magnetic dipole moment (and hence they cannot interact electromagnetically). Fur-
thermore, neutrinos are considered as being massless. Generally, fermions in the Standard Model
acquire mass via Yukawa couplings between 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. Because of the maximum parity violation of the weak interaction, the Stan-
dard Model only includes left- handed neutrinos v; and right-handed antineutrinos vg; therefore,
it is not possible to form a standard fermion mass term.

Over the past decade, evidence for non-vanishing neutrino masses has been collected in a large
number of experiments observing neutrino flavor oscillations.

There are two general prerequisites for neutrinos to be able to change their flavor over a certain
distance of propagation from the point of creation to their detection:

1. Neutrinos mix, i. e, the flavor states |v,) (¢ = e, u, T) are not identical to the eigenstates |v;)
(i =1, 2, 3) of the mass operator M. These two sets of states are connected by a unitary
mixing matrix U according to

Vo) = > Uailvi), (1.4)

D UL va) =D UL va). (1.5)

2. Atleast one of the mass eigenvalues m; associated to the states |v;) is non-zero.

[vi)

4M. Kobayashi and T. Maskawa shared a part of the 2008 Nobel Prize in Physics "for the discovery of the origin of the
broken symmetry which predicts the existence of at least three families of quarks in nature" http://nobelprize.
org/nobel_prizes/physics/laureates/2008/. The b and t quarks were both experimentally discovered at
Fermilab (see [Her77] and [Aba95, Abe95], respectively).

5The question whether there actually exist more than three lepton families can be reduced to determining the num-
ber N, of weakly interacting neutrino flavors. N, (defined as the number of light weakly interacting neutrino fla-
vors satisfying m,, < %) is accessible via precision measurements of the total decay rate I' o of the Z° boson. A
combined analysis of all four experiments at the Large Electron-Positron collider (LEP) yields N, = 2.984 +0.008
[PDGO8], in agreement with the number of lepton families present in the Standard Model.


http://nobelprize.org/nobel_prizes/physics/laureates/2008/
http://nobelprize.org/nobel_prizes/physics/laureates/2008/

1.2 Neutrinos as a probe of physics beyond the Standard Model

In the following, the theoretical framework of neutrino flavor oscillations in vacuum shall be in-
troduced.

A neutrino of flavor state |v,) (@ = e, u, T) is created in a weak interaction process together with
its corresponding charged lepton partner ¢,. This flavor state is not an eigenstate 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 unitary mixing matrix U (compare, e. g., [Zub04]):

U, which forms an analogon to the CKM matrix known in the quark sector of the Standard Model,
is often referred to as the PMNS matrix (acknowledging important contributions by B. Pontecorvo
[Pon67], Z. Maki, M. Nakagawa and S. Sakata [Maké62]). The (n —1)? independent parameters of a
unitary n x n matrix can be expressed by % n(n — 1) mixing angles of an n-dimensional rotation
matrix and by %(n —1)(n —2) phases. For n =3 one thus obtains three mixing angles 0;; and one
phase 6:

( 1 0 0 ) cos 013 0 sinfzei®
U = 0 cosbr; sinfss 0 1 0
\ 0 —sinfh; cosbys ) —sinf3e~ % 0 cosfs

( cosfp, sinbp» 0\
x| —sinf;; cosf, 0 (1.6)

\ 0 0 1 )
Although 6 has up to now not been measured in neutrino oscillation experiments, it is possible
that it introduces a violation of CP symmetry similar to that observed in the quark sector. For

Majorana-type neutrinos (v = v), two additional phases a; » have to be included, and the mixing
matrix (1.6) is modified accordingly:

UMajorana = U diag(1, eial/Z, eia2/2)- (1.7)
a; and a» cannot be detected in neutrino oscillations.

Assuming their mass eigenvalues are different (m; # m; for i # j), the eigenstates |v;) will exhibit
a different time evolution, which follows from applying the Schrédinger equation (using 77 = 1
and c=1):

vi(r)) = e 'Eil ), (1.8)
2 2
m: ms
1 . j— 2 2 I~ _l nd _l :
with E; = /pi+m; ~ p+2p R E+2E for p > m;, (1.9)

Due to these different phase factors, after a time ¢ a formerly pure flavor eigenstate has evolved
into 5)
lv(2)) =Z Ugi e 1Eit |yy) = Z Ui Uy €511 ). (1.10)
i ip

At the distance L from its origin, the neutrino is detected in another weak interaction process,

in which a charged lepton of type ¢ is produced. The probability P(a — f; t) = [(vg|v(t))[? of
finding the neutrino which started in a particular flavor « after a time ¢ in the flavor f is given by

‘Z Uui Up; e ™!
i

= |Uyi US> +2Re Ugi U, U% Ugj e "EimEDE (1.12)
Bi Bj
i

2

Pla— ;1) (1.11)
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For ultra-relativistic neutrinos, the flight time ¢ corresponds to a distance L ~ ¢. Using eq. (1.9)
the following relation can be derived:

2 2 2
m;—m5 J Ami. [
Ei—E)t~n——L . 2= L.Z, 1.13
(Ei = E)) 2 E- 2 E (1.13)

The first term in eq. (1.12) yields a time-averaged transition probability, while the second term
varies periodically with ¢ (or, correspondingly, with L/E). Equation (1.13) shows that this oscil-
lating behavior is possible only if at least one of the mass eigenvalues is non-zero. Since eq. (1.12)
was derived under the premise of neutrino mixing, it implies that the lepton flavor number L, is
not conserved.b

It is instructive (and useful for the analysis of many experimental results) to break down the above
3 x 3 formalism to the 2 x 2 case (i. e., only one mixing angle 6 and no phase required):

Vg cosf sin0 %1
= . . (1.14)
Vg —sinf cosf@ Vs

This gives an oscillation probability of

2
P(a— B)=sin*(20)sin’ (AT %) (1.15)

with Am? := m5 — m#%. The mixing angle 6 defines the amplitude of the oscillation, whereas Am?
determines the oscillation frequency.

It should be noted that, different from the vacuum case discussed above, the propagation of neu-
trinos in matter is affected by elastic, coherent forward scattering. Neutrinos passing regions of
variable electron density can therefore be subject to a resonant enhancement of the transfor-
mation probability. This is generally subsumed under the term “MSW effect”, named after S. P.
Mikheyev, A. Yu. Smirnov [Mik86] and L. Wolfenstein [Wol78]. It is particularly relevant for the
description of solar neutrinos and their flavor oscillations. The associated processes can however
not be treated in detail here.

Experiments searching for neutrino flavor oscillations make use of natural as well as of man-made
neutrino sources:

® Ve/Ve, vu/V, created in collisions of high-energy cosmic rays with nuclei in the Earth’s at-
mosphere: Super-Kamiokande experiment [Fuk98a, Fuk98b, Ash04, Ash05]);

e v, originating in nuclear fusion processes in the Sun’s interior: many radiochemical exper-
iments since the late 1960s (for early results of the pioneering Homestake experiment see
[Dav68, Bah68]), final confirmation of oscillations by the SNO experiment [Ahm02, Ahm04,
Aha07];

e Vv, emitted in B-decays of fission products in nuclear power reactors: e. g, KaimLAND ex-
periment [Ara05];

¢ v, produced by directing a proton beam from a particle accelerator at a target: e. g., K2K
experiment [Ahn06].

Figure 1.2 presents an overview of a wealth of experimental results, covering various oscillation
channels. A combined analysis of present data [PDGO08] yields the following oscillation parame-

6Lepton flavor conservation is not strictly demanded in the framework of the Standard Model, as no corresponding
symmetry principle is known.
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These results indicate that neutrinos have a small, but definitely non-zero rest mass, which means
that the present description of neutrinos in the Standard Model is incomplete. The splittings
between the masses are small, and mj is clearly set off from the more closely spaced pair (m;, m.).
However, the relative ordering of (m;, m,) and m3 remains to be determined.” At present, two
scenarios usually denoted as normal and inverted hierarchy are possible (see figure 1.3). In case
the smallest of the neutrino mass values is larger than about 0.1—0.2eV/c?, the splittings become
negligible and one speaks of degenerate neutrino mass values m; ~ m, ~ ms (compare also figure
1.4(a) further below).

Furthermore, the measured neutrino oscillation parameters demonstrate that, due to the strong
mixing® of the mass eigenstates, the structure of the PMNS matrix differs from that of the CKM
matrix for quarks.

“The ordering within the doublet (m;, m,) can be fixed by an analysis of the solar neutrino oscillation data when
taking into account the matter-induced MSW effect.
80,, ~32° is large, and 60,3 ~45° is even maximal. 6,3, on the other hand, appears to be quite small.
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m
3 2 —
| — > Am3,
(amZ,)
V
e’
7 Am % Am 53
(Amalm) (Amstm)
Qo
1 > Am?, 3
Amg,)
(a) normal hierarchy (b) inverted hierarchy

Figure 1.3: Sketch showing the arrangement of neutrino mass eigenvalues m(v;) in normal (a) and inverted
(b) hierarchy. The large splitting Am2, (mainly from atmospherical neutrino oscillations) and the much
smaller Am?, (mainly from the solar neutrino oscillations) are also indicated.

Many different ways of accommodating non-zero neutrino masses in extensions of the Standard
Model are being explored. The attempts of finding a suitable model are challenged by the need to
explain the smallness of neutrino masses as compared to those of the other fermions.

A straightforward way to generate neutrino masses is to add right-handed neutrinos to the Stan-
dard Model, which yields a so-called Dirac mass term based on the Yukawa couplings mentioned
above:

Yp=—mpVvgvL+h.c. (1.17)

However, this method is rather unsatisfactory, as the parameter mp can be freely chosen and is
not constrained by any mechanism forcing the neutrino masses to be so tiny.

Should neutrinos turn out to be their own antiparticles (i. e., Majorana-type neutrinos: see [Maj37]),
which is in principle allowed since no quantum numbers would be violated, additional mass
terms are available:

Lv=—Mgvivg+h.c., (1.18)

where the constant Mg can be chosen to be very large (e. g, of the order of 10 eV/c?). In the
so-called seesaw mechanism of type I, the combination of Dirac and Majorana mass terms al-
lows to construct a scenario in which a super-massive Majorana neutrino with m,; ~ M and a
light species with m,, ~ m%/Mp exist. Predictions for the light neutrino masses from the seesaw
mechanism of type I are rather model-dependent, but generally favor hierarchical neutrino mass
scenarios. In the seesaw mechanism of type II the small neutrino masses are generated by in-
troducing a Higgs-triplet A (see for example [Ott08]) in addition to the Higgs-doublet ¢ which is
usually employed to generate fermion masses by spontaneous symmetry breaking. This second
kind of mechanism favors degenerate neutrino masses m; ~ m, ~ ms. Neutrino mass mea-
surements with sufficient sensitivity to discriminate between the hierarchical and the degenerate
case (like for example anticipated for the the upcoming KATRIN experiment) would thus allow to
distinguish various theoretical concepts and even rule out a certain fraction of models.
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1.3 The role of neutrinos in astrophysics and cosmology

The cosmic microwave background (CMB) radiation, which was discovered by A. A. Penzias and
R. W. Wilson in 1965 [Pen65], forms one of the pillars of evidence for the so-called “Big Bang”
model of cosmology. It states that the Universe had a very hot and dense origin, from which it
cooled and expanded into its present state. One prediction of the Big Bang theory is that a large
number of neutrinos should have been created by frequent weak interactions at high tempera-
tures in the early Universe. These primordial neutrinos ceased to be in thermal equilibrium with
the other particle species when their interaction rate I',(T) became smaller than the expansion
rate of the Universe, which is given by the Hubble parameter H(T). This happened at a tempera-
ture of T ~ 10'°K (E ~ 1 MeV), reached after about 1s. The present-day density n,¢ of these relic
neutrinos is related to the photon density n,¢ of the cosmic microwave background:

38 4
nyo = — : _n}’O)

4.8y 11 (1.19)
9
A ﬁ-4llcm—3~3360m‘3

which makes neutrinos the 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.

Likewise, the present-day temperature of this “cosmic neutrino background” can be calculated:

4\1/3
Tvo = Tyo (ﬁ) . (1.20)

Inserting the measured value of the CMB temperature, T,o = (2.72540.001)K [Fix02], one arrives
at T,0 ~ 1.95K, which corresponds to thermal energies in the sub-meV range. At such low ener-
gies, the neutrino interaction cross sections are extremely small?, and therefore the chances of a
direct experimental detection of the cosmic neutrino background are dismal.

However, neutrinos contribute to the total energy density o of the Universe. In the current
Standard or Concordance Model of cosmology, {2 is composed of the following components:

Qtot = QA + Qm + Qr + Qk
dark energy matter radiation curvature (1.21)

~ 076 + 024 + 01075 + 0

where the matter contribution Q5 contains cold dark matter (Qcqm ~ 0.20), baryonic matter
(2 ~ 0.04) and neutrinos (£2,). Modern cosmology and astrophysics allow to determine most
parameters of the Concordance Model to a good accuracy (see table 1.2). In particular, recent
precise measurements of the absolute temperature of the cosmic microwave background and of
its small anisotropies with the COBE and WMAP satellites'?, together with a wealth of other ob-
servational data, caused a boost in this field of research.

A big handicap of the Concordance Model, however, is that so little is known about the nature of
its constituents. The origin of dark energy, which is supposed to fill up about 3/4 of Q4 today; is
completely open. The composition of dark matter has also remained a field of speculation, with

9For example, o ~ 10~%* cm? both for the charged currend reaction v, +n — p+ e~ and for scatteringv +e—v +e.

10A future satellite mission, PLANCK, will reach an even higher precision than its predecessors COBE (Cosmic Mi-
crowave Background Explorer, see http://lambda.gsfc.nasa.gov/product/cobe/) and WMAP (Wilkinson
Microwave Anisotropy Probe, see http://map.gsfc.nasa.gov/).
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Table 1.2: Key parameters of the Concordance Model of cosmology. All values are taken from [Dun09], ex-
cept for ;. h? which stems from [PDGO08]. While the radiation energy density gives a small, but measurable
contribution, the curvature term 2 included in eq. (1.21) is very close to zero, and in many models it is
assumed to be exactly zero. Precise measurements of the position of the first peak in the CMB anisotropy
power spectrum combined with constraints on the Hubble parameter from other measurements allow to
determine the total energy density as Qi = 1.011£0.012 [PDGO08], which means that the Universe is indeed
flat.

parameter value

o LT
= h? ~0.5 (seeeq.(1.23))
Qa 0.742+0.030
Qm 0.258+0.030
Qp h? 0.0227 +0.0006
Q, h? 2.47-107°

several theoretical models in place, but none of them experimentally confirmed up to now. To-
gether with the small amount of baryonic matter and the photons forming the cosmic microwave
background radiation, neutrinos make up the part of the energy density that can be identified
with known particles (compare figure 1.4).

For neutrinos of masses in the range between ~ 5-10~4eV/c? and 1 MeV/c? the neutrino energy
density is usually parameterized [Les06] as

_ Pv _ Zim(vi)
Pait 93.1h%eV/c?’

Q, (1.22)

with the reduced Hubble parameter

H

0
h=
km
100

with h?~0.5 (see table 1.2) (1.23)

and the critical density

3H; g keV
— =1.88-100 B> —=2- =105 h> —
Prit 81 Gy cm3

3 (1.24)
cm

Assuming degenerate neutrinos with Y m(v;) =6eV/c? (according to the present upper limits on
m(v.) from laboratory experiments, compare eq. (1.31)) yields an upper limit of ©2,, < 0.13. Com-
bining this with the lower limit of Q2,, 2 0.001 which can be derived from the Super-Kamiokande
results on atmospheric neutrino oscillations (see eq. (1.16)), the experimentally allowed range
of Q, stretches over two orders of magnitude. For comparison, the sensitivity aimed for with
the KATRIN experiment corresponds to 2, ~ 0.013 (again, assuming degenerate neutrinos with
my~ my ~ ms=0.2eV/c?).

On the other hand, astrophysical observations now reach a level of precision that permits to de-
duce limits on the neutrino mass from their data. Such cosmological bounds on neutrino masses,
however, are strongly coupled to other parameters used for the fine-tuning of the cosmological
models, as will be discussed in section 1.4.1. Therefore, improving the results of laboratory mea-
surements of the neutrino mass would provide an important feedback to astrophysics, with the
possibility to break the degeneracy which presently exists for example between M, = > m(v;)
and the equation of state parameter w of the dark energy (see, e. g., [Han05, Ser07, Kri08]).

10
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Figure 1.4: (a) Neutrino mass eigenvalues m;, m, and ms as a function of m, in the hierarchical and the
degenerate scenario. The neutrino mixing parameters according to eq. (1.16) obtained from oscillation
experiments are taken into account. The KATRIN sensitivity roughly marks the border between the hierar-
chical and the degenerate case. (b) Composition of the total energy density Q; of the Universe according
to the Concordance Model of cosmology. Present bounds on the neutrino contribution 2, from laboratory
experiments (upper limit) and from neutrino oscillations (lower limit) cover two orders of magnitude (cyan
band).

1.4 Methods to determine the absolute neutrino mass scale

In the following sections, principal methods to address the absolute neutrino mass scale shall be
introduced. Apart from the cosmological limits, direct kinematic measurements and the search
for neutrinoless double 3-decay will be discussed.

1.4.1 Cosmological bounds on neutrino mass

Cosmological observations allow to constrain the sum M, = Z m(v;) of neutrino masses, which
are generally assumed to be degenerate. There are two principal ways of deducing M, from cos-
mological data:

e Massive neutrinos modify the CMB temperature anisotropy spectrum. The effect is an indi-
rect one and rather weak. Usually, a combination of several data sets is necessary to circum-
vent a degeneration with the values of other cosmological parameters. With the enhanced
sensitivity of the WMAP 5-year data, it was possible to give an upper limit of M,, < 1.3eV/c?
(95% C. L.) [Kom09] based on the CMB temperature anisotropy spectrum alone, which im-
proves by a factor of 2 by adding data from supernovae redshift surveys and from observa-
tions of baryon acoustic oscillations in large-scale structure surveys to the analysis.

e Finite neutrino masses also influence the power spectrum of the matter distribution in the
Universe. This can be explained by the so-called “free-streaming” of neutrinos: they do
not contribute to the formation and enhancement of structure on scales smaller than their

11
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particle horizon!! at the time they turn non-relativistic. It can be shown [Hu98, Teg04b,
Les06] that at small scales (i. e., large wavenumbers k) a non-vanishing neutrino fraction

Q
__ Py (1.25)

fv B Om B Pcdm+pb+pv,

which depends on the neutrino mass, produces a damping of the matter power spectrum
P(k; f,) with respect to the f,, =0 case P(k; 0) of approximately

P(k; fv) ~ o8

(K 0) ~ (1.26)

The sensitivity of this method is illustrated in figure 1.5. Measurements of the matter power
spectrum can be obtained by galaxy redshift surveys, like for example the Sloan Digital
Sky Survey (SDSS), and by several other observations (e. g., galaxy cluster abundance, weak
gravitational lensing, Lyman-a forest). The neutrino mass is then deduced from a com-
parison with computer models of structure formation (see figure 1.6). Present upper limits
cover the range between M, < 0.2eV/c? and 1eV/c? [PDGO08, Les06], and a sensitivity of
M, =0.1eV/c? or even below is expected for refined measurements'? in the near future.

1.4.2 Direct kinematic methods

Direct methods to determine neutrino masses are essentially model-independent, since they are
mainly based on the relativistic energy-momentum relation

E*=p*c*+m?c* (1.27)

and other well-known principles of kinematics.!3

Usually, the kinematic variables of charged leptons created in weak interactions involving neu-
trinos are measured. Therefore, the observable in such experiments is a weighted sum over the
squared neutrino mass eigenvalues, according to the mixing matrix U (eq. (1.6)):

mz(w):ZIUalzmz(w), (=e u T (1.28)
j

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

m(v,) < 0.19MeV/c® (90% C.L.) [Ass96, PDG08] (1.29)
m(v:) < 18.2MeV/c?  (95% C.L.) [Bar98] (1.30)

In comparison, the present upper limit on m(v.) derived from the precise measurement of the
highest electron energies in the tritium f-spectrum is more stringent by about five (resp. seven)
orders of magnitude [PDGO08]:

m(ve) < 2eV/c?. (1.31)

1Here, the “horizon” is defined as the distance a particle can travel between given times ¢; and ¢;.

12Upcoming observational tools are the PLANCK satellite (http://www.rssd.esa.int/index.php?project=
PLANCK) and the Large Synoptic Survey Telescope (LSST, http://www.1lsst.org/).

13This distinguishes the direct measurements from the sensitive, but rather model-dependent methods (cosmological
observations, search for 0v 3 ) presented in sections 1.4.1 and 1.4.3.

12
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Figure 1.5: Power spectrum P(k) of the matter distribution in the Universe (from [Teg04a]). This plot span-
ning five decades in the wavenumber k (or the length scale 1) comprises data from various observations.
The solid curve indicates a model with matter density 2, = 0.28 and baryon fraction fi, = Q,/Qn = 0.16.
The dashed curve incorporates non-zero neutrino masses. Here, M, = Zm(vl-) = 1eV/c? was chosen,
which according to egs. (1.22), (1.25) and (1.26) roughly halves the power P(k) at the small scales A where
neutrinos most strongly influence the matter distribution.

This evaluation is based on the results of the neutrino mass experiments at Troitsk and Mainz,
which both use the MAC-E filter technology (see section 2.2) that will also be employed at the
KATRIN experiment. In detail, their findings are:

m?(ve) = (—0.6+2.242.1)eV?/ct,
m(ve) < 23eV/c? (Maingz, [Kra05]) (1.32)

m?(ve) = (—2.3+2.5+2.0)eV?/c?,
2.1eV/c? (Troitsk'4, [Lob03]) (1.33)

A

m(ve)

Out of the three cases mentioned above, the electron-based neutrino mass search has the highest
potential for development. Apart from tritium, !87Re qualifies as a suitable f-emitter for neu-
trino mass measurements. It possesses an extremely low endpoint energy of 2.47keV, which

14The measurements of the Troitsk experiment exhibit an anomalous feature in the form of a step-like increase in the
integrated energy spectrum, which can be interpreted as an additional line on top of the tritium f-spectrum a few
eV below its endpoint. Physically meaningful results for m?(v.) can only be obtained by taking this anomaly into
account on a run-by-run basis via two additional parameters of the fit function. The origin of this anomaly, which
did not occur in the measurements of the Mainz group, is still unclear. Therefore, a direct comparison of the two
results is difficult.

13
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Y m,=6.9eV/c?

(a) redshift z=6.25

(b) redshift z=0

Figure 1.6: Computer simulations: neutrino mass and structure formation (T. Haugbolle, [Hau08]). Left-
hand panel: dark matter density field in a ACDM model with zero neutrino mass. Right-hand panel: same
model, however with Y m, =6.9eV/c?, corresponding to the present upper limit from tritium -decay ex-
periments. The pictures show one octant of a simulation done for a box size of 512 Mpc. The differences in
the evolution of structures on smaller scales for massless and massive neutrinos is clearly visible between
the snapshots taken at a redshift of (a) z = 6.25 and (b) z = 0. Due to their free-streaming, massive neu-
trinos contribute to a smearing of small-scale structure, manifested in the pictures on the right-hand side
in a softening of the filaments and an enhancement of the size of voids. By comparing these numerical
results with observations the neutrino mass can be deduced.

helps to maximize the relative fraction of interesting events close to the endpoint of the spec-
trum (where the sensitivity on m(v.) is highest). Due to its half-life of 4.3 -101%a it can only be
used with the bolometer technique, which combines source and detector. With a present upper
limit of m(ve < 15€eV/c?) (90% C. L.) [Sis04], microbolometer-based results are not yet competitive
with what has been achieved in tritium f-decay studies. However, the two-staged MARE project
[Mon06] aims for a sensitivity corresponding to that of present tritium experiments (eq. 1.31),
with the prospect of further improvement by scaling up the number of bolometer crystals and
optimizing the experimental technique in future developments.

For tritium 3-decay, a sub-€V sensitivity is now within reach. A detailed description of the mea-

14
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surement method and its realization at KATRIN is given in chapter 2.

Supernova neutrinos: time of flight measurements

Another method to study neutrino masses based on purely kinematic grounds consists of the ob-
servation of energy-dependent time-of-flight differences for neutrinos emitted in a nearby super-
nova explosion. Figure 1.7 presents collected neutrino events measured with three experiments
(Kamiokande II, IMB and Baksan) for SN 1987A at a distance of about d ~ 1680001y in the Large
Magellanic Cloud. To date, this represents the only occasion such a neutrino burst from a super-
nova was detected.

Supernovae of type II are extremely powerful neutrino sources. If a neutron star is formed in the
process'®, the neutronization of the core matter creates neutrinos through the reaction

pte —n+ve. (1.34)

However, the bulk part stems from the subsequent cooling of the neutron star, which dominantly
takes place via thermal pair production processes!® of the type

et +e — v +Vy (where x =e, u, 7). (1.35)

Although a huge number of about 10°7 neutrinos are emitted, even the neutrino signal from a
supernova explosion in the direct vicinity of our Milky Way is hard to detect since the total flux is
distributed on the surface of a sphere, and it is therefore continuously diluted by the expansion of
the shell. Once this shell with a thickness of a few light seconds reaches a radius of 168000 light
years, “only” 10'* neutrinos per square meter remain. Out of these, about 25 caused an event
measured in one of the three detectors. They represent the first neutrinos to be observed from an
astrophysical source other than the Sun.!”

Assuming that neutrinos with an energy bandwidth [E, min, Ev max] are emitted from a source at
a distance d, a neutrino rest mass can thus be inferred from the spread of arrival times (see, for
example, [Zub04]). The time of flight Tgign: corresponds to the difference between the time of
emission, femis, and the time of observation at Earth, .55, and can be expressed in terms of the
neutrino mass and energy in the following way:

d d E,
Tﬂight:tobs_temis:_:_
v CpyC
d E, d m2ct
= |1 | (1.36)
¢ \VE;—mict C_ v

For m, =0, this reduces to Thight = to = d/c. If m, > 0, however, neutrinos with higher energies
are expected to arrive marginally earlier than those with lower energies.

15About two years after the observation of SN 1987A, a neutron star was indeed found at the corresponding location
in the form of a pulsar (see, for example, [Kri89]).

16The efficiency of cooling by photon emission is very low due to the very short mean free path of photons in the dense
matter of the neutron star.

17Certainly, this has to be counted among one of the highlights in observational astrophysics (particularly in neutrino
astrophysics), and the experimental efforts which led to the observation were appreciated by awarding part of the
2002 Nobel Prize in physics to M. Koshiba (Kamiokande/SuperKamiokande) for “for pioneering contributions to as-
trophysics, in particular for the detection of cosmic neutrinos” (see http://nobelprize.org/nobel_prizes/
physics/laureates/2002/ for further information).
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1 Introduction

The difference in arrival time on Earth for two neutrinos with energies E; and Ej is given by

Atobs = fobs,2 — fobs,1 = Tﬂight,z - Tﬂight,l + Atemis
———
unknown, model dependent
P LR Y (1.37)
=—m.,C — is- .
20 v E% E12 emis

Atops, d and E; » are measured, while Atemis and m, are unknown.

Present experimental data are consistent with zero neutrino mass. Figure 1.7 shows that the de-
tection interval of neutrinos associated with SN 1987A was about 13s long'8, and that the mea-
sured energies ranged between 10 and 40 MeV. A naive estimate using eq. (1.37) and Afemis =0
gives!® my, <20eV/c?. The obtained upper bounds are influenced by the assumptions regarding
reasonable emission intervals Afemis and furthermore depend on the neutrino events selected for
the evaluation. In a refined analysis [Lor02] the upper limit on m;, was improved to

ms, <5.7eV/c?  (95% C.L.). (1.38)

It is anticipated that a future nearby core-collapse supernova explosion seen by today’s detectors
with better sensitivity (e. g., SuperKamiokande, SNO+) would yield a wealth of further informa-
tion — not only regarding the rest mass of the neutrino, but also concerning other properties like
for example its lifetime, magnetic moment or electric charge.

T T ¥ T T T T T T T T x T T T
50 - & - KAMTOKANDE-1T
" ¢ —Baksan
2 w0, 1-oe
m 30 -
5
R Lo %
Pl
E 10 * % §

0‘1 2 3.45 6 7‘3'915‘1‘1 1]2‘13
PIME (mec )
Figure 1.7: Neutrino burst from the supernova SN 1987A [Ale88]. The plot includes data from three exper-

iments: the two water Cherenkov detectors Kamiokande II (Kamioka mine, Japan) and Irvine-Michigan-
Brookhaven (IMB, Ohio, USA), and the Baksan underground scintillation telescope.

1.4.3 Neutrinoless double beta decay

The possibility that a nucleus might be subject to a double B-decay was first proposed by M.
Goeppert-Mayer in 1935 [Goe35]. Since this represents a second-order process of the weak inter-

18When compared to the overall time of flight t, = % ~5-10'? s determined by the distance of d ~ 1.68-10° ly travelled by
the neutrinos, the smallness of the observed spread of arrival times Az, thus impressively underlines the subtlety
of neutrino masses.

19As the detected neutrinos were predominantly of the type 7., the estimate yields an upper limit on the mass of the
electron antineutrino.

16
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action, half-lives are expected to be very long (of the order of 102° a or even more). In the so-called
two-neutrino double -decay, the nucleus undergoes two f-disintegrations at a time and emits
two electrons and two neutrinos. This form of double -decay (2v ) does not carry informa-
tion on the neutrino mass and conserves lepton number. The process was first observed for the
isotope 82Se [ElI87].

However, in a special case of double -decay, a virtual neutrino is exchanged and no neutrino
is emitted (0v B, first mentioned by W. H. Furry in 1939 [Fur39]). This process violates lepton
number by two units. The decay scheme of 0v 3 can be decomposed into two steps (Racah
sequence):

Z,4) — (Z-LA) + e + (Ver, (1.39)
Z-1,4) + (e — (Z-2,4) + e '
Since the right-handed antineutrino (v¢)z emitted in the first interaction step has to be absorbed
in the second step as a left-handed neutrino (v¢);, for 0v 8§ to occur neutrinos are required to be
of Majorana type. Furthermore, only massive neutrinos can change helicity?°, with the probabil-
ity of the neutrino to be found in the “wrong” helicity state being proportional to (m, /E, )?.

The half life Tl% of neutrinoless double f-decay is related to the so-called effective Majorana

neutrino mass m?, (see eq. (1.43) below) via

o) 0 ov 2 [ Mee
(1%) " = ™| (=), (1.40)
m
e
where G% is the phase space integral for the two electrons and .#% is the nuclear matrix ele-
ment. Provided that the latter can be calculated with sufficient accuracy using theoretical mod-
els, the value of m}, can thus be derived from a measured decay rate for 0v 3. In the absence of
a detected signal, a lower limit on the half life T*), transforms into an upper limit on the neutrino

1/2
mass.

The highest sensitivity to date has been achieved by the Heidelberg-Moscow experiment search-
ing for 0v  B-decay in 76Ge. In 2001, the collaboration published an upper bound on the effective
Majorana neutrino mass [Kla01] of

m, <0.35eV/c* (90%C.L.). (1.41)

Using additional data, a new calibration and a refined analysis, a subgroup of the collaboration
found evidence [Kla04] for a signal at the right decay energy with 4.2¢ significance, from which
they deduced an effective Majorana neutrino mass in the range of

0.1eV/c* <m, <0.9eV/c? (1.42)

with a best-fit value of m}, = 0.44eV/c?. The large uncertainties are mainly due to differing val-
ues of the nuclear matrix element obtained from various calculations. Although the significance
could in the meantime be increased to 60 [Kla06], the claim failed to convince parts of the com-
munity, and the test of the present evidence by forthcoming experiments?! is eagerly awaited.

20In principle, contributions of right-handed currents “V+A” in addition to the standard “V—A” interaction might also
provide helicity matching. This scenario shall however not be treated here. Likewise, alternative decay schemes
associated for example with the emission of a majoron particle (see for example [Zub04]) cannot be discussed here.

21For example, GERDA, CUORE, Nemo/SuperNemo, EXO, Majorana and SNO+ are among the next generation of
0v B B experiments expected to probe Majorana neutrino masses with increased sensitivity.
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Complementarity of neutrino mass determinations using single and double S-decay

The observable m}, in 0v 3 3 -decay is given by a coherent sum over all neutrino mass eigenvalues
m; and can be expressed [Ott08] in terms of the mixing parameters 612, 623, 613, 6 and ;> from
eq. (1.6):

- 2
My, = ZUEJ. m;
i

= “Ue1|2m1+|Ue2|26’”11m2+|Ue3|2€m2m3{

= {(ml cos? Oy + my ' sin® 0;,) cos? 03 + ms e(@2720) gin? 9,4 (1.43)

This parameterization shows that the Majorana phases a;» entering the summation can lead to
a (partial) cancellation of terms in m/,, a feature that yields the key difference to the observable
m(ve) in kinematical neutrino mass searches (see section 1.4.2 and compare figure 1.8). In par-
ticular, the term containing ms can be neglected for degenerate masses or inverse hierarchy (i. e.,
ms < my, my) since 6013 is small. In either of the two scenarios, m; and m, are about equal, and
a destructive phase a; ~ 7 might yield a strong cancellation effect.

T tritium g decay T tritium B decay

[eV]
[eV]

10 e s 10
1072 107 1072 107" 1

1
rm(v;) [eVl rm(v;) [eVl

(a) normal hierarchy (b) inverted hierarchy

Figure 1.8: Comparison of the neutrino mass observables m?, (neutrinoless double 3-decay, blue open
band) and m(v,) (single -decay, red solid band) [Ott08]. Two scenarios are considered: (a) normal hierar-
chy and (b) inverted hierarchy. The correlation of both observables with the cosmologically relevant sum
of neutrino mass eigenvalues Y_ m(v;) is shown together with the present upper limit from the Mainz and
Troitsk tritium B-decay experiments. The width of the bands reflects experimental uncertainties of the
mixing angles as well as the unknown phases a1, (az +206) in entering the expression for m}, (eq. (1.43)).
Further uncertainties regarding m}, which arise from the model-dependent values of the nuclear matrix
elements are not taken into account.
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Thesis outline

This work is organized as follows:

Chapter 2 introduces the method of neutrino mass determination from tritium f-decay. The
setup of the KATRIN experiment and, in particular, the principle of the MAC-E filter are presented.
In view of their relevance to the chapters to follow, a general overview of the background compo-
nents expected in KATRIN is given in the last section.

The concept of a wire electrode system for background suppression in MAC-E filters by electro-
static shielding of secondary electrons originating from electrode surfaces is the central topic of
chapter 3. After working out details of the underlying principle, previous implementations and
tests at the Mainz neutrino mass experiment and the KATRIN pre-spectrometer are outlined. Fi-
nally, the requirements for an application to the large KATRIN main spectrometer are defined.

Chapter 4 covers the computer simulations that have been carried out within this work in order
to conceive and optimize the design of a two-layer wire electrode system for the KATRIN main
spectrometer. It starts out with a description of the tools used to perform the calculations and
lists the requirements to be observed from the technical point of view as well as regarding the
electromagnetic design of MAC-E filters. The evolution of the computer model is traced along
with the obtained results concerning several design parameters, technical implementation and
tolerance estimates for fabrication and mounting of the electrode parts. The chapter concludes
with a discussion of the stringent technical requirements the production process is subject to.

Chapter 5 again picks up the topic of background in setups involving the MAC-E filter technique,
albeit with a different emphasis: here, the potentially harmful influence of traps for charged par-
ticles and the associated background generated by long storage times and multiple ionization
processes is examined. Several mechanisms that can lead to strong electric discharges are dis-
cussed. Three sections within the KATRIN setup are identified as hosts of charged particle traps
of the Penning type, namely inside the pre- and main spectrometers as well as at the interface
between the two successive MAC-E filters. These three trapping scenarios are treated in separate
sections.

Within the scope of this work, experimental studies to investigate the Penning trap situation be-
tween the two spectrometers were carried out with a test setup at the Mainz MAC-E filter. The
aim was to construct and test a mechanical device (,,wire scanner*) that allows to empty the trap
in periodic intervals, but otherwise leaves the tritium spectroscopy to be performed with the KA-
TRIN setup undisturbed. The results of these investigations are described in chapter 6.

In the course of the abovementioned tests the Mainz MAC-E filter was also used to perform spec-
troscopy measurements with a photoelectron source consisting of a stainless steel cathode irra-
diated by UV light from a light emitting diode (chapter 7). By virtue of the fast switching capabili-
ties of the LED, very short photoelectron pulses were produced and a time-of-flight spectrum was
recorded. Aside from this simple setup, a novel design of a photoelectron gun with the additional
feature of angular selectivity was also prototyped and tested. An upgraded version of such an
electron source and the systematic position-sensitive investigation of the transmission function
might be very useful for calibration measurements of the KATRIN main spectrometer.

Conclusions of this work and an outlook are presented in chapter 8.
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2 The KATRIN experiment

Building on the experience gained in many previous experiments studying tritium f-decay with
the aim of determining the value of the electron neutrino mass, the Karlsruhe Tritium Neutrino
experiment (KATRIN) is designed to reach a sensitivity of 200 meV/c?.

This chapter presents the physical foundations of the measurement method (sections 2.1 and
2.2) and the major components of the experimental setup (section 2.3). Furthermore, systematic
and statistical uncertainties (section 2.4) as well as the main sources of background (section 2.5)
expected at KATRIN are discussed.

2.1 Tritium beta-decay

In the process of 8~ -decay an electron and an electron-antineutrino are emitted:

(A, Z2)— (A Z+1) +e +7.+Q, 2.1)
where A and Z are the atomic mass number and nuclear charge of the mother isotope and Q is
the total energy released in the decay.

This surplus energy is passed on to the decay products in various forms:

e In addition to their rest energies mec? and m(ve)c?, both electron and neutrino receive a
certain amount of kinetic energy.

e A small recoil energy Ere is transferred to the daughter (4, Z+1)".

¢ In addition, the decay can lead with a probability P to an excited state of the daughter at
an excitation energy V.

Fermi’s golden rule can be used to calculate! the rate N of electrons emitted into the energy in-
terval between E and E +dE:

dN  d®N  2rm
dE  dEdt h
where ./ is the transition matrix element and p(Eiot, Etot,v) is the two-particle phase space den-

sity of the antineutrino-electron pair in the final state. The former is usually expressed as a de-
composition into a leptonic and a hadronic (or nuclear)? part:

| ? p(Eot, Erotv), 2.2)

M= GF COS 0C //lnuc -/llep- (27)

Here, Gr denotes the Fermi coupling constant and 6¢ the Cabibbo angle.

| #\ep|? is essentially determined [Zub04, Ott08] by the probability to find the two emitted leptons
at the location of the nucleus, which in the simplest case is for each lepton inversely propor-
tional to the normalization volume V. In addition, the Coulomb interaction between the emit-
ted charged lepton and the nucleus must be taken into account by including the Fermi function

1For the moment, the nuclear recoil and the excited final states shall be neglected.
2The nuclear matrix element contains a Fermi part ./ and a Gamow-Teller part .#¢r, which contribute according
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2 The KATRIN experiment

F(Z+1,E):
1
| Mepl? = vz FZ+1,E). (2.8)
The momenta of electron and neutrino are not directly correlated (as the nucleus balances all

momenta) and hence the phase space factors for neutrino and electron may be treated separately
and expressed as a function of the kinetic energy E of the electron (compare [Wei03, Zub04]):

dne dn, . V2P Eiot Pv Eiotv

P(Eot, Etory) =

d_Ee dE, amin®
2
= —— p(E+mec?) (Eo— E)- / (Eo — EY — m2(ve)c. 2.9)
Amth
V is again the normalization volume. Assembling all ingredients, one thus gets
dN )
= R(E)-/(Eo— EY — m¥(ve)c* ©(Eo — E = m(ve)c?), (2.10)
dEdt
with
GZ cos? Oc ) )
R(E) = Epy=ra | Mucl® F(Z+1,E) p (E+mec®) (Eg— E). (2.11)

The inclusion of the © function in eq. (2.10) ensures that Ey— E — m(ve)c? > 0. After incorporating
the excited final states V. and the incoherent sum

m(ve) =Y |Uej* m2(v;). 2.12)
J
introduced in eq. (1.28) as the neutrino mass observable3, the final result reads
dN
qgd; = comst. | Moucl? F(Z+1,E) p (E+ mec?)
ZZ |Uejl? Pr € 4/ €2 — m2(vj)c* ©(ex — m(v))c?), (2.13)
ik
with €j =Ey—E— V. (2.14)

Evidently, a finite neutrino mass modifies the shape of the 8 -spectrum most strongly in the region
close to the endpoint Ey, which is illustrated in figure 2.1. It is also clear that the relative influence
of an m(v,) # 0 will be more pronounced for a -emitter with a low endpoint energy. Tritium
possesses a very low endpoint energy and is thus particularly suitable for neutrino mass searches.
In principle the neutrino mass is detectable as a shift of the endpoint towards a slightly lower
energy Eo — m(vec?). However, this method is difficult to realize for two main reasons:

to the weak vector coupling gy and the axial vector coupling g4, respectively:

2
| Mo = gyltel + g5l Merl? = g, [|/ﬂl~"|2+§?|/ﬂcr|2} (2.3)
14
= GIZ: COSZ GC |-/ﬂnuc|21 (2.4)
gZ
with gy = GrcosOc, | Ml = I%F|2+?flﬂcr|y (2.5)
|4
and ? = —1.259+0.004 ([Hey04], sec. 5.3.3). (2.6)
14

Equation (2.4) was used to obtain the factorized relation displayed in eq. (2.7).

3Due to the smallness of the neutrino mass splittings it will not be able to discern individual steps corresponding to
the neutrino mass eigenstates in the shape of the f-spectrum measured with KATRIN. Therefore, it is justified to
use eq. (2.12) as an effective observable.
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1.2 1100
I @ . (b)
1.0 5 ) 80
, [
— = [
= 08 - / 2 60 I m(ve)=0eV/c?
=, [ S8 T /
] r / ] [
= 06T / S 40 -
g 0s | / R
8 / S 20 | 2.10°13
L / B
0.2 / ol m(ve)zleV/cz/
()’HH\HH\HHMM: ___________ ! ! !
0 5 10 15 20 -3 -2 -1 0
energy E [keV] E—E[eV]

Figure 2.1: Continuous shape of the full tritium £-spectrum up to the endpoint at E, ~ 18.6keV (a), and
close-up on the last 3 eV below the endpoint (b). Two calculated §-spectra for zero neutrino mass (red)
and for a small non-vanishing neutrino mass (blue) are shown. The imprint of m(ve) # 0, seen as an offset
throughout the entire spectrum and via a shift of the endpoint E, towards a slightly lower energy, is tiny:
For a hypothetical neutrino mass of m(v,) = 1eV/c? the “missing count rate” in the energy interval between
E = Ey— m(ve)c? and E = Ey amounts to a fraction of only about 2- 1013 of all decays (gray-shaded area).

a) Itis hard to pin down the actual position of the endpoint in the measured tritium f-spectrum
since it will be covered by a considerable background.

b) The most recent determination of the (T, 3He) mass difference [Nag06] leads* to an end-
point energy of

Eo(T)=(18571.8+1.2)eV (2.15)

for molecular T, [Ott08]. Owing to the high sensitivity that KATRIN aims for, even the very
good accuracy of this measurement is not sufficient to use this value as an input parameter
for the determination of the neutrino mass. Instead, E, will be extracted from the measured
shape of the -spectrum as one of the free parameters® in the fit function.

Aside from the low Ej value, tritium is also advantageous in several other regards:

e The decay
SH — SHe +e” + Ve + 18.6keV

(2.16)
(1p, 2n) (2p, 1n)

represents a super-allowed transition between mirror nuclei. The strong overlap between
the nucleon wave functions helps to achieve a large nuclear matrix element and hence fa-
vors a large decay amplitude. The half-life of tritium is 12.3a. Therefore, high count rates
can be obtained even with a comparatively small density of the source material, which
is important in view of reducing systematic uncertainties related to inelastic scattering of
electrons on their way through the source.

“When deducing the endpoint energy for molecular T, from the measured mass difference Am(T, 3He), the difference
of the molecular binding energies E(T;) and Ez(*HeT") as well as the ionization energy Ej,n(T2) have to be taken
into account. The electron mass is already included in Am(T, 3He), since by definition neutral mother and daughter
atoms are considered. Furthermore, the recoil energy E... = 1.72€V of the daughter molecule gives a significant
correction of the endpoint energy E,.

5In general, there are four free parameters: the signal and background rates s and b, the endpoint energy E, and the
neutrino mass square m?(ve).
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e 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 F(Z+ 1, E) ~ 1 in the interesting region
just below Ey (compare [KAT04]).

e Molecular tritium as well as its daughter possess a simple electronic structure which per-
mits to quite accurately calculate the final state distribution and to model its influence on
the theoretical #-spectrum.

2.2 The MAC-E filter technique

To cope with the low signal rates in the small region of interest at the high-energy tail of the tritium
B-spectrum, a high-resolution spectroscopy technique which allows to collect electrons over a
large solid angle while also providing a good background reduction is required. In most instru-
ments the energy resolution deteriorates with increasing angular acceptance. For example, typ-
ical electrostatic spectrometers only analyze the energy component parallel to the electrostatic
retardation field, but are insensitive to a potential transverse component.® A way out consists in
combining an electrostatic spectrometer with an inhomogeneous magnetic guiding field, which
reaches its minimum at the point of maximum electrostatic retardation. This principle was first
introduced in the 1970s and early 1980s in the fields of plasma physics [Hsu76] and low-energy
electron spectroscopy [Bea80, Bea81, Kru83], and later adopted for a very successful use in the
neutrino mass experiments at Troitsk [Lob85] and Mainz [Pic92a]. Today, the working principle is
usually subsumed under the expression “magnetic adiabatic collimation with an electrostatic fil-
ter” (short: MAC-E filter). In an early publication, Kruit and Read [Kru83] used the term “magnetic
field parallelizer”, which quite graphically describes the key feature of this kind of spectrometer
to be discussed in some more detail in the following.

2.2.1 General working principle

The basic constituents of a MAC-E filter are shown in figure 2.2. Two superconducting solenoids
at the entrance and exit of the spectrometer generate the magnetic field guiding the electrons
along the magnetic field lines from their origin in the source (shown on the left side in figure 2.2)
to the detector (on the right side). The magnetic field is symmetrical with respect to the central
plane of the spectrometer, but it is highly inhomogeneous: The minimum field strength Bp;, 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.

Depending on the angle 8 = Z(B, p) between the electron momentum p and the magnetic field B
at the starting point, the electron will possess a certain amount of cyclotron energy and perform a
gyration motion about the magnetic field line. Thus, the total kinetic energy Exin, is split between

6In the 1950s, Hamilton et al. [Ham50, Hamb53] already conceived a hemispherical electrostatic -spectrometer pro-
viding a large usable solid angle at a reasonable energy resolution. However, this technique cannot be easily scaled
to a sensitivity required in modern neutrino mass experiments (see ref. [Ott08] for details).
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Figure 2.2: (a) Schematic view of an electrostatic spectrometer with magnetic adiabatic collimation (MAC-
E filter). The electrons starting from 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) Adiabatic change of the momentum direction with respect to
the (axial) magnetic field. For this illustration, the electrostatic retardation is left out and only the magnetic
gradient force is considered.

the transverse component E| and the longitudinal” component Ej:

B-p 2
E| = En|—— = Eyin-cos?6,
” an (IBI Ipl) ki 2.17)
Ei = Eawm-—E| = Eyiy-sin 0.

The cyclotron motion defines an orbital magnetic moment u, which can be expressed in non-
relativistic notation as

=4 g L
== = (2.18)

where I denotes the orbital angular momentum.

As the electron passes through the strong gradient of the magnetic field strength between the
starting point and the central plane of the spectrometer, the magnetic gradient force

Fyv=V(u- B) (2.19)

(again, the non-relativistic expression is used) causes an acceleration of the electron parallel to
the magnetic field lines, in the direction of the minimum magnetic field strength. Since in the

“Throughout this thesis, the pairs of terms axial/longitudinal energy and cyclotron/transverse energy will often be
used synonymously.
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static magnetic field the total energy is conserved, this increase of Ej has to take place at the
expense of E |, which is decreased accordingly.

At this point it should be noted that, aside from its obvious role regarding the energy analysis of
the electrons, the electrostatic field fulfills another important task: the early onset of the decelera-
tion of the electrons ensures that the energy transformation takes place adiabatically by keeping
the relative change of the magnetic field strength along one cyclotron loop sufficiently low. In
the so-called adiabatic limit® the product of the relativistic Lorentz factor y = [1 — Z—Z]‘l/ 2 and the
absolute value of the orbital magnetic moment, |y, is a constant of the motion:

YU = const. (2.20)

Since electrons generated in tritium f-decay reach a maximum value of y = 1.04 ~ 1, the non-
relativistic approximation may be applied, in which case the conserved quantity is the orbital
magnetic moment itself:

EL t 2.21)
= — =const. .
=3
The transverse kinetic energy component E; and hence the angle 6 generally transform as follows
between a starting point (z;, 1;) and a final point (z 7, r¢):

eq.(2.21)
(EL)f =

= sin%(0,) &7

(ELp)i- B/ B;
sin2(0,-) . Bf/Bl'

) (2.22)

In the first half of the MAC-E filter up to the analyzing plane, B¢/ B; is smaller than 1, and hence
the transformation takes place in the direction E; — Ej. Thus, for sufficiently small B/ B; nearly
all of the kinetic energy of the particle has been converted to longitudinal energy in the analyzing
plane and can be probed by the retardation potential. After passing the analyzing plane, however,
Bf/B; > 1 and the transformation is inverted to E; — E,. This smooth variation of the angle of
the momentum vector p with respect to the magnetic field vector B is indicated in figure 2.2(b).

2.2.2 Energy resolution and transmission function

The energy resolution of a MAC-E filter immediately follows from eq. (2.22): in the extreme case
where the total kinetic energy of the electron at the starting point, Egt, is given in the form of
transverse energy ((E1); = Estart), the adiabatic transformation according to eq. (2.22) 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:

Bmin

AE = (E1)max = Estart - B . (2.23)

max

The resolution is therefore in principle only limited by the minimum ratio % of the magnetic
fields that can be realized experimentally.

8The adiabaticity criterion may be cast into the following mathematical form:

e
A detailed account of the adiabatic motion of charged particles in electromagnetic fields can be found in ref.

[Nor63]. The trajectory of adiabatic motion can be simplified by using the guiding center approximation (see
[Nor61]), which for example allows to significantly reduce the computational efforts of numerical simulations.
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This energy resolution is imprinted on the shape of the transmission curve of a MAC-E filter for
an isotropically emitting source, as can be seen by first writing down the condition for an electron
to surpass the electrostatic filter:

Ell(r)_qU(r):Estart_EJ_(r)_qU(r)>0r (2.24)

i. e, the longitudinal component of the kinetic energy has to remain larger than the potential
energy at each point r along the trajectory. According to eq. (2.17) the expression in eq. (2.24)
contains a dependence on the angle 8, and the transmission condition for an electron to pass the
analyzing plane at the center of the spectrometer takes the following form:

B ana

(Ell)ana - CIUo = Estart (1 - Sinz Ostart * ) - qUO >0, (2.25)

source

where
Egtart is the starting kinetic energy of the electron in the source,
Bsource  is the magnetic field strength in the source,
Bana is the magnetic field strength in the analyzing plane,
(Ej)ana is the longitudinal kinetic energy in the analyzing plane,

Ostart is the angle between magn. field lines and electron momentum at the start-
ing point, and
Uo is the maximum retardation potential reached in the analyzing plane.

This relation can be used to define the opening angle of the cone of emission in which all electrons
fulfill the transmission condition, provided that their starting energy is larger than q Uy:

E —-qUy B
0 < Ogtare = arcsin (\/ start 74 o source). (2.26)

E start B ana

The angular acceptance of the spectrometer relative to the full forward solid angle of 27w can then
be obtained by inserting eq. (2.26) into

AQ
— =1 —cos Btart, 2.27)
27

which yields the transmission function of the MAC-E filter:

0 for Egtart < C]U()

B ana

1— \/1 _ (Estart - CIUo) Bsource

for E (1 -
Estart Bana start

T(Estart, qUO) = 4 ) <qU < Estart

source

B
1 for qUOSEstart(l— and )
source

(2.28)
(Tt is useful to exploit the relation cos(arcsin(y/x))=+v1—x.)

T(Estart, qUp) describes the fraction of electrons emitted with a starting energy Estar¢ into the for-
ward solid angle which are actually able to pass the electrostatic filter at a particular setting q Uy
of the retardation energy.

In a realistic experiment containing a MAC-E filter, another factor limiting the transmission prob-
ability will usually be present: The magnetic field strength Bsource at the source will typically be
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lower than the maximum magnetic field strength Bpax occurring in the setup. This measure
serves the purpose of cutting off electrons with very large starting angles, since due to the pro-
longed flight path these electrons have a larger probability of undergoing scattering collisions
(and therefore potential energy loss processes) inside the source.

Hence, magnetic reflection can be employed to reject all electrons with starting angles exceeding

the maximum value of
B
05% = arcsin (‘/ %) (2.29)

from the analysis. Technically, this can be achieved by a so-called pinch magnet placed at some
point upstream of the electron detector. The pinch magnetic field then defines the maximum
magnetic field strength inside the experimental setup.

Under these conditions, the expression for the transmission function is modified [Pic92a] to

0 for Esart <qUp

1— \/1 _ (Estart - qUO) Bsource

E B B
start ana for CIUO < Byrt < qUO max

Bsource Bmax — Dana

T(Estart, qUo) = < (2.30)

1—4/1

Bmax

BIII&X

1 for Esiare > qU .

start > g Uo Biax — Bana
This normalized transmission function is plotted in figure 2.3 for the example of the KATRIN main
spectrometer (AE =0.93eV at E = 18.6keV, 073 =50.77°). By gradually stepping the retardation
voltage and counting the number of electrons arriving at the detector for each step, the MAC-E
filter works as a sharp high-pass filter (as the ideal transmission function has no tails towards high

or low energies), and the measured spectrum is thus an integrated one.

Several characteristics of the MAC-E filter — again for the example of the KATRIN main spectrom-
eter — are plotted in figure 2.4 as a function of the axial position z. The top panel shows the track
of an electron through the KATRIN main spectrometer, from the starting point in the center of the
entrance solenoid at z = —12m to the analyzing plane at z = 0. The electron was simulated with
the largest accepted component of initial transversal energy (i. e., with the maximum starting an-
gle Hsfgft‘ =50.77°), and with the largest accepted radial starting position (i. e., at the outer border
of the transported magnetic flux tube). The total kinetic energy at the starting point was 18.6keV.

Since the magnetic flux

QZJBdA (2.31)

is a conserved quantity, the diameter of the flux tube widens as the magnetic field strength drops
(see second panel from top). Hence, the electron reaches its maximum radial position at the lo-
cation of the minimum magnetic field, i. e, in the analyzing plane of the main spectrometer. This
illustrates the need for a large diameter of the main spectrometer vessel (compare section 2.3.1).
The third and fourth graphs trace the characteristic evolution of the electrostatic potential and the
longitudinal kinetic energy along the track, respectively. The absolute value of the electric poten-
tial quickly rises to its maximum value and then stays almost constant over most of the distance.
In contrast, the behavior of Ej looks a little more complicated. The initial rise of the longitudi-
nal kinetic energy within about the first meter of its trajectory mirrors the adiabatic conversion
of E; — E) due to the rapid decrease of the magnetic field strength, which happens while the
electron is still in the grounded beam tube, where the electric potential gradually starts to build
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Figure 2.3: Typical transmission function of a MAC-E filter. The graph shows the normalized transmis-
sion function T(Esrt, g Up) of the KATRIN main spectrometer. According to equation (2.30), the magnetic
field parameters (here: Bgsource = 3.6 T, Bana = 0.3mT and B = 67T) enter the analytical expression for
T(Estartv Con)

up. As soon as the electron enters the strong retardation potential, its longitudinal kinetic energy
is gradually reduced and assumes a minimum value as the electron finally reaches the analyzing
plane.
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Figure 2.4: Characteristics of a MAC-E filter (here: the KATRIN main spectrometer as an an example).
From top to bottom: trajectory of an electron in the rz-plane (dotted curve), magnetic field strength B(z)

(dashed curve), electric potential |U(z)| (dash-dotted curve) and longitudinal kinetic energy Ej(z) (solid
curve).
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2.3 Overview of the components of the KATRIN setup

KATRIN is presently being set up at Forschungszentrum Karlsruhe, where the expertise and in-
frastructure of the Tritium Laboratory (TLK) allow to handle and process the amount of gaseous
T, necessary? to achieve the high luminosity required by the experiment.

Figure 2.5 presents the main components of the KATRIN experiment!?, starting with the tritium
source on the left of the drawing and continuing via the pumping sections and the two spec-
trometers to the electron detector system on the right side. All parts of the setup are linked by a
magnetic field which ensures efficient guiding of the electrons emerging from -decay processes
in the source. This magnetic guiding field is provided by a chain of superconducting solenoids
distributed along the whole beam line with a total length of approximately 70 m.

(b)
(d)

Figure 2.5: Overview of the KATRIN experiment. The length of the total setup amounts to about 70m. The
main components are (from left to right): (a) calibration and monitoring system (CMS) and windowless
gaseous tritium source (WGTS), (b) transport and pumping section (differential pumping section, DPS,
and cryogenic pumping section, CPS), (c) pre-spectrometer, (d) main spectrometer, and (e) detector sys-
tem. The monitor spectrometer is not shown.

2.3.1 Basic parameters of the KATRIN experiment

Before describing the main components of the setup, the choice of the basic parameters of the
KATRIN experiment shall briefly be motivated.

The luminosity L of the experimental setup can be defined as the product of the source strength
S, the usable fraction AQ/47 of the solid angle accepted by the spectrometer and the detection

efficiency n:

L—SAQ (2.32)
BTl '

Together with the resolving power E/AE, the luminosity forms a “figure of merit”, which should
be optimized in order to achieve a high sensitivity on the neutrino mass:

P=S—n—. (2.33)
e The sensitivity aim of 0.2 eV/c? requires a resolving power of E/AE = 20000, which, accord-

ing to eq. (2.23), defines the magnetic field ratio of Byax over Bmin = Bana- The minimum
field strength Bnin, on one hand, is constrained by the necessity to minimize the influence

9A quantity of 40 g of gaseous T, will have to be cycled through KATRIN's tritium source per day, which corresponds
to an injection rate of 4.7 Ci/s.

10Tn fall 2006 the overall setup underwent several significant modifications as compared to the KATRIN Design Report

of 2004 [KAT04]. Figure 2.5 shows the new reference configuration of the experiment incorporating these changes.
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2 The KATRIN experiment

of the Earth magnetic field and other stray fields, and to maintain an adiabatic motion of the
electrons. The scale of Bnhax, on the other hand, is set by the typical field strengths achiev-
able with superconducting magnets at a reasonable technical effort. On the basis of these
considerations [KAT04], the following magnetic field strengths were chosen for KATRIN:

Bmin = Bana=0.3mT, Bmax = Bpinch =6T. (2.34)

The pinch magnet will be located at the exit of the main spectrometer, right5 upstream of
the detector.

e The source strength S depends on the effective area Asource- In order to achieve a high sig-
nal rate at a given column density of the source gas, the area should be as large as possible.
However, due to the conservation of the magnetic flux (eq. (2.31)) the effective area of the
source is proportional to the area of the analyzing plane of the main spectrometer. In view
of the difficult transportation of a large stainless steel vessel from its production site to the
location of the experiment, a diameter larger than 10m was not feasible. Including some
safety margin and allocating additional space for the installation of an inner electrode sys-
tem, the diameter of the usable magnetic flux is determined to be rana = 9m, which yields
a geometrical area of Aan, = 63.6m?2. Together with the proposed value of Ban, given in
eq. (2.34), this results in a nominal transported magnetic flux of

® = Bana - Aana = 191 Tcm?. (2.35)

e Ascanbe seen from eq. (2.29), the accepted forward solid angle AQ2 is determined by the ra-
tio of the magnetic field strength Bsource at the source and the pinch mangetic field Bpinch =
Bmax. To achieve a high acceptance relative to the full forward solid angle of 27, Bsource
should be large. However, there are two opposing arguments:

— The ratio Bsource/ Bmax < 1 is necessary to limit the accepted starting angle in order to
suppress systematic uncertainties due to electron energy losses inside the source.

— The magnetic field at the source should not be too strong, otherwise the transported
magnetic flux will be confined to a very small diameter, which in turn cuts down on
the effective source area and hence on the signal strength S.

In view of these requirements, Bsource = 3.6 T (thus, 0113 = 50.77°) was picked for KATRIN.
Using eq. (2.35), the geometrical area of the magnetic flux tube in the tritium source is there-
fore Asource = 53 cm?. Taking into account the rejection of the electrons with highest angles,

however, this is reduced to an effective source area AST =~ =Aun,- AE/E ~31.8cm?.

¢ Finally, a high detection efficiency 1 can be achieved by choosing a suitable detector tech-
nology (see section 2.3.4).

2.3.2 Tritium source and pumping sections

All tritium-related parts of the KATRIN setup (see figure 2.6) are housed within the safety barri-
ers of the Tritium Laboratory, which had to be enlarged in order to accommodate the extensive
installations of the KATRIN source and transport system.!! The central piece is the windowless
gaseous tritium source (WGTS) consisting of a 10m long beam tube of @ 90 mm. Cold molecular
tritium gas (T,, temperature T = 27K) is injected through a port in the middle of the tube and

1 Next to the TLK building, dedicated halls for the remaining components (spectrometers and detector setup, monitor
spectrometer) and the related infrastructure (e. g., cryogenics supply) were built.
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Figure 2.6: Schematic view of the tritium-related parts of the KATRIN setup. From left to right, the drawing
shows the rear calibration and monitoring system (CMS-R), the long WGTS tube with the rear and front
differential pumping sections (DPS1-R, DPS1-F and DPS2-F), and the cryogenic pumping section (CPS-F).
The latter forms the interlink between the source and transport system and the spectrometer section.

continuously pumped at both ends. The recovered gas is processed in a closed cycle in order
to maintain an isotopic purity of > 95%. The isotopic composition is monitored in-line by laser
Raman spectroscopy [Lew08]. The magnetic guiding field of Bsource = 3.6 T needs to be kept up
along the full extent of the source with a high degree of homogeneity (< 0.2%).

The column density p d, among other parameters, defines the signal rate of #-electrons. It can be
controlled via the injection pressure pj,j. The maximum signal rate (and hence the choice of pd)
is limited by inelastic scattering of electrons inside the gaseous source. For KATRIN, an optimum
working point of pd =5-10'" cm™2 was determined, corresponding to pinj = 3.4 - 1073 mbar or
about 5- 1019 molecules per second. KATRIN’s sensitivity goal demands a stabilization of the col-
umn density to a level of 0.1%. This implies stabilizing the source temperature and the injection
pressure to better than 30mK and 10-% mbar, respectively.

To reduce the tritium flow into the spectrometer section to < 10~#mbar]/s as necessitated by
the background requirements (compare section 2.5), a combination of differential pumping with
strong turbomolecular pumps (two stages: DPS1-F and DPS2-E compare figure 2.6) and cryo-
genic pumping is employed. Considering that the flow from the WGTS towards the pumping
sections amounts to about 2mbar /s, a suppression factor of 104 is required, with about equal
contributions of 107 each to be reached by the differential and the cryogenic pumping. The latter
relies on the concept of cryotrapping at cold surfaces: the inner walls of the CPS beam tube will
be covered with argon frost at a temperature of 4.5K to enhance the pumping rate by increasing
the effective surface area (see [Eic09]). From figure 2.6 it can also be seen that the beam line inside
the front pumping section is bent into several kinks to suppress the so-called “beaming” effect by
impeding the direct axial motion of neutral molecules from the source towards the spectrometers.

The maximum magnetic field strength inside the transport and pumping section amounts to
5.6T. In order to avoid non-adiabatic energy losses of the electrons it is necessary to keep a mini-
mum magnetic field strength of 0.3 T in those regions with a necessarily lower magnetic field, e. g.,
close to the pump ports [Thii03].

On the opposite side of the WGTS a calibration and monitoring system (CMS-R) contains instru-
ments to measure important operational parameters like the activity of the source. It provides ac-
cess for an electron gun to determine the response function of the overall system and to monitor
the column density of the source. Furthermore, the rear wall of the CMS-R can serve as a means
to detect the influence of plasma effects and to compensate variations of the electric potential of
the source.
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2 The KATRIN experiment

2.3.3 Spectrometer section

The spectrometer section comprises two successive MAC-E filters serving different purposes in
the main beam line and a third one in a separate “monitor beam line”. In the pre- and main
spectrometers, a new electrode concept is employed: in contrast to the previous experiments at
Mainz and Troitsk, these two spectrometers possess a vacuum vessel which at the same time is
used as a high-voltage electrode to generate the retardation potential. Furthermore, this vessel
electrode is complemented by an inner electrode system made of wires, which fulfills the dual
task of

¢ reducing the background component of secondary electrons ejected from the solid retar-
dation electrodes, which is typical of MAC-E filters, and of

¢ fine-tuning the electrostatic potential in the interior of the spectrometer.

This concept will be discussed in detail in chapters 3 and 4 of this work.

The main spectrometer

The main spectrometer is designed to provide the high energy resolution of 0.93eV at electron
energies around 18.6keV which is required for KATRIN (see section 2.3.1). Its huge dimensions,
summarized in table 2.1 and seen in figure 2.7, are a consequence of the high sensitivity aimed
for with the KATRIN experiment.

In order to reach a residual gas pressure of p < 10~ mbar needed for alow background, the vessel
will be equipped with a powerful vacuum system comprising turbomolecular pumps and over
3km of non-evaporable getter material (with a combined pumping speed of about 2500001/s).

As can be seen in figure 2.5, the main spectrometer vessel is enclosed by a complex air coil system
which consists of two components with different purposes:

o EMCS: The Earth Magnetic field Compensation System (axial loops in figure 2.5) is nec-
essary to obtain a symmetric shape of the magnetic flux tube and to confine it within the
dimensions of the spectrometer vessel. Without such corrections, the Earth magnetic field
yields an intolerable distortion of the flux tube.

e LFCS: The Low Field Correction System (circular loops in figure 2.5) compensates for the
axial component of the Earth magnetic field. More importantly, it allows to compensate for
harmful effects of the stray fields of the powerful superconducting magnets, to homogenize
the magnetic field strength and to tune it to the value of 0.3mT at the analyzing plane, thus
ensuring the required energy resolution of the main spectrometer.

Having arrived on site in November 2006, the main spectrometer vessel has passed first high-
voltage tests and a baking cycle to 350° C. Initial vacuum tests of the vessel after baking (with only

Table 2.1: Characteristics of the main spectrometer vessel.

overall length of vessel 23.28m

inner diameter of cylindrical part 9.8m

wall thickness 32mm (cylinder) / 25 mm (cones)
inner surface area of vessel about 650 m?2

volume about 1250 m3

weight about 190t
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Figure 2.7: Photograph of the KATRIN main spectrometer vessel during transportation to the spectrometer
building on site of Forschungszentrum Karlsruhe in November 2006. A comparison with the height of the
person depicted in the lower right corner of the image demonstrates the dimensions of the spectrometer.

a part of the final pumping speed implemented, and without the inner electrode system installed)
were also successful. The mounting of the inner electrode system and electromagnetic test mea-
surements form the next major steps in the commissioning process of the main spectrometer.

The pre-spectrometer

The task of the pre-spectrometer is to reject the large low-energy part of the tritium f-spectrum
(for example, by setting the filter energy to qUprespec & Eo — 300€V) which does not carry sig-
nificant information for the determination of m(v,). This will cut down the flux of f-electrons
into the main spectrometer from about 10!° to only 103 electrons per second, thereby reducing
the probability of ionizing collisions between f3-electrons and residual gas molecules inside the
main spectrometer, which might cause background.

With a magnetic field strength of Bsolenoid, prespec = 4.5T in the two superconducting solenoids
and Bana, prespec &~ 20mT at the central plane, the relative energy resolution of the pre-spectro-
meter is AE/E ~ 1/225 in the isolated test operation without pinch magnet and AE/E ~ 1/300
when incorporated into the KATRIN beamline with Bpinen = 6 T. Compared to the resolution of
the main spectrometer, this value appears quite modest. However, the function of the pre-spec-
trometer does not require a superior energy resolution.

As a smaller version (Iength about 4 m, diameter 1.7 m) of the main spectrometer, the pre-spectro-
meter forms an important testbed for various techniques to be used in the KATRIN experiment.
The pre-spectrometer been available on-site of Forschungszentrum Karlsruhe since 2003.

The monitor spectrometer

Parallel to the main KATRIN beam line, the MAC-E filter of the former Mainz neutrino mass ex-
periment will be operated using the same high-voltage source as the main spectrometer in order
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Figure 2.8: Photograph of the KATRIN pre-
spectrometer. The stainless steel vessel is en-
cased in the heating/cooling system. A super-
conducting magnet is placed at either end of the
spectrometer.

to continuously check the stability of its retardation potential with calibration sources based on
atomic and nuclear energy standards. The setup of the monitor spectrometer includes two super-
conducting magnets and a grounded vacuum vessel equipped with an inner electrode system to
produce the electrostatic retardation field and an air coil system to shape and optimize the mag-
netic field in the analyzing plane. A simple electron detector will be installed. Compared to the
settings used for the neutrino mass measurements at Mainz, the resolution of this MAC-E filter
is increased to match that of the KATRIN main spectrometer, which has to be paid for by a lower
acceptance.!? The setup of the monitor spectrometer (resp. the former Mainz spectrometer) will
be discussed in more detail in chapter 6, where measurements carried out in the scope of this
thesis with the help of this instrument are presented.

2.3.4 Electron detector system

Those electrons that pass the energy filter at the analyzing plane of the main spectrometer will
be reaccelerated to their original energy of around 18.6keV and magnetically guided onto the
detector. The following list defines the requirements for the detector system!3:

e High detection efficiency for electrons with energies up to 50keV.!4

e Good energy resolution of < 1keV and a low dead layer thickness (required for background
studies and background discrimination).

o The detector and data acquisition system must be able to withstand high electron rates of
the order of 10° % (e. g, from an electron gun or from a 83™Kr conversion electron source)
during calibration measurements.

o The timing resolution must comply with the requirements for a time-of-flight measurement
mode (O ime Of the order of 100ns, compare simulation studies for time-of-flight values at
the main spectrometer in this work: sections 7.1.1 and 7.1.2).

12The increased energy resolution requires a reduction of the magnetic field strength in the analyzing region, thus
causing a widening of the magnetic flux tube and consequently a limitation of the transported magnetic flux ®.
Details concerning the modifications can be found in [Thii07].

13In order to distinguish between the electron detector at the exit of the main spectrometer and several other detectors
to be used for monitoring and calibration tasks in various locations throughout the experimental setup, the former
is often referred to as the “KATRIN final plane detector”.

14In addition to the nominal signal range of about 18.6keV during tritium runs, electrons at higher energies of up to
32keV will be used for calibration purposes. Furthermore, the option of shifting the region of interest for the neu-
trino mass measurements to the 50keV range by post-acceleration of the transmitted electrons in order to obtain a
lower intrinsic detector background in the analyzing window is being considered (compare section 2.5).
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e The detector-related background should be smaller than the spectrometer-related back-
ground component (see section 2.5).

¢ A good position sensitivity is necessary in order to

- map the source profile,

— determine the radial position of the particle track within the spectrometer to com-
pensate inhomogeneities of the electric potential (AUuna(r)) and the magnetic field
(A Bana(7)) in the analyzing plane'®, and to

- reject background events originating outside of the analyzed magnetic flux.
Furthermore, the electron detector will be situated at a magnetic field of 3 — 5.6 T, which is cre-

ated by a dedicated detector solenoid. Therefore, the hardware needs to be compatible with the
operation in strong magnetic fields.

A detector setup based on a large-area silicon PIN diode, which is designed to fulfill the afore-
mentioned requirements, is presently under construction. As shown in figure 2.9, the position
sensitivity is achieved by a radial and azimuthal segmentation on a circular chip.

6

Figure 2.9: Pixel layout of the KATRIN final plane de-
tector. Segmentation into 12 concentric rings (plus a
central four-pixel “bull’s eye”) in radial direction and
12 parts in azimuthal direction yields 148 pixels of
equal area, which are arranged in a staggered align-
ment. The total sensitive area of the monolithic Si-
PIN diode amounts to about 63.6 cm?, corresponding
to the area covered by the nominal magnetic flux of
® =191 Tcm? at a magnetic field strength of B=3T.

15A detailed account of the effects of such inhomogeneities on the transmission function of the main spectrometer is
given in section 4.2.1.
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2.4 Systematic and statistical uncertainties

Clearly, the identification and careful control of systematic uncertainties is essential in a precision
experiment like KATRIN. In detailed studies described in [KAT04], a number of contributions were
identified and possible solutions to keep the individual contributions small were proposed. Here,
six main contributions shall be listed:

1.

38

Elastic and inelastic scattering inside the source will cause an energy loss 0 E of the elec-
trons. Elastic collisions may change the angle 6 of the electron momentum with respect to
the magnetic field and hence

e cause electrons to lose a fraction of their longitudinal kinetic energy by an increase of
0, which might affect the transmission condition, or

¢ bring electrons which were originally emitted at large angles above the maximum ac-
cepted angle of 8 =50.77° into the transmitted angular range.

Inelastic processes involving an excitation of the gas molecules start playing a significant
role above 0 E ~ 10eV. The energy loss function f(0 E) has to be determined precisely by
electron gun measurements and will be used as an input for the analysis of the measured
f-spectrum (for more information on the procedure see [Wol08]).

Fluctuations of the column density of the windowless gaseous tritium source will directly
influence the signal rate and the abovementioned energy loss of electrons by scattering.
Therefore, a stabilization of the column density and a monitoring of fluctuations with high
accuracy are needed. The latter can for example be achieved by repeated measurements
with an electron gun in breaks between successive neutrino mass measurement runs, or
even during the runs by continuously checking for short-term variations of the count rate
with a monitor detector located at the outer border of the flux tube [SchmO08].

The final state distribution of the (3He T)* daughter molecule also influences the shape of
the measured f-spectrum. While the lowest excited electronic state of this molecule occurs
at an energy of 27 eV and may thus be cut out by an appropriate choice of the analyzing in-
terval, the electronic ground state, which is populated in about 57% of the decays, possesses
rotational and vibrational excitations (with a mean excitation energy of 1.7eV and a width
of I' ~ 0.36 eV, which ultimately defines the energy resolution which can be accomplished
with f-decay experiments using molecular tritium sources). A modelling of the final state
distribution must take into account parameters like the source temperature, the isotopic
composition (i. e., the admixture of DT and HT molecules in the source gas) and the ratio of
para- and ortho-tritium (see [Dos06]).

. Positive ions like T+, T} and T4 can be produced in the source. Moreover, electrons collid-

ing with T, molecules can form T, ions. These can introduce further systematic uncertain-
ties, as their individual -spectra exhibit different endpoint energies and contribute to the
total decay rate. However, the endpoint energies of all ions except that of T~ are lower than
and sufficiently far away from that of T, in order to become negligible in view of the cubic
rise (Eg — qU)? of the count rate and the small analysis interval of KATRIN. The concentra-
tion n(T~)/n(T,) is determined by the production rate and the storage time of the ions. For
a concentration of <2-1078 (as estimated in [KAT04]), the expected systematic uncertainty
will only give a minor contribution.

. Fluctuations of absolute energy scale defined by the difference between the source potential

and the analyzing potential of the main spectrometer have a direct effect on the measured
[-spectrum. Aside from a continuous measurement of the high voltage using a custom-
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built precision divider and a precision voltmeter [Thii07], the energy scale will also be mon-
itored with stable calibration sources in the monitor beam line [Ost09, Kas08, Zbo10] (cf.
section 2.3.3).

6. Due to various influences which will be further discussed in this thesis, the transmission
function of the main spectrometer deviates from the sharp analytical form presented in fig-
ure 2.3. Inhomogeneities of the electric potential and the magnetic field of the main spec-
trometer, as well as the effect of an early retardation of the electrons (see sections 4.2.1 and
4.2.2), will lead to a broadening and smearing of the transmission function. Using a seg-
mented 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 spectrome-
ter.

None of the individual systematic effects on the above list is expected to give a contribution
of more than about o ys,; = 0.007 eV2/c* (for a detailed discussion of the estimated values see
[KAT04]). Thus, as a working hypothesis, an error budget of this size can be attributed to each
of the independent groups, and the total systematic uncertainty with respect to the observable

m?2(ve) amounts to
Aml = D o2, =0.017eV2/ct. (2.36)

Aside from the items mentioned above, several other effects will give further contributions (which
are also included in the general estimate (2.36)). These are

energy-dependence of the background,

variations of the electric potential (in particular, build-up of space charges) and of the mag-
netic field strength inside the source,

— Doppler shift of electron energies due to the motion of the T, molecules, and

energy loss of electrons via synchrotron radiation.

While the systematic uncertainty can be reduced by choosing a smaller analyzing interval, the
statistical uncertainty rises due to the rapid loss of signal rate. This is due to the cubic term in the
expression [Ott08] for the total count rate r at a given filter setting qU = Ey — €:

r(e)=s+b
3
~A (63—562|Uei|2m?) +b, (2.37)

where
€ isthe width of the measurement interval below the endpoint of the tritium f-spectrum,
A  is the characteristic amplitude of the §-spectrum,
b  is the overall background rate, and
s isthe integral signal rate.

Based on eq. (2.37) it is possible to find a filter setting €,p¢ (see [Ott08]) yielding a signal-to-
background ratio of 2 which defines a region of optimal sensitivity on the neutrino mass:

s(€opt) = 2b. (2.38)

These considerations suggest a division of the measuring interval into three principal regions:
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1. The measurements at qU < Ej (i. e., with high count rate) allow to determine the position
of the endpoint by extrapolating the -spectrum.

2. The background rate can be fixed by measuring the count rate at retardation energies above
the tritium endpoint: qU > Ej.

3. Finally, the region shortly below the endpoint (at €,p¢ & 3 €V) bears the highest sensitivity to
m?(ve). Therefore, the largest part of the measurement time should be spent on this region.

Hence, it is possible to find a distribution of measuring time spent at various settings of the re-
tardation energy which optimizes the statistical uncertainty, as illustrated in figure 2.10. Figure
2.11 shows that the dependence of the statistical uncertainty on the lower limit of the measuring
interval for the KATRIN reference setup becomes flat at € 2 35— 30eV, and thus increasing the
interval would not contribute significantly to the reduction of the statistical error. For an interval
of [Eyp—30eV, Ep+5eV] and three years of effective measurement time at a total background rate
0f0.01 é, a statistical uncertainty of similar size as the total systematic uncertainy will be reached:

Am?_ =0.018eV?/c* (2.39)

stat

Quadratically adding the values of the systematical and the statistic uncertainties according to
egs. (2.36) and (2.39), one obtains a total uncertainty of

Oot = 0.025eV?/c?, (2.40)
which leads to a discovery potential of

m(ve) = 0.30eV/c? (30)

(2.41)
0.35eV/c? (50).

or m(ve)
Should no neutrino mass signal be found, KATRIN’s sensitivity will allow to set an upper limit of

m(ve) < 0.2eV/c>  (90% C.L.). (2.42)
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2.4 Systematic and statistical uncertainties
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Figure 2.10: Optimized distribution of measurement points (from [KAT04]). (a) Simulated count rate at
various settings of the retardation potential at a constant background rate of 0.01 i (b) Measuring time to
be spent at individual settings of the retardation potential. The proposed scheme is the outcome of an op-
timization study to distribute a total measurement time of three years over the full analyzing interval. The
colors indicate different lower limits of the measuring interval from 50 eV (red) to 20 eV (blue) below Ey; the
height of the entries represents the integrated time over many scans. At qU; > 18566 eV the measurement
time is not influenced by the lower limit of the energy interval. This optimization allows to improve the
statistical accuracy by about 40 — 50% as compared to a uniform distribution of the measuring time.
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Figure 2.11: Statistical uncertainty o (for
three years of measurement time) as a
function of the lower limit of the mea-
suring interval below E; (from [KATO04]).
Different experimental configurations and
background levels are compared: (a) con-
figuration as of 2001 [KAT01] with a @ 7m
main spectrometer and a lower luminosity
of the source. (b) Updated values of source
strength and spectrometer diameter, com-
bined with a higher isotopic purity of the
T, gas. (c) Same parameters as in (b), but
taking into account the optimized mea-
surement point distribution presented in
fig. 2.10. (d) Reduction of the background
rate from 0.01 % asin (a) to (c) to 0.001 %
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2 The KATRIN experiment

2.5 Sources of background in the KATRIN experiment

A comprehensive treatise of the variety of backgrounds arising from different sources throughout
the experimental setup of KATRIN can be found in chapter 8 of reference [KAT04]. The following
brief overview introducing the main sources of background and the measures taken to suppress
them is intended to lead over to later parts of this work dealing with two of the major background
contributions (chapters 3 and 4, 5 and 6).

Background from the detector system

Contributions to the detector-related background are expected from three principal sources:
e environmental background (mainly thorium and uranium decay chains and 4°K),
e cosmogenic background (atmospheric gammas, muons and cosmogenic neutrons), and
¢ radionuclides in the detector materials.

A total detector-related background rate of bger < 1-1073 % in the region of interest around 18.6keV
is aimed for. This value is similar to the one reached for example with a segmented Si-PIN diode
at the Mainz experiment; however, the KATRIN final plane detector consists of a much larger
support system and has a more than 20 times larger active area than the detector used at Mainz.
Therefore, additional measures to reduce the intrinsic background are necessary. Materials for all
parts in the detector environment will be carefully selected with respect to low-level activity and
vacuum compatibility (the reference value of the residual gas pressure in the detector system is
p <10~ mbar). Furthermore, passive and active (veto) shields will be installed (compare figure
2.12). Nevertheless, in order to achieve the required background level post-acceleration of the
B -electrons by about 30keV could be necessary in addition to the shielding. Simulations indicate
that the detector backgrounds might be reduced by as much as a factor of two by shifting the
signal to a higher energy region around 50keV [Leb08].

Figure 2.12: KATRIN final plane detector: general layout including detector magnet, shields and post-
acceleration electrode [Leb09]. Starting with the outermost layer, the following components are shown:
superconducting magnet: cryostat (grey) and coil (red), plastic scintillator (cyan) as active veto shield, lead
(dark grey) and as passive shielding, beam line vacuum tube (light grey), ceramics HV
insulator (blue) and
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2.5 Sources of background in the KATRIN experiment

Tritium decay inside the analyzing volume of the main spectrometer

Any low-energy electrons born inside the analyzing volume of the main spectrometer (i.e., at
strong negative potential) represent a potential background source. Depending on their place of
origin, they may either be guided and accelerated onto the detector, which they will hit with a
kinetic energy similar to that of the signal electrons, or else be accelerated towards the upstream
end of the spectrometer. Such low-energy electrons can for example be liberated in shake-off
processes accompanying the f-decay of T, molecules inside the spectrometer in about 15% of
the cases. To keep this background component below a rate of about 1-10~3 %, the tritium partial
pressure inside the spectrometer has to be limited to p(T:) < 1072 mbar (compare the require-
ments regarding tritium retention in the pumping system described in section 2.3.2).

Electrons originating from solid high-voltage electrodes of the main spectrometer

Aside from the aforementioned electrons born inside the spectrometer volume, a significant back-
ground rate can also be caused by electrons created at the high-voltage electrodes of a MAC-E
filter. This can happen through various processes:

e Emission of §-electrons due to environmental y-radiation or atmospheric muons crossing
the electrode material. As KATRIN cannot be built in the shielded environment of an un-
derground laboratory, this background component can in principle not be avoided. Given
its large surface area of about 650m?, the flux of atmospheric muons of ¢, ~ 190 s~ Im—2
[Bog06] is expected to affect the KATRIN main spectrometer more severely than the smaller
spectrometers at Troitsk and Mainz. Simulations and experimental studies (see for exam-
ple [Arl09]) are necessary to examine these background processes in more detail and to
obtain an estimate of the expected rates. In particular, the presently poor understanding
of the yield of 0-electrons per incident ¥ or muon and of the transfer efficiency of the elec-
trons from the electrodes towards the inner spectrometer volume (compare the discussion
below) should be improved.

e Decay of radionuclides in the electrode material. This contribution can be suppressed by
applying stringent purity demands for the employed materials. For the main spectrometer
vessel, for example, the stainless steel was selected according to the requirement that a total
activity of 4Bq/kg should not be exceeded.

o Field emission from small-scale irregularities (“microtips”) on the surfaces or at sharp edges
of electrodes. This component may be minimized by a careful preparation of all parts of the
electrode system.

Having identified the potential background sources listed above, the question remains how these
electrons starting from the electrode surfaces outside of the transported magnetic flux can travel
inwards and eventually find their way onto the detector at all. In principle, this radial transport
of electrons should be strictly prohibited by an intrinsic feature of the MAC-E filter: the magnetic
shielding. One distinguishes two scenarios, depending on the direction of motion of electrons
originating from the solid-metal electrodes outside of the transported magnetic flux tube:

a) Electrons with a dominant radial component of motion (i. e., perpendicular to the magnetic
field lines) will be deflected back towards the electrodes by virtue of the Lorentz force and
hence cannot reach the sensitive inner volume.

b) Electrons with a large component of motion parallel to the magnetic field lines will be
guided magnetically towards the ends of the spectrometer. Those electrons leaving the cen-
tral volume towards the source side (“upstream” half of the spectrometer) are not harmful
at all. On the other hand, those electrons originating in the “downstream” half can be accel-
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2 The KATRIN experiment

erated in the direction of the detector and gain a significant amount of energy in the elec-
trostatic field. In fact, if they are emitted from the hull with a small kinetic energy E52" dary

of up to a few 100 eV at maximum!®, they can be accelerated to a final energy

Efinal — pstart +qU~ Esignal (2.43)

secondary secondary

which is close to the energy Ejignal of the electrons from tritium f-decay. In this case the en-
ergy resolution of the detector does not permit to separate the signal from the background.
However, the important point is that the secondary electrons from the walls should not be
able to hit the sensitive area of the detector at all, since the latter only covers the part of the
magnetic flux tube which does not touch any electrode surfaces.

These considerations show that — in theory - the direct transport of electrons from the hull to the
detector should indeed be ruled out. Nevertheless, experimental evidence gathered at the MAC-E
filter of the former Mainz neutrino mass experiment [Scha09] demonstrates that electrons from
high-voltage electrodes form a major background. This proof was established in several tests,
for example by imaging parts of the electrodes onto the detector via a particular setting of the
magnetic field lines, or by investigating the timing correlation between traversing muons and
electron events on the detector (see [Scha01, Schw04, Fla04]).

The question thus arises why this magnetic shielding is not perfect. At Mainz, the fraction of elec-
trons penetrating the magnetic shield and making their way to the detector was experimentally
determined to be of the order of 1072, whereas at Troitsk a value of about 10~¢ was found.

In principle, a radial motion of the electrons perpendicular to the magnetic field lines can be
caused by diffusion processes due to elastic collisions with rest gas molecules. However, a simple
estimate [KAT04] of the radial diffusion time #;5q based on an upper limit of the radial diffusion
coefficient

D1 <pZ./Teoll, (2.44)

where pyc is the cyclotron radius of the electron and 1/7¢q is the mean collision rate, yields
values many orders of magnitude larger [Glii05c] than for example the empirical time scale of the
prompt background of < 10 us [Schw04] observed at the Mainz spectrometer.!”

An attempt to understand the radial transport phenomena of background electrons from the elec-
trodes was made in reference [San03], where trajectory calculations were carried out to investi-
gate details of the electron motion. For this purpose, it is necessary to decompose the adiabatic
motion of an electron in an electromagnetic field into three components: 1) the gyration around
a “guiding center” (i. e., a fictive point on a magnetic field line), 2) the translational motion of the
guiding center along the magnetic field line, and 3) the magnetron drift motion, which is directed
perpendicularly to the magnetic field line. The transverse drift velocity u  is the sum of two com-
ponents, which arise from the motion of the charged particle in crossed electric and magnetic
fields (so-called E x B drift) and the second is caused by the curvature of the magnetic field (gra-
dient B drift). Combining these two terms, the total magnetron drift velocity can be expressed
[Ott08] as

U) = UExB + Uv,B
_  EXB + 2E+E| V| B < B (2.45)
- B q B3 .

16The shape of the energy spectrum of the secondary electrons is not known precisely. Yet there are experimental
hints from tests of a screening wire electrode at the Mainz spectrometer that the bulk of the secondary electrons
are emitted at much lower energies. These results will be discussed in section 3.2.

17Although at least a part of the background electrons seem to use a fast transfer channel, it is likely that another part
may not be able to reach the detector directly, but only via intermediate processes like trapping, scattering, and
subsequent release from the trap onto the detector.
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2.5 Sources of background in the KATRIN experiment

It is important to note that, given perfect axial symmetry of the electromagnetic fields, the drift
motion is purely azimuthal and does not contain a radial or axial component. However, in the
more realistic case of a small deviation'® from axial symmetry, the magnetron motion may ac-
quire a radial component which can provide a migration of the electron from the outer walls of
the spectrometer to its interior. This notion was confirmed in further simulation-based investi-
gations (see [Alc03, Glii05c]). For the radial drift motion to become significant, it is necessary that
the ordinary azimuthal component is small (for example due to an inverse sign of the two additive
components given in eq. (2.45)).

Lastly, it should be mentioned that non-adiabatic motion (for example of electrons with higher
energies) may enhance the probability of inward migration. The 10 times stronger intrinsic back-
ground suppression observed by the Troitsk group might thus be related to the higher adiabaticity
provided by their spectrometer.

Hence, the strategy to suppress background electrons originating from the vessel hull at the KA-
TRIN main spectrometer is threefold:

1. provide good adiabaticity conditions (this can for example be achieved by a long spectrom-
eter, compare [Val04]),

2. provide good axial symmetry of electromagnetic fields (e. g., by reducing distortions due
to geomagnetic field with compensation coils (EFCS, see section 2.3.3) and by using non-
magnetic construction materials at least in the part of the spectrometer building surround-
ing the analyzing plane), and

3. support the intrinsic magnetic screening (0(10~6) — @(107°)) by the additional implemen-
tation of electrostatic screening with a wire electrode, which should enhance the overall
suppression by another factor of order 10 — 100 (see chapters 3 and 4 of this work).

lonizing collisions of trapped electrons with residual gas molecules

As will be discussed in later parts of this work (mainly in chapter 5), trapped electrons can be a
troublesome source of background. In view of the artificially prolonged flight path of the stored
particles, even the long mean time between ionizing collisions at the extreme vacuum conditions
at KATRIN may not be sufficient to prevent the creation of a significant amount of positive ions
and secondary electrons. The ionization chain will proceed until the electron energy drops below
the ionization threshold or the trapping conditions are broken. Considering that the electrons
may be born in a strong negative potential, the length of the ionization chain can be considerable.
Electron trapping inside the main spectrometer might for example occur

a) by the “magnetic bottle” effect (i. e., the electron is magnetically reflected when approach-
ing the strong solenoids at both ends of the main spectrometer);

b) via electrostatic reflection at the negative potential of the analyzing plane and by magnetic
reflection at either end of the spectrometer;

¢) in localized Penning-type traps which are known to exist in various places in the experi-
mental setup — not only inside the main spectrometer or the pre-spectrometer, but also in
between the two joined MAC-E filters.

The Penning-like traps can even lead to the build-up of a plasma, with disastrous effects on the
background rate (as for example observed in early stages of the Troitsk and Mainz experiments as

18Such non-axisymmetric fields may for example be caused by an electric dipole component, by a misalignment of
magnets, or by the presence of magnetic materials in the vicinity of the spectrometer (e. g, normal steel used in the
construction of buildings).
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well as at the KATRIN pre-spectrometer).

Aside from a careful electromagnetic design, which helps to avoid particle traps in the first place,
active measures might be necessary to (periodically) break the storage conditions in traps which
cannot principally be avoided. For example, the use of electric dipole fields E g4 to stimulate
an enhanced E x B drift motion of the trapped particles (compare eq. (2.45)) is envisioned at
KATRIN. Such strong dipole fields can for example be realized by separate halves of an inner elec-
trode system (compare the discussion in chapter 3).

Further measures to prevent the harmful effects of Penning traps are presented in section 5.1.4.
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3 Background suppression in MAC-E
filters by electrostatic screening

In the previous chapter secondary electrons from cathode surfaces were identified as one of the
major sources of background expected for the KATRIN experiment. The following considerations
are devoted to a method of suppressing this particular background component in MAC-E filters:
the concept of electrostatic shielding by a quasi-massless grid! of wires. The discussion starts
with a phenomenological description of this technique in section 3.1. Section 3.2 briefly reviews
successful tests of the method at the Mainz MAC-E filter, while section 3.3 gives a short overview
of the wire electrode system of the KATRIN pre-spectrometer. This experience provides a basis
for the transfer of the concept to the large KATRIN main spectrometer (section 3.4), which was
one of the tasks of this work (for details see also chapter 4).

3.1 Concept of background reduction by a screening wire
electrode

The basic idea of the screening concept to suppress secondary electrons from the vessel material
is to make the electric potential in the inner volume of the MAC-E filter more negative than that
of the large-area vessel electrode by installing a wire grid at a voltage

Ugrid = Uyessel — AU (AU >0) (3.1

between vessel and inner volume. As an example, the sketch in figure 3.1 illustrates the case of
an electron emerging with low initial kinetic energy from the vessel hull after the passage of an
atmospheric muon through the hull. The trajectory of the electron is deflected back towards the
hull, and thus the electron is kept from penetrating the sensitive spectrometer volume.? The dis-
tribution of the initial kinetic energy E{12" of those secondary electrons generated at the surface
of the vessel sets the scale for the voltage difference AU (also called “screening voltage” hereafter)
to be applied between vessel and grid electrode: only electrons with energies satisfying

Bt < g AU (3.2)

kin ~
will be rejected by the grid.

For this idea to work it is of course necessary to keep the amount of additionally installed material
ataminimum. In general, this is expressed through the so-called geometrical coverage factor, fgc,
which is also referred to in the literature as the “opacity” of the grid [Rea98]. Neglecting for the
moment any solid material needed in a realistic setup for the mounting structures, the opacity
can be defined solely through the characteristic parameters of the wire grid. It is determined by

'Here and in the following, the term “grid” is meant to denote an assembly of parallel, but not crossed, wires.
2This is in fact a simplified picture; in reality, the motion of the electron is not only determined by the electric field
but also by the magnetic field not shown here. For details see section 2.5.
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\ Figure 3.1: Principle of background
‘U suppression by electrostatic screen-
' vessel hull: Uyessel ing with a wire grid placed on
a negative voltage relative to the
l “ / vessel electrode. Low-energy sec-
° ° °! ° € ° ° ° ondary electrons originating from
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S \ d U _AU reflected due to the negative gradi-

\ vessel . .
\ ent of the electric potential along
\J their way from the hull towards the

inner volume of the vessel.

the ratio of the wire diameter d and the pitch s:

d

fee= 3 (3.3)

Keeping the opacity low thus means that, at a given wire diameter d, the wires cannot be too
closely spaced — otherwise they can become a significant source of background themselves. There-
fore, a suitable ratio of wire diameter d and wire spacing s needs to be found.

How does this requirement of a small diameter or a large spacing s relate to the electrostatic
screening properties of the grid?

Between neighboring wires, the potential drops due to the influence of the potential of the vessel
electrode Uyessel- Averaging over the potential in the plane of the grid gives an equivalent potential
Uequiv,» Which in our case is more positive than the potential Ugiq applied to the wires. This ef-
fect reduces the screening efficiency of the grid because the electrostatic repulsion of an electron
crossing the relatively large gap between two wires is weaker than that felt by an electron inciden-
tally headed straight towards one of the wires. The concept of an equivalent potential is discussed
in the literature3, for example in [Rea98, Rea99]. It leads to a convenient way of expressing the ef-
fective potential U in the inner volume of a cylindrical system of electrodes, which corresponds
to good approximation to the equivalent potential, in terms of the voltages Ugiq and Uyessel:

Ukefr ~ Uequiv = Ugrid +0U. (3.4)

An motivation for an analytical expression of the equivalent potential is given in appendix A.
In the case of a MAC-E filter, U.sr essentially represents the retardation potential. The aim is to
achieve an effective potential Uef close to that of the wires, i. e., the influence of the more positive
potential of the vessel should be suppressed.* This suppression can be measured by the so-called
electrostatic screening factor S, which is defined by the following relation:

_ Uvessel — Ugrid _ A_U

oU= 3.5
3 3 3.5)

3In general the charge density and therefore also the potential ¢, at the side of the wire facing the solid electrode
will be different from the potential ¢, at the side pointing away from the electrode. According to ref. [Rea98], the
equivalent potential can be understood as the average of the potentials ¢»; and ¢,. The equivalent potential allows
to simplify the numerical calculation of the potential far away from the grid, as for this purpose the wires can be
replaced by a continuous sheet electrode placed at the equivalent potential.

4Concerning fluctuations of the electrostatic potentials, a large screening factor is advantageous as the influence of
Uvessel ON Uegr is proportional to 1/S (compare also the discussion in section 3.4). It is easier to stabilize the grid
potential to a high level, since it is placed within the “Faraday cage” formed by the vessel hull.
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3.2 Development of the concept and tests at the Mainz MAC-E filter

For a cylindrical electrode system made of a solid outer electrode of radius R and an inner wire
electrode with radius r = R — I, equispaced wires with pitch s = 2% and wire diameter d, the
screening factor is in good approximation given by

Nuwires

2l
Snl+———— (3.6)

sln (%)
(compare appendix A). This relation holds for thin wires (nd < s) and large radii R > [.
It can be seen from equation (3.6) that for the electric screening factor to become large
e [ and d should be large and

e s should be small.

3.2 Development of the concept and tests at the Mainz
MAC-E filter

Background processes at the Mainz MAC-E filter have been the subject of various extensive stud-
ies. After the neutrino mass measurements had been concluded, several modifications of the
electrode system were effected with the aim of finding an efficient mechanism of background
reduction. In view of the planned realization at the KATRIN spectrometers, the electrostatic
screening method was tested at Mainz, resulting in the lowest background level ever achieved
at a MAC-E filter. In a first step, a cylindrical wire electrode with radius r = 450mm, length
L = 930mm, wire pitch s = 10mm and wire diameter d = 0.2mm was installed in the central
part of the spectrometer [Miil02].5 This configuration is usually denoted as “Mainz III”. The wire
grid covers about 40% of the total electrode surface of the Mainz spectrometer, with a geometri-
cal coverage of fgc = % = 2%. However, taking into account the unshielded mounting structures
of the electrode, the geometrical coverage increases to about 5%. With a spacing of / = 25mm
between wire grid and solid electrodes the electric screening factor for this system can be calcu-
lated to be Snyainzin & 6.7. Measurements carried out with this setup showed already a significant
decrease of the spectrometer-induced background rate at comparatively low screening voltages®
AU = Usolid — Ugrig of up to 175V: while during the neutrino mass measurements without any wire
grids (“Mainz I1” setup) the average background rate was of the order of 1.5- 1072 i, the central
grid electrode allowed a background suppression by about a factor of 3 down to ~5-1073 é

In the next step (“Mainz IV”), a second wire electrode covering even larger parts of the solid high-
voltage electrode system was constructed and installed [Fla04]. In addition to the cylindrical sec-
tion, this electrode also possesses two conical parts (see figure 3.2). It was meant as a prototype
of the inner electrode system later to be installed at the pre-spectrometer (compare section 3.3).

These actions allowed to suppress the overall background rate considerably. Figure 3.3 presents
the measured background rate in the “Mainz V” configuration’ as a function of the screening

5The electrode is divided into four sectors that can be supplied with independent electric potentials. This allowed to
study for example the influence of electric dipole fields on the background rate.

6In the previous notation, AU was defined as the difference between the vessel voltage Uessel and the grid voltage
Ugria (see eq. (3.1)). Since in the Mainz spectrometer the vessel is on ground potential and the retardation potential
is defined instead by a set of inner solid-metal electrodes on high voltage, the notation is altered for the sake of the
discussion to AU = Uslid — Ugrig-

7“Mainz V” essentially consists of the wire electrode configuration of “Mainz IV” with an improved shielding of the
wires in the conical part where the electric field strength is highest. Protective aluminium tubes of 5mm diameter
were employed in order to prevent field emission at the ends of the wires. Furthermore, a set of field-shaping solid
conical electrodes was added.
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voltage AU. The two datasets shown in this figure were measured with different magnetic field
strengths (Bsolenoid = 1.7T or 5.1T in the two superconducting solenoids). Due to the stronger
magnetic shielding for higher magnetic field values, the background rate for the 1.7T setting is
higher, in particular at AU = 0. In comparison to the shielding by the central cylindrical grid elec-
trode of the “Mainz III” configuration, the new setup allowed to further reduce the background
rate to 2.8 - 10—3§ at Bsolenoid = 5.1T and AU = 200V. Subtracting the intrinsic detector back-
ground rate of bge =1.6-1073 %, one thus obtains a record residual background rate of 1.2-1073 %
originating from the spectrometer.

Further tests of the electrostatic screening were done, for example:

e Tests with a ?Na source placed on top of the spectrometer vessel [Scha01, KAT04]. 511
keV gamma rays from the source produce electrons at the solid electrodes via Compton- or
photoelectric processes.

o Tests with a collimated X-ray beam directed from outside the vessel at various parts of the
electrode system [Fla04] (see figure 3.4).

e Background measurements in coincidence with muon detection [Schw04, KAT04] to deter-
mine the rate of muon-induced background.

In all cases, a significant reduction of the respective background component under investigation
was observed due to the influence of the wire electrode.

Figure 3.2: Photograph showing the wire elec-
trode of the “Mainz IV” setup before inser-
tion into the spectrometer (photo taken from
[Fla04]). The grid is segmented into three parts:
besides the central cylindrical section, two con-
ical wire segments were added in order to cover
a larger fraction of the solid electrodes as com-
pared to the “Mainz III” setup.

3.3 Implementation of the concept at the KATRIN
pre-spectrometer

The KATRIN pre-spectrometer, which has been operated in test mode since 2004 at Forschungs-
zentrum Karlsruhe, also is equipped with a wire electrode system.? Taking a lesson from the initial
field emission problems at the wires in the conical section of the “Mainz IV” electrode, the con-
ical end parts of the pre-spectrometer inner electrode were made of sheet metal.® To this, a grid

8Following a basic design conceived in [Fla04], the mechanical concept and fabrication of the inner electrode of the
pre-spectrometer were done at the University of Washington at Seattle (T. Burritt ez al.).

9A continuous electrode surface is much less sensitive to field emission because, unlike for thin wires, there is no
enhancement of the field strengths.
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Figure 3.3: Background reduction by screening wire grids at the Mainz MAC-E filter (configuration “Mainz
V”): dependence of the background count rate on the electrostatic screening potential. Measurements for
two settings of the central magnetic field inside the spectrometer solenoids are shown (A: B =1.7T and
x: B=>5.1T). For comparison, the average background rate during neutrino mass measurements (without
any wire grid) was of the order of 1.5- 1072 é Figure adapted from [Fla04].
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Figure 3.4: X-ray-induced background at the Mainz spectrometer (configuration “Mainz III”) without
screening voltage (red) and with active screening grid (green, AU = 100V). The largest reduction of back-
ground was observed when directing the X-rays at the central region of the spectrometer, where the mag-
netic field strength is minimal and therefore the intrinsic magnetic shielding is comparatively weak. The
count rate in the peak corresponding to the retardation energy qU, measured at the outermost detector
segment was reduced by a factor of about 30. These measurements are described in [Fla04]; the picture
was taken from [KAT04].
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Figure 3.5: Photograph showing the wire elec-
trode system of the pre-spectrometer before in-
stallation. Apart from three sections (two cones,
one cylindrical part) equipped with a single layer
of wires fixed to a mounting structure, the elec-
trode consists of two conical sections made of
sheet metal in order to cope with the high elec-
tric field strengths in the vicinity of the ground
electrodes at the entrance and exit of the spec-
trometer. A cradle-like support system resting on
the bottom of the vessel is used. Electrical de-
coupling between vessel and inner electrode is
provided by a set of glass insulator tubes.

electrode consisting of two conical sections and a central cylindrical section, much like the ones
at Mainz, are added (see figure 3.5). With a wire diameter of d = 0.5mm, a pitch of s ~# 22 mm and
a spacing to the solid electrode of / ~ 60mm, the central part possesses a geometrical coverage
of fgc ~2.3% and an electric screening factor of Spre—spec & 7.5. All parts of the inner electrode are
split into halves that are insulated against each other. Potential differences up to a few kV can be
applied to the two segments in order to produce an electric dipole field.

It should be noted here that the purpose of installing a wire electrode at the pre-spectrometer is
different from that of having a wire electrode inside the main spectrometer. While background
reduction is vital in the main spectrometer, its significance is not as large in the case of the pre-
spectrometer: As the retardation voltage of the pre-spectrometer is about 300 V more positive
than that of the main spectrometer, background electrons produced in the pre-spectrometer and
accelerated by the retardation potential in the direction of the main spectrometer will be rejected
by the main energy filter. (They might still contribute to filling the Penning trap between the two
MAC-E filters, which will be discussed in chapters 5 and 6). However, detailed tests of the effi-
ciency of background reduction (normal screening grid operation and dipole mode) are planned
to be carried out with the pre-spectrometer setup, as it in general resembles the main spectrom-
eter system more closely than the Mainz spectrometer. Unfortunately these measurements had
to be delayed due to ongoing investigations of Penning traps inside the pre-spectrometer and
the installation and testing of a modified electrode system in the cone regions (see section 5.2).
Therefore, the screening test measurements at Mainz remain the most comprehensive and con-
clusive ones to date. Presently the pre-spectrometer is being prepared for the start of background
tests with the screening grid. An X-ray source has recently been installed which will be used to
perform measurements similar to those done at Mainz.

3.4 Transfer of the concept to the KATRIN main
spectrometer

First studies regarding an implementation of the screening concept for the main spectrometer
were carried out in the work described in [Val04]. The basic parameters of the wire electrode
design were laid down there (see tables 3.1 and 3.2 and figure 3.6). As a novel feature compared
to the earlier wire electrode “prototypes” built for the Mainz MAC-E filter and the KATRIN pre-
spectrometer, the main spectrometer wire electrode is conceived as a double-layer system.

The main motivation for using a two layers of wires results from the conflicting requirements
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regarding the geometrical parameters s and d of the grid, which were already encountered in
section 3.1. On the one hand, the surface area of the high-voltage electrodes in the KATRIN main
spectrometer exceeds that of previous MAC-E filters by about two orders of magnitude, and thus
alow geometrical coverage f. of the grid is of key importance in order to maintain a background
level of <1072 % reached with the smaller spectrometers. The background suppression factor due
to the wire grid is approximately given by 1/ fg. (which follows from geometrical arguments), and
hence one finds that fi. < 1% needs to be achieved for the KATRIN main spectrometer. Therefore,
a small wire diameter d < s is required.

On the other hand, there are two arguments opposing this demand:

o The electric field strength at the surface of a wire in the grid can be approximated by

AU s AU 1

Esurf, wire A _l —_

d ] 7T_fgc’ 3.7

where AU is again the difference between the electric potentials of the solid and the wire
electrode in the case of a single-layer grid (compare eq. (A.12) in appendix A). Experi-
ence from the Mainz experiment shows that field emission at the wires starts at around
Egurf,wire ~ 0.4 t0 0.7 %’ [Miil02, Fla04, KAT04]. Thus, the wire diameter d (or, more gener-
ally, the factor I d/s) should be large in order to prevent field emission. This is particularly
important since it is planned to use the wire electrode of the main spectrometer also in the
dipole mode, where high electric potential differences of the order of 1 to 2 kV relative to
the vessel wall will be applied to the wires. The electric dipole field serves the purpose of
removing charged particles, which are trapped in isolated regions inside the spectrometer,
from the sensitive analyzing volume by virtue of the E x B drift motion. First studies ap-
plying this method to the MAC-E filter of the former Mainz neutrino mass experiment were
carried out in [Thii02, Miil02].

It is immediately clear from eq. (3.7) that, for a fixed range of [ and AU, the requirement of
a small geometric coverage conflicts with the aim of obtaining a low electric field strength

E surf, wire -

¢ The high voltage on the main spectrometer vessel electrode will unavoidably be affected by
a considerable ripple AUyegsel. Part of it stems from instruments (like for example vacuum
pumps) connected to the tank, but the high voltage supplies themselves will also give a
contribution typically of ¢(100mV). For the purpose of reducing the influence of the low-
frequency part of this ripple on the retardation potential inside the spectrometer, a large
electric screening factor S is helpful. This can be seen from egs. (3.4) and (3.5):

1 1
AUgna = AUkt ~ (1 - g) : AUgrid + g - AUyessel, (3.8)
with AUgiq being the ripple on the wire electrode high voltage and AU,n, denoting the
fluctuations of the retardation potential. AUgiq < AUyessel can be achieved by using spe-
cial high-precision and high-stability power supplies (e. g., AUgiq of (10 mV) peak-to-peak
[FuG08]). Hence, eq. (3.8) indicates that AUyesgel is suppressed by a factor of 1/8.

According to eq. (3.6), a large large value of S (at a given /) translates into a small value of
the background screening factor 1/ fg:

2ml 2ml
S~ 1+ =1+ . (3.9)

S ln(%) s ln(”}gC)
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The parameter / representing the radial distance between the wires and the solid electrode forms
a lever arm which helps to relieve some of the tension. However, [/ can only be enlarged within
certain limits, as the physical margin in radial direction between the vessel hull of the spectrom-
eter and the outer border of the transported magnetic flux is only ~ 0.4m. Another method to
resolve the conflict is indeed the use of two wire layers with different wire diameters. This is also
supported by a third argument: For the retardation potential U.s to be homogeneous, a constant
value of [ is required. Since the shape of the central section of the vessel deviates from a per-
fect cylinder, whereas the wire electrode is supposed to define a nearly ideal cylinder (within very
tight tolerances, compare section 4.5), [ cannot be expected to be uniform over the full extent of
the wire electrode. With the inclusion of a second wire layer, this problem is reduced to control-
ling the relative distance I, between the wire layers with high precision!?, while the distance [
between the vessel and the first (outer) layer becomes less relevant.

In the light of the arguments presented above, the following section therefore summarizes the
most important characteristics of a two-layer wire electrode for the KATRIN main spectrometer.

Table 3.1: Parameters of the wire electrode for the KATRIN main spectrometer in an early design stage
(according to [Val04]). During the course of the design studies described in chapter 4 of the present work,
most of the parameters were modified, e. g, the wire diameters and the layer spacing. The voltage differ-
ences given here are to be understood as reference values, since the voltages applied to different sections
of the wire electrode may vary slightly (see figure 3.6 and table 3.2).

first (outer) layer second (inner) layer

distance to vessel hull 150mm 200mm
wire diameter d 0.5mm 0.15mm
circumferential wire pitch s A~ 25mm A 25mm
voltage difference Uyessel — Uwire —100V —-200V

Table 3.2: Electric potentials assigned to different parts of the electrode system in an early design stage

[Val04] (compare figure 3.6).

segment type potential [kV] # of wires
first (outer) layer second (inner) layer

A solid (ground electrode) 0 — —
B,C,D solid (vessel electrode) —18.400 — —
E solid (inner electrode) —18.400 — —

a wires (inner electrode) —18.470 —18.570 1194

wires (inner electrode) —18.490 —18.590 1194

c wires (inner electrode) —18.497 —18.597 1194

def wires (inner electrode) —18.500 —18.600 1194

10The meaning of /; and I, is explained in figure 3.7 further below.
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Figure 3.6: Early conceptual design of the two-layer main spectrometer wire electrode (according to
[Val04]). Contours of the wire layers (equidistant spacing to the vessel hull: /; = 150mm and [, + [, =
200mm, respectively) are marked in red, while all solid parts of the electrode system are drawn in blue
colour. The latter category comprises vessel and ground electrodes as well as certain parts of the inner
electrode which are placed in regions of high electric fields and were thus intended to be made of solid
metal rather than thin wires in the early stages of the development of the wire electrode. For the electric
potentials in this configuration see table 3.2.
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3.4.1 Parameters of a double-layer wire electrode system for the main
spectrometer

Although the overall concept of the wire electrode for the KATRIN main spectrometer has in the
meantime undergone major revisions regarding several aspects (see chapter 4), the basic features
were established already in the early drafts:

o The wires of the two layers should be arranged in a staggered configuration, as illustrated
in figure 3.7. Hence both layers must include the same number of wires: Nyire,1 = Nuire,2 =
Nuires- Due to the different circumferential length of the two wire layers, which are placed
on cylinders of slightly different radii, this means that the pitch s between the wires is only
approximately the same in the two layers:

2m(R—-1) _2n(R—(h+ 1))
——— =S5 = .

(3.10)
N, wires N, wires

For example, with R = 4900m, /; = 150mm, /> = 50mm and Nyes = 1194 one obtains
$1=25.0mm and s, =24.73mm.

Figure 3.7: Schematic illustration: param-
eters of a double-layer wire electrode. The
solid cylindrical electrode of radius R en-
closes two concentric cylinders of radii R—1[;
and R—(I,+1,) (with I, < I;) along which the
wires are distributed in a staggered arrange-
ment: one wire of the inner layer fills the gap
between two neighboring wires of the outer
layer. In the outer and inner layer the wire
diameters are d; and d, < d,, respectively.
Since both [, and /; are much smaller than
R, the wire pitch in the two layers is approxi-
mately the same (s, ~ 51).

o The spacing of the inner wire layer with respect to the vessel hull, /; + I, should allow for
amargin or of at least a few centimeters between the border of the nominal magnetic flux
and the wire electrode. This holds in particular for the region close to the analyzing plane,
where the diameter of the flux tube assumes its maximum value:

4-5m:rﬂux,ana:Rvessel_(ll+l2)_5r- (3.11)

For example, the choice /; + I, = 150mm + 50 mm leaves a clearance of 0 r ~ 150 mm. The
safety margin is necessary in order to

- impede by virtue of magnetic screening the direct migration of electrons from the
cathode surfaces — especially from the wire electrode itself — towards the inner vol-
ume of the spectrometer, and to

— achieve a homogeneous effective potential seen by the electrons out of reach of the
ripple structure caused by the wires (i. e., 0 r > s/(27), compare appendix A).
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e Previous experience from the tests of the wire electrode concept at the Mainz MAC-E filter
indicates that a staged screening potential of 2 x 100V (i. e., 100V difference between vessel
hull and outer wire layer and another 100V between the two wire layers) should be sufficient
to intercept the majority of the secondary electrons from the solid electrodes (see figure
3.3).

e Wire diameters of d; = 0.5mm and d, = 0.15mm for the outer and inner layer, respectively,
yield the following values for the opacity and the electric screening factor of the grid:

outerlayer: fgc1 &~ 2%, S ~ 14.6, 3.12)
inner layer: fgco ~ 0.6%, S, ~ 4.2, '

Hence, the outer layer is responsible for the bulk part of the electric screening while pos-
sessing a comparatively large geometrical coverage. Therefore, it is advisable to mask it with
a second layer of lower screening and, in return, reduced coverage. S; and S, can be used in
order to approximately relate the applied potentials Uyessel, Ugrid,1 and Ugrig,2 to the effec-
tive retardation potential Usss » in the far-field region at large radial distance from the inner
wire layer. Combining egs. (3.4) and (3.5) one finds that the effective potential resulting
from the outer layer of wires reads

Uvessel — Ugrid, 1

Ueff,l = Ugrid,l +
S

(3.13)

Assuming that the radial distance between the two layers is large compared to the wire
pitch, the effective potential resulting from the inner layer can be computed using Uk as
a point of reference instead of the potentials Uyessel OF Ugrid,1:

Ueff,l - Ugrid,2

Ueff,2 = Ugrid,2 + (3.14)
Sy
Inserting eq. (3.13) into (3.14) yields
1 Uvessel — Ugrid,1
Ueff,2 = Ugrid,Z + S_ (Ugrid,l + Vesses—grl - grid,Z) . (3.15)
2 1

However, the value obtained by inserting the relevant parameters into eq. (3.15) can only
be used for an illustrative (toy) model since it neither takes into account the influence of
mounting structures nor the graded values of the potentials on different parts of the wire
electrode. Furthermore, the expression (3.6) for the analytical form of the screening factor
is valid strictly only for infinite planar or, at best, cylindrical electrodes. Nevertheless, it
is instructive to get an estimate of the effective potential resulting from the electrode con-
figuration. Inserting the values Uyessel = —18.4KkV, Ugiiq,1 = —18.5kV and Ugig,2 = —18.6kV
together with S; and S, from eq. (3.12) one thus obtains

Ueftz ~ —18574.6V
= Ugrld'z + 25.4 V.

(3.16)

The effective retardation potential is thus appreciably more positive than the voltage ap-
plied to the innermost wire layer. Despite all limitations of the model, the computer simu-
lations qualitatively reproduce the value obtained in eq. (3.16).

e The azimuthal division of the wire electrode into two electrically independent halves, al-
though not visible in the rz-cut in figure 3.6, is implicitly included in all design consider-
ations. It allows to operate the inner electrode in the aforementioned dipole mode during
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short measurement intervals. Since the azimuthal (circumferential) distribution of wires
should form a closed circular contour without any distinguished direction introduced by a
particular “dipole separation gap”, the nominal uniform spacing s of the wires must be suffi-
cient to sustain the full dipole potential difference in the low kV range. A pitch of s ~ 25mm
seems suitable to fulfill this condition.

The field strength at the surface of the grid needs to be considered separately for the normal
mode with both halves of the electrode at the same potential and for the dipole operation
with large potential differences. In the normal mode, the inner wire layer with the smaller
wire diameter is more critical (compare eq. (3.7)):

100V 25mm

\Y%
E ire] A ~110 —. 3.17
surf, wirel 50mm 7-0.15mm mm ( )

From the geometrical factor /1d; = 10 l,d» one sees that for the same value of AU the
electric field strength at the outer wire layer should be a factor of 10 lower than at the in-
ner layer. It can therefore only become critical in the dipole mode, where both wire layers
are short-circuited and the potential difference AU, to the vessel hull is large. If one as-
sumes a dipole voltage of AUgipole = 1KV, the factor of 10 cancels and one obtains the same
approximate value of the electric field strength as for the inner layer:

1000V 25mm

E ire2 A ~110 —. 3.18
surf, wire2 150mm 7-0.5mm mm ( )

Although both values are well below the critical value of 400 m—\in determined experimentally
at the Mainz setup, it has to be kept in mind that a significantly higher electric field strength
can arise at particular points of the geometry that are not included in the simplified esti-
mate above. For example, sharp bends of the wire in the vicinity of the mounting structures
might become critical. Therefore, an experimental investigation was started to validate the
technical concept [Zac09].

In the original draft, the parts of the inner electrode closest to the ground electrodes were
conceived as sheet-metal cones as an additional precautionary measure. This concept was
inspired by the experience at Mainz and the inner electrode concept of the pre-spectrometer
(compare figure 3.5). It had to be abandoned later due to technical constraints (see next
chapter).
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4 Design studies for the wire electrode of
the KATRIN main spectrometer

Starting from the basic parameters of the wire electrode for the KATRIN main spectrometer de-
scribed in the last section of the previous chapter, detailed simulation-based design studies were
needed to refine the concept and elaborate technical details. In some points disparate physical
and technical requirements needed to be balanced in close collaboration with the engineers.

The account of the investigations carried out in the scope of this work is divided into the following
parts: Sections 4.1 and 4.2 define the technical requirements and important design criteria in
view of the electromagnetic properties of a MAC-E filter. An overview of the tools and numerical
methods used for the computer simulations is given in section 4.3. The step-wise implementation
of the computer model and the main results of the investigations are described in sections 4.4
through 4.8. Finally, section 4.9 summarizes the production and quality assurance steps, while
section 4.10 contains concluding remarks and briefly reviews the hardware status of the project.

4.1 Technical requirements

Several technical requirements set the framework for the concept and realization of a wire elec-
trode system of the KATRIN main spectrometer.

¢ Compliance with the ultra-high vacuum demands of the KATRIN spectrometer section is a
vital issue:

- In order to meet the specified outgassing rate of < 10~'2mbarls~! cm~2, only a lim-
ited selection of materials (e. g., stainless steel, ceramics (Frialit) and gold) may be
used for the construction of the wire electrode. The requirements are quite different
from those of wire chambers typically used in the large detector systems known in
particle physics, as for example the usage of glue to fix the wires is strictly prohibited.

— All pieces to be installed inside the main spectrometer must be cleaned according to
the ASTeC procedure!, which includes degreasing with a detergent in an ultrasonic
bath and subsequent rinsing with demineralized water.

- Vacuum compatibility also implies the venting of screws and other pieces that might
house air enclosures, which causes a considerable additional work load during pro-
duction.

— Minimizing the the surface area introduced by the inner electrode (in particular by the
solid mounting structures) is one of the criteria to be kept in mind during the design
stage.?

— Finally, the assembly of the modules needs to take place in a cleanroom environment.

!Guidelines for UHV-compatible preparation and cleaning of stainless steel surfaces were released by the Accelerator
Science and Technology Centre, ASTeC (see website http://www.astec.ac.uk/).

2This point is of course not only important with regard to vacuum issues, but also essential for the efficiency of the
achieved background suppression.
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e The abovementioned vacuum demands require a bakeout of the whole spectrometer in-
cluding the inner electrode system at temperatures up to 350°C. In order to avoid any me-
chanical stress and potential permanent deformation of the electrode system, the material
of the wire electrode must possess a thermal expansion coefficient compatible with that of
the stainless steel (1.4429 DIN) of the spectrometer vessel. This can be achieved by using
a suitable stainless steel grade (e. g.,1.4429 DIN or 1.4435 DIN (for plates), 1.4404 DIN (for
wires)) as the only working material for the wire electrode, which is also favored from the
point of view of vacuum compatibility.

e Only non-magnetic materials can be used. The aforementioned stainless steel grades also
fulfill this demand.

e Furthermore, all material has to be carefully screened for radioactive contamination. This
not only holds for the stainless steel wires and sheet metal, but also for the welding seams
of the mounting structures which often contain radionuclides related to the thorium chain
(see refs. [Geb07, Ben09]).

¢ In addition, the wire material was selected with respect to elasticity and thermal properties
[Rei07], as well as in view of the surface quality [Geb07], which plays an important role in
avoiding field emission. Of course all parts of the mounting structures (those belonging to
the modules as well as those for the rail system) must be electropolished to round off sharp
edges and microtips.

o The necessity to handle and mount the parts of the wire electrode inside the spectrometer
calls for a modular design with a maximum weight of the individual parts of about 20kg.

4.2 Design criteria

The design criteria regarding the inner electrode system of the main spectrometer are strongly
coupled to those applied to the design of the vessel electrode (see reference [Val04]). Four of the
key points regarding the electromagnetic design of the main spectrometer will be introduced in
the following.

4.2.1 Homogeneity of electric retardation potential and magnetic field in the
analyzing plane

In an ideal MAC-E filter both the electrostatic retardation potential Uyp, and the minimum mag-
netic field strength Ban, are invariable along the full extent of the analyzing plane, which in the
case of the KATRIN main spectrometer covers a diameter of 9m. Equation (2.28) reflects these
idealized characteristics of the spectrometer: constant values enter the analytical expression for
the transmission function, irrespective of any radial dependencies of the fields.

In reality, however, inhomogeneities both in the electric and the magnetic field will be introduced
due to various influences (finite-size effects as well as local distortions of the field configuration).
The magnitude of the inhomogeneities in the analyzing plane can be estimated by the two quan-
tities

AUana = |Uana(r =0) — Uana(7 = Tana, max)|

(4.1)
and ABana = |Bana(r = 0)_ Bana(r = rana,max)|-

The radius of the magnetic flux tube at the analyzing plane of the main spectrometer is rana, max =
4.5m. Typically, the retardation potential is about 0.5 — 1V more negative and the magnetic field
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Figure 4.1: Influence of field inhomogeneities on the shape of the transmission function. In this sketch
the cases AUyna(r) # 0 (a) and A Bapa(r) # 0 (b) are treated separately in order to disentangle both effects.
In practice, however, they will usually be present simultaneously, and a continuous distribution of radii
instead of a single value needs to be considered (compare figure 4.2).

strength reduced by 12 — 15% at the outer border of the flux tube.

Figure 4.1 illustrates the influence of radial variations of the fields on the transmission function.
Depending on the radius at which the electrons pass the analyzing plane, they experience a differ-
ent retardation potential. This leads to a shift of the onset of transmission relative to the nominal
value, while the width of the rise is left unchanged: (AE)* = AE (fig. 4.1(a)). In contrast, a radial
variation of the magnetic field across the analyzing plane will affect the width of the transmission
function (fig. 4.1(b)).

As a result, the real transmission function, which integrates over all radii 7 < rana, max, is broad-
ened significantly and the sharp edges of the analytical shape are smeared out. Both effects are
of course undesirable. On the basis of preliminary values for the potential depression AUgana(7)
and the variation of the magnetic field A Ban,(r) obtained in this work, a Monte Carlo study of
their effects on the transmission function was carried out by J. Dunmore (Univ. of Washington,
Seattle) [Dun07]. As expected, the outcome of the simulation (figure 4.2) shows a considerable
deterioration of the properties of the transmission function. The largest influence stems from the
potential depression AUypa.

To reach the sensitivity on the neutrino mass envisaged for KATRIN, measures to reduce this effect
need to be taken:

e The electromagnetic design of the main spectrometer should be optimized such as to mi-
nimize the amount of inhomogeneity. For example, the shape and potential distribution
of the inner electrode system can be adjusted to reduce the potential depression in the
analyzing plane.? The homogeneity of the magnetic field can be improved by choosing an
appropriate configuration of the air coils.

e The effective magnitude of the radial inhomogeneities is reduced by using a radially seg-
mented detector. Since the number of independent pixels is limited due to technical rea-

3In fact, as will be seen in section 4.6, the implementation of realistic wire electrodes with solid mounting structures
results in a higher inhomogeneity of the retardation potential compared to the case without wire electrode. How-
ever, the effect can be lessened by carefully choosing a suitable layout of the wire electrode geometry, by tuning the
distribution of electric potentials to various parts of the electrode system and by introducing dedicated compensa-
tion structures (see section 4.6).
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Figure taken from [Dun07].
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sons, a residual effect on the transmission function remains. A radial discretization into
12 concentric rings and a central four-piece bull’s eye has been established as a viable
compromise for the KATRIN final plane detector* (see figure 2.9). The arrangement of the
pixel rings approximately matches the gradient of the potential depression imaged from the
@9m analyzing plane onto the @90 mm detector chip. In order to be able to fully exploit the
benefits of the segmentation of the detector in the analysis of the tritium runs, each pixel
needs to be calibrated separately and the individual transmission function has to be deter-
mined. This requires extensive and rather time-consuming calibration runs with a high-
precision electron source that allows to spatially scan the full cross section of the magnetic
flux tube (see discussion in section 7.1).

4.2.2 Transmission properties

The working principle of the MAC-E filter requires an electron traversing the spectrometer to
reach its minimal longitudinal kinetic energy at the plane where maximum electrostatic retarda-
tion and minimum magnetic field coincide. By convention, this analyzing plane is situated at an
axial position z = 0 (it corresponds to the mirror plane of the spectrometer in axial direction). If
the minimum of the longitudinal kinetic energy occurs at an axial position zn, 7# 0, an effective
analyzing plane is created. This phenomenon, which is also characterized quite graphically as
“too early retardation”, deteriorates the energy resolution of the spectrometer: the magnetic field
strength By, at zr, will be higher than at z = 0, therefore the electron will pass the shifted effective
analyzing plane with a higher amount of residual transversal kinetic energy Eians.

To quantify the effect it is instructive to define a parameter o0 E| as
5EH = E\I,ana - E||,1nin» 4.2)

where E| ana denotes the value of the longitudinal kinetic energy at the nominal location of the
analyzing plane (z = 0) and Ejmin is the global minimum of the longitudinal kinetic energy
reached along the trajectory.

It is therefore important to control the evolution of the longitudinal kinetic energy of electrons
from their starting point at the entrance of the spectrometer until they reach the analyzing plane.

4In addition, the detector is also divided into 12 azimuthal sectors.
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Along with the inspection of the homogeneity of the electrostatic and magnetic fields, this step
needs to be repeated for each modification of the electromagnetic configuration of the spectrom-
eter. For this purpose, either a microscopic tracking routine or an approximative adiabatic track-
ing can be used (both programs are described in section 4.3.3). Electrons passing the analyzing
plane at the outer border of the magnetic flux tube with small surplus energies of the order of
< 1eV, which additionally possess a large cyclotron component of the motion (i. e., large starting
angles of Ogiart < Bstart,max ~ 51° at the source), represent the most critical group since

1. they cross the analyzing plane at large radii, where the electrostatic retardation is strongest
(due to the potential depression mentioned in the previous section), and

2. alarge part of their initial kinetic energy resides in the transversal component E; .

4.2.3 Adiabaticity

The adiabatic conversion of kinetic energy between the transversal and longitudinal components,
which is the key to the superior energy resolution that can be reached with a MAC-E filter, is
not a predisposed feature that can be taken for granted. Rather the adiabatic properties can be
impaired by various influences, for example by a faulty configuration of the electric and magnetic
fields. The entrance region of the spectrometer, in particular, is prone to conditions departing
from adiabaticity as here a sudden transition between zero potential (inside the ground electrode)
and strong retardation takes place in a highly inhomogeneous magnetic field. The second region
where non-adiabatic conditions can occur is the large central part of the spectrometer, where the
electrons are guided only by a weak magnetic field. Electrons crossing the analyzing plane with
high kinetic energy (i. e., with large surplus energies with respect to the electric filter potential)
will not be guided efficiently.

In general, a careful adjustment of the electric and magnetic fields during the design phase helps
to produce good adiabaticity conditions. These can be checked by looking for changes in the

adiabatic invariant )

b1
= ) 4.3
YU >mB 4.3)

for example along the trajectory of an electron through a MAC-E filter. Any sizeable deviation
from yu = const. which cannot be attributed to numerical inaccuracies indicates a limited adi-
abatic energy transfer. In this case a broadening of the transmission function occurs, which is
rather difficult to assess. Therefore, non-adiabatic behavior should be avoided and controlled by
computer simulations.

A study of the adiabaticity characteristics of the main spectrometer (vessel electrode only) was
carried out in [Val04]. Since no severe changes are expected to be caused by the inclusion of the
wire electrode, the reinvestigation of adiabaticity was deferred in favor of the more immediate
difficulties regarding field homogeneity and transmission properties.

4.2.4 Avoidance of traps for charged particles

A further design criterion to be taken into account is related to the incidental trapping of charged
particles. As pointed out in various places throughout this work, the configuration of electro-
magnetic fields present in a MAC-E filter naturally gives rise to particle traps which can cause
an increase of background through secondary effects like ionizing collisions with residual gas
molecules.

There are three main mechanisms by which charged particles can be stored in MAC-E filters:
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e Magnetic trapping follows the principle of the “magnetic bottle”. A particle which starts

from some position within the MAC-E filter at a relatively low magnetic field strength and
propagates towards the regions of higher magnetic field strength at either end of the spec-
trometer will experience a transformation of the longitudinal component E of the kinetic
energy into the transversal component E, by virtue of the magnetic gradient force. If the
relative fraction of transversal kinetic energy of the particle at the starting point is suffi-
ciently large, the magnetic mirror effect will eventually extract all of the longitudinal energy
and cause the particle to reverse its direction of motion at some point of reflection, which
can easily be seen by applying equation (4.20). In the case where reflection occurs at both
ends of the spectrometer the trapping mechanism is said to be purely magnetic.

Electrostatic trapping with magnetic guiding occurs when a charged particle follows a
magnetic field line that intersects a particular electrostatic equipotential line twice.> This
kind of field configuration resembles that of the Penning trap and is the most relevant one
for the studies that are described in the following.

Electromagnetic trapping forms a combination of the two abovementioned effects: the
charged particle is for example reflected by the strongly negative electric potential in the
analyzing plane and by the magnetic mirror effect at one of the ends of the spectrometer.

Chapter 5 is devoted to the complex of problems associated with Penning-type traps. For exam-
ple, deep Penning-like traps are located at the conical entrance and exit regions of the pre- and
main spectrometer, and another trap exists between the two spectrometers. While the former
type of trap can largely be suppressed by a suitable design of the electrode system (see sections
5.2 and 5.3), the latter cannot be avoided and a dedicated mechanism is needed to prevent the
build-up of a charged plasma (compare section 5.4 and chapter 6).

SIn the case of a MAC-E filter with negative electric potentials this applies for negatively charged particles, i. e., mainly
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4.3 Simulation tools

The program package used for the electromagnetic design studies of the main spectrometer and

its inner electrode system was written by E Gliick (Forschungszentrum Karlsruhe) [Glii05a, Gl{i06a,
Glii09a] and maintained by S. Vocking (Univ. Miinster, see also [V6c08]). It consists of a number

of routines, written in the programming language C, that can be grouped into the following cate-

gories:

e computation of static magnetic fields from a given coil configuration,
e computation of electrostatic fields from a given electrode configuration,
e trajectory calculation for charged particles moving in electromagnetic fields,

¢ auxiliary programs (for example magnetic field line calculation, creation of geometry input
files or visualization of geometries).

The methods and basic working principles of the programs representing each of these tasks will
be briefly outlined in the following.®

4.3.1 Calculation of magnetic fields

The magnets included in the KATRIN setup can be described as cylindrical inductor coils. Both
superconducting magnets (for the high-field coils with magnetic field strengths up to 6T) and
normal-conducting air coils (mostly for the field-shaping in low-field regions) are used. In most
applications the coils are aligned to a common axis of rotational symmetry, which simplifies the
calculation.” However, considering the global arrangement of coils also the tilted magnets in the
cryogenic pumping section (CPS) need to be taken into account. In addition, the implementation
of (small) tilt angles is necessary for the estimation of tolerances with regard to placement and
alignment of the magnets. Therefore, a general method to compute the magnetic field from an
assembly of cylindrical coils with individual symmetry axes is needed. This is realized in the
program magfield3, which expects as an input the following coil parameters:

Ncoil number of coils,

I[k] current density (number of windings times current divided by
cross section of the coil in the rz-plane, in A/m?),

ATx]1[1],B[k][1] Cartesian coordinates (I =x, y, z) of the two axial endpoints of
the coil, defining the local symmetry axis (in m),

Rmin[k], Rmax[k] minimum and maximum radius of the coil winding (in m),

n[k] discretization parameter: number of radial segments of the
coil.

Here, k =1,...,Ncoil represents the coil index. For applications that only involve a single global
symmetry axis the simplified program magfield2 (with slightly different input parameters) can
be used.

Both programs use a similar approach. The body of a coil can be decomposed into a number of
thin current loops, for which the magnetic field is given by Biot-Savart’s law:

6Details concering the simulation software are documented for example in references [Hug08], [V6c08] and [Val04].
“The main spectrometer subsystem for example, with three superconducting coils (including pinch and detector
magnets) and the set of 14 field-shaping air coils, contains only a single symmetry axis.
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where dB is the magnetic field induced at a fieldpoint r by a current I through an infinitesimal
piece of conductor (direction and length determined by d1).

Starting from eq. (4.4) the components B, (radial), By (azimuthal) and B, (axial) of the magnetic
field can be calculated analytically by using complete elliptical integrals (see for example chapter
2.2 of reference [Kno00]). This powerful method allows to compute B in any arbitrary field point
(even within the coil winding itself) to high accuracy. However, the computation is rather time-
consuming. Therefore, an approximative but faster method can be applied, which is based on an
expansion of the field components in terms of Legendre polynomials (see for example [Gar51]).
The series does not converge for arbitrary fieldpoints but only for those within a certain conver-
gence area defined by the coil configuration. Depending on the distance between fieldpoint and
coil, either the “central” or “remote” Legendre polynomial expansion can be employed.

4.3.2 Calculation of electric fields

Two techniques traditionally used for the numerical solution of electrostatic problems are the fi-
nite difference method (FDM) and the finite element method (FEM). Since the achievable accuracy
strongly depends on the granularity of grids or meshes subdividing the full volume taken up by
the input geometry, these methods are not very well suited for electrode geometries which com-
prise both very large and tiny dimensions.? Therefore, the routines used for the studies presented
here are based on a different approach.

Introduced in the 1960s, the boundary element method (BEM)® (see for example [Har76, Ren82))
has by now become well established. In early developmental stages it was mainly used for the
computation of electrostatic lenses [Cru63, Rea71], but a wide range of further applications soon
followed and a number of program packages (such as the Charged Particle Optics codes CPO2d
and CPO3d [CPO08]) became commercially available.

The main advantage of the boundary element method is that it provides continuous field and
potential distributions [Ren82] while using a smaller amount of computational resources as com-
pared to the FDM or FEM methods. Reference [Cub99] presents a comparison of these three
techniques on the basis of benchmark tests.

The charge density method replaces conducting electrodes in a vacuum environment by charged
surfaces which are then subdivided into a number of N small elements with a homogeneous
charge density o; (i =1,...,N). An element with surface area a; thus has a total charge q; = a;0;.
The charges give rise to a potential distribution which can be determined in the following way.

In the first step, the potential contribution of the element j at the center of element i is evaluated:

o O'j d2rj 45
Pij= E 4.5)
aj

i—ril

Since in this version of the boundary element method the charge density on each element is as-
sumed to be constant, the integral only depends on the geometry of the two elements i and j. The

8Any solely FDM- or FEM-based attempt to calculate for example the potential inside the large KATRIN main spec-
trometer with the small details introduced by the wire electrode will encounter this discretization problem (com-
pare initial studies in [Val04]). A possible workaround is to replace the geometry details of the wire electrode by a
solid electrode placed on the corresponding equivalent potential, see section 3.1.

90ther terms describing the same method include charge density, surface charge or integral equation method.
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fact that only the potential at the center of the element is computed introduces an error, which is
however of no concern as long as the elements are chosen to be small enough.?

Next, the collective contribution of all the elements is considered. Summation over all elements
yields the resulting potential U; at the center of element i :

N N
Ui=Z¢ij=ZCijUj, (4.6)
j=1 j=1
where the coefficients C;; contain the geometry information:
1 d2 rj
C,’j = . 4.7)
dmeg ) |ri—r;l
aj

The vector U is generated from the potentials applied to the electrodes and used as an input.!!
Hence, the problem is essentially reduced to finding the coefficients C;; and solving the set of
linear equations defined by (4.6) for the vector o of charge densities on all the elements.

Special care needs to be taken for electrodes with sharp edges or at joints of two neighboring
electrodes that form a narrow angle, in which cases singularities in the charge density can occur.
Such difficulties can at least be amended by choosing an appropriate distribution of elements
along the electrode, for example by increasing the number of elements towards the ends of long
electrodes.

Usually, one is interested in the potential at any fieldpoint r outside the electrodes rather than in
the charge densities. Therefore, the last step is the superposition of all individual charge densities
o (with k =1,..., N) which were calculated before:

N

1 dzrk
Ulr)=—— 4.8
(r) 4%60; J |r—rk| (4.8)

The computation of the coefficients C;; becomes significantly more simple if certain symme-
tries of the electrode configuration can be exploited. For the applications discussed in this work,
axially-symmetric objects are of particular relevance. In this case the geometry can be decom-
posed into thin rings of charge for which the potential can be computed analytically using the
complete elliptical integral of the first kind (see, e. g,, [Ren82]). Similar to the calculation of mag-
netic fields described above, Legendre polynomials are also useful for the computation of electric
potentials and fields.

Both methods are employed in two programs, elcd3_2 and elcd3_3, which use varying degrees
of rotational symmetry.'? Mirror symmetry provides an (optional) additional simplification. The
electrode configuration of the main spectrometer, for example, is mirrored with respect to the
central plane (analyzing plane, usually placed at z = 0).

e In elcd3_2 solid-metal electrodes can take the shape of either cylindrical or conical seg-
ments, i. e., full rotational symmetry is used. Wires can also be implemented. Each wire
segment is defined by a straight line replicated with an n-fold discrete rotational symmetry.

10This is in fact the major limitation to any large-scale application of the charge density method, see for example the
extension of the boundary element method using multipole expansions developed in reference [V6c08].

IElectrode surfaces are equipotential surfaces; therefore, a voltage U applied to a specific segment of the electrode
system also represents the potential U; for all elements of this segment.

12In fact, the files elcd3_2.c and elcd3_3.c are function libraries that contain the algorithms called from the executable
programs. The main programs, or executables, are named elmain2 and elmain3, respectively.
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Wires as well as solid shapes are thus determined by line elements in the rz-plane. The
following parameters are therefore needed as input:

for solid and wire electrodes:

N_el number of electrode segments

zA[k] ,zB[k] =z-positions of the two endpoints of the straight line defining the segment
withindex k (k=1,...,N_el)

rA[k], rB[k] r-position of the two endpoints of the straight line

U [k] electric potential applied to the segment with index k

disc[k] discretization parameter for segment with index k

additional parameters for wire electrodes:

d[k] wire diameter of the segment with index k
phi[k] relative azimuthal angle of the segment with index k
n[k] discrete rotational symmetry for the segment with index k (i. e, number

of wires in azimuthal direction)
Figure 3.6 shows an example of an input geometry for a calculation using elcd3_2.

e elcd3_3 was developed as an extension of elcd3_2. It accepts either rectangles or wires as
electrode segments. By abandoning the geometry input via fully-rotated line elements the
usage of objects with partial rotational symmetry becomes possible. In fact, the rectangles
and wires can have any orientation in space, which in principle allows the modeling of
arbitrary three-dimensional geometries.!® This is necessary for more realistic simulations
of the wire electrode for the KATRIN main spectrometer, in particular regarding the details
of the mounting structures (see following sections). The implementation of more complex
geometries using discrete rotational symmetry also for solid electrode parts allows to study
the influence of these details on the shape of the electric field.

An input file for e1¢d3_3 must contain the following parameters (see illustration in figure
4.3):

for solid electrode parts:

i global index of the element

i_sigma index of the charge density group the element belongs to
type[il] type=1 identifies an object as being a solid piece of electrode
rot[i] parameter for discrete rotational symmetry

Px[i], Py[i], Pz[i] Cartesian coordinates of the corner point

nix[i],nly[i],n1z[i] Cartesian coordinates of the first unit vector

n2x[i],n2y[i],n2z[i] Cartesian coordinates of the second unit vector

allil, a2[il] side length in direction of first and second unit vector, respec-
tively
Uli] electric potential applied to the element with index i

13In practice, the fully three-dimensional approach cannot be realized for large objects such as the KATRIN main
spectrometer due to the huge number of elements that would be needed. Instead, several groups of identical parts
are implemented, which are multiplied and rotated with a discrete rotational symmetry.
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for wires:

i
i_sigma
type [i]
rot[i]

Pi1x[i],P1y[il, P1z[1i]
P2x[i], P2y[i], P2z[1i]

d[i]
U[i]

global index of the element

4.3 Simulation tools

index of the charge density group the element belongs to

type=2 identifies an object as being a wire

parameter for discrete rotational symmetry

Cartesian coordinates of one end of the wire

Cartesian coordinates of the second end of the wire

wire diameter

electric potential applied to the element with index i

The use of two independent indices i and i_sigma allows to group the electrode elements
into subsets with common charge density, which can help to save computational resources
in geometries with discrete rotational symmetry. The unit vectorsnl and n2 are expected to
be orthonormal. To make the length of a line of input for a wire equal to that of a rectangle,
a set of four arbitrary numbers needs to be inserted between the d and U parameters of a
wire. These four parameters are ignored during readout.

z

np

ai

V4

y

4

as

ny

(a) rectangular segment

Py

(b) wire segment

Figure 4.3: Definition of input parameters for elcd3_3: (a) solid electrode geometry with rectan-
gular elements, (b) wire geometry.

71



4 Design studies for the wire electrode of the KATRIN main spectrometer

4.3.3 Trajectory calculation for charged particles in electromagnetic fields

The program traj performs a detailed calculation of the trajectory of a charged particle in elec-
tromagnetic fields. The calculation is referred to as being “microscopic” since it follows the loops
of the cyclotron motion instead of employing the adiabatic approximation to track the particle
along a specific magnetic field line and neglecting the gyration. The latter approach is chosen
in the transmission code. These two programs and their respective uses are introduced in the
following paragraphs.

Microscopic trajectory calculation with traj

The motion of a charged particle in combined electric and magnetic fields can be described by
six differential equations of first order:

X = v,

. (4.9)
P = FL;

where F; = q(E + v x B) is the Lorentz force. x represents the vector of Cartesian coordinates in
each point of the trajectory, v is the velocity and p the momentum vector of the particle. A fully
relativistic formulation is used.

The tracking routine evaluates the fields E and B in every point before solving the system of
equations (4.9), and uses the 4" or 8t order Runge-Kutta algorithm for stepping. Employing the
higher order algorithm is recommended since it offers better accuracy of the calculation.

Each cyclotron turn with a period T of

21 rm
T= =27 —
Weyc qB

(4.10)

is divided into a number of ntimestep calculation steps, which allows a flexible adjustment of
the tracking routine to a particle traversing regions with strongly varying field strengths. It pro-
vides a simple way to implement an adaptive determination of the step size
T
h=——— (4.11)
Ntimestep

which is tailored to the specific problems to be solved in different places within the KATRIN setup.
The user can influence computation time on the one hand and accuracy on the other hand by
tuning the ntimestep parameter.

To start the computation the following input parameters are needed:

E_start [eV] total kinetic energy of the particle at the start of the calculation,
z_start [m] z coordinate of the starting point,

r_start [m] r coordinate of the starting point,

theta [deg] angle defined by 8 = Z(B, p) at the starting point,

phi [deg] azimuthal angle with respect to the magnetic field line at the
starting point,

z_end [m] z coordinate at which the calculation will be stopped.

Many useful parameters of the trajectory are available as output after each step of the calculation:
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Zz [m] z-coordinate,
r [m] r-coordinate,
B [T] absolute value of the magnetic field strength,
Phi [V] value of the electric potential,
Eiotal — E . . . .
errl = 0@ “towsart z totalstart — 4imensionless) parameter to estimate numerical er-
total

rors of the calculation by checking the conservation of
total energy,

err2 = — @t (dimensionless) parameter to estimate numerical er-
rors of the calculation by checking the conservation of
total angular momentum,

= M parameter to check for a relative deviation from adia-

(ru) batic motion,
cos(B, p) cosine of the angle between the magnetic field vector
and the momentum vector of the particle,
Ej [eV] longitudinal component of the kinetic energy,
E, [eV] transversal component of the kinetic energy,
tof [us] time of flight elapsed since the start of the trajectory.

An extension of the trajectory calculation allows to include collisions with gas molecules for given
values of the residual gas pressure and ambient temperature. However, this part of the routine is
typically deactivated for the calculations regarding the electromagnetic design.

In most applications the microscopic tracking routine is used in combination with a fully rota-
tional-symmetric electric field configuration generated with elcd3_2. The usage together with
elcd3_3 is in principle also possible, but practically inconvenient because of the significantly
increased amount of computation time for the electric field from a partially rotational-symmetric
geometry.!* For such applications the microscopic trajectory calculation is discarded in favor of
the transmission program (see next paragraph), which is in general much faster.

Calculation of the longitudinal energy in the adiabatic approximation with transmission

An alternative algorithm is based on the assumption that the transversal component E| of the
relativistic kinetic energy!® transforms adiabatically according to

B(rf,Zf) - yi+1
B(ri, z;) rr+1

(El)p=(EL);- (4.12)

141f the geometry possesses a discrete rotational symmetry, the electrodes can by approximated by a number of circular
rings. In this case the calculation of fields and thus also the microscopic tracking routine can be sped up by using
the zonal harmonic (Legendre polynomial) approximation. The calculation of the source constants needed for this
method is implemented in elcd3_3.

15The “relativistic kinetic energy” Exin = E1 + E is additive because of the Pythagorean relation, p> = p + p}. It can
be written as

Ewn = E-mc?=(y—1)mc?
(r=1)(r+1)mc?

r+1
(r’=1)mc* _ B?r*mc?
ly+% T+l
L P

y+1 m’

with p=fymc and (By)>=72-1.
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when the particle propagates from a starting point (r;, z;) to an arbitrary point (r¢, z¢). The adia-
batic invariant

p?

L = const. (4.13)
B

was used to obtain eq. (4.12). The longitudinal kinetic energy in any point along the trajectory

can then be determined from eq. (4.12) through E = Exin — E1..

By relying on the adiabatic energy transformation the time-consuming microscopic trajectory
calculation can be avoided. Instead, the particle is tracked along a magnetic field line and the
values of r, z and E are computed in a specified number of points and written to the output file.
The intended use of the program transmission is to test whether the transmission condition is
fulfilled for a particle trajectory with given starting parameters. In principle, the calculation can
be started at any point (r, z) within the magnetic flux tube. It is, however, reasonable to choose
such starting conditions for which the transmission condition is most critical, namely

o large starting radii rgar (the retardation potential in the analyzing plane is highest at large
radii) and

o large starting angles Ot close to the maximum accepted angle defined by the magnetic
field at the pinch magnet, Bpinch =6T (see eq. (2.29)).

Furthermore, the starting point should be located in a region with rather homogeneous magnetic
field (for example at the center of a superconducting solenoid) in order to justify the approxima-
tion

(I):deANB-A (4.14)

used to calculate the magnetic flux .
The program is divided into two parts:

1. Calculation of the starting parameters

For a given axial starting position zswrt determined by the user and a magnetic field strength
Bstart, the maximum starting radius within the magnetic flux tube is determined by the ra-
dius of the flux tube inside the (homogeneous) magnetic field of the source:

/ Bsource
I'start,max = I'source, max * . (4.15)
Bstart

For KATRIN’s tritium source, the WGTS, the relevant parameters are

Bsource = 3.6 T,
I'source,max = 0.041m, (4.16)
esource, max = 50.8°.

At the center of the entrance solenoid of the main spectrometer, for example, the magnetic
field strength is Bgglenoid =4.5 T, resulting in a maximum starting radius of

[3.6T
rstart,maX:0.041m- m A~ 0.037m (4.17)

and a maximum starting angle of

9 - i —_— 60 ° (4 18)
arcsin S . .
start, max 6.0 T
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Once zgart (user-defined), Tstart = Tstart, max @Nd Ostart = Ostart, max are known, the program cal-
culates the amount of initial kinetic energy necessary for the particle to reach the analyzing
plane at z = 0 with zero longitudinal kinetic energy (compare eq. (2.24)):

Bana ) Ystart + 1 -
Bstart Yanat1 '

Exin, transmission = g (Uana — Ustart) - |1 — Sinz(gstart) : (4.19)
Both the electric and magnetic field maps are needed to evaluate (Usart, Bstare) at the start-
ing coordinates and (Uana, Bana) at the analyzing plane, respectively.

2. Calculation of the longitudinal kinetic energy at regular intervals along a magnetic field
line
In the next step, the simulation of a particle with a total kinetic energy Eiin,start €qual to
that defined by eq. (4.19) is started. The program follows the magnetic field line going
through (7gart, Zstart) and calculates the longitudinal kinetic energy in a number of interme-
diate points m until reaching the final z-coordinate (e. g, at z =0):

Ell,m = Ekin,start - EJ_,m - Q(Um - Ustart)
. B Ystart + 1 (4.20)
= Ekin,start (1 - Slnz(estart) : Kr:rt : % - Q(Um — Ustart)
The transmission condition is satisfied if for any electron started with an energy
Estart = Estart, transmission (4-21)

the longitudinal kinetic energy E ,, remains positive in all points throughout the trajectory until
the analyzing plane is reached. This should be fulfilled if the MAC-E filter works correctly. If
at any point E|, ,, becomes smaller than zero due to a faulty field configuration, the electron is
considered as being reflected; it therefore cannot pass the analyzing plane.

4.3.4 Auxiliary programs

In the following, three of the peripheral programs used for electromagnetic design studies will be
introduced.

e fieldlinepot is an auxiliary program which evaluates the electric potential along mag-
netic field lines for a given coil configuration in a volume specified by the user. Two sepa-
rate versions for electric charge density maps generated with either elcd3_2 or elcd3_3
exist. The program is particularly helpful for finding local traps for charged particles; it
has been used extensively for the design of shielding electrodes to suppress Penning traps
both in the pre- and main spectrometer (compare section 5.2 in this work and references
[Hug08, Zac09]).

e The visualization tool RO0OTsim helps to validate a modified or newly generated geometry
before starting the process of field calculation. It is an important tool to detect errors, par-
ticularly in complex electrode configurations, and to generate more plastic views of the ge-
ometry, which is expedient during the design phase. A first version of ROOTsim was written
by M. Prall on the basis of the ROOT framework [ROOT]. Its main purpose was to generate
a visualization of the wire electrode details implemented with the discrete rotational sym-
metry of the elcd3_3 code. S. Vocking enlarged the functionalities of the tool and prepared
it for a more universal use [V6c08], for example by implementing reading capabilities for all
common input formats used for the field calculation programs described above, including
not only the electrodes, but also the magnet system.
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e Due to the rising complexity of geometry details to be considered, eventually a powerful
tool to automatically generate the increasingly voluminous input files for the (electric) field
calculation routines became indispensable. For this purpose, a modular and highly flexible
tool called MainSpec was provided by S. Vocking [V6c08]. Based on the Python program-
ming language, it possesses a graphical user interface and incorporates RO0Tsim to allow
direct inspection of a new configuration. Parts of the geometry that are already fixed (most
importantly, the geometry of the main spectrometer vessel) can be read from external files
and used as constraints to define the details of the inner electrode and its complex mount-
ing structure.

4.4 Implementation of the wire electrode design as a
computer model

Numerical calculations of the main spectrometer and its wire electrode system are challenging,
not only from the point of view of the electric field algorithms described in section 4.3.2, but also
regarding the process of creating a realistic input model geometry. A step-wise approach was cho-
sen, with gradual refinements of the details from stage to stage as more sophisticated programs
allowed to increase the complexity of the model. The process of implementing an increasing level
of detail is outlined in table 4.1. In parallel, engineering concepts for a technical realization be-
came more and more elaborate. This naturally led to a dismissal of some of the original ideas,
while new ones were being introduced. The following remarks therefore represent an attempt to
trace the growth of the computer model on the one hand and the evolution of technical concepts
on the other, both of which are strongly interrelated.

4.4.1 General layout of the wire electrode system

Based on the initial ideas described in section 3.4, possibilities for a technical implementation of
such a complex wire electrode system were evaluated. A modular setup involving external fabri-
cation of a large number of individual electrode parts, transportation to the main spectrometer
and subsequent installation was favored over the alternative scenario of in-situ construction. In
the former approach the size of each module is limited in the first instance by the dimensions of
the three large pumping ports of the main spectrometer vessel (& 1.7 m each) which form the only
access for inserting large parts from outside once the assembly of the vessel is completed.

Each module consists of a specified number of wires attached to solid holding structures whose
form matches the curvature of the vessel. Therefore, the shape of the modules in the cylindrical
part will be different from that of the modules in the conical sections of the spectrometer. In
addition to the wire holders in azimuthal direction, spacer rods running in axial direction will
be inserted to span the wires and keep up the mechanical tension (see figure 4.4). A “C-shaped”
profile was chosen for the spacer rods because it offers a favorable compromise regarding weight
and stability. Typically, three or four of such spacers will be integrated in a module.

The azimuthal holders require particular consideration. On the one hand, they should be stable
enough not to be mechanically deformed by the forces of a large number of tensioned wires at-
tached to them; on the other hand, they should be “quasi-massless”.!¢ Eventually, a comb-shaped

16There are essentially two arguments calling for a low mass and small spatial extent of the holding structures: 1) the
amount of material to be installed inside the main spectrometer vessel should be as low as possible in order to pre-
vent it from becoming a source of background electrons by virtue of the same mechanisms that cause background
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first comb
(equipped with
compensating bridge)

Wa1.5m

second comb

N
KL

Figure 4.4: Drawing of a wire electrode module from the cylindrical part of the main spectrometer. The
purpose of the compensating bridge is explained in section 4.6.

form (also shown in figure 4.4) with the “teeth” of the comb oriented along radial beams, emerged
as a viable solution.

Small tubes made of ceramics are employed to keep the wires in place. This mechanism is illus-
trated in figure 4.5. Apart from facilitating a precise positioning of each wire, the ceramics also
provide electrical insulation such that different potentials can be applied to the wires and to the
solid mounting structures.

Originally, wire modules with approximate dimensions L ~ 3m (length) and W ~ 1.5m (width)
were envisioned. However, weight and handling of such large parts turned out to be a problem.
The length of the modules was thus reduced to ~ 1.8 m in the second stage of the design (see table
4.1). The parameters regarding axial and circumferential segmentation had to be fixed at an early
time because provisions to arrange for mounting points for the inner electrode had to be taken
already during the construction phase of the spectrometer vessel. For this purpose, threaded
stainless steel bolts (M10) were attached to the inner surface of the vessel, and their number as
well as the positions had to be finalized due to the time constraints of the construction plan for
the main spectrometer tank.

from the hull of the vessel, and 2) their disturbing influence on the electric potential generated by the wire electrode
should be as small as possible.
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inner wire layer
(smaller wire diameter)

outer wire layer
(larger wire diameter)

(a)

capillary

(b)

Figure 4.5: Realization of a mechanism to mount the wire electrode via comb-like structures. (a) The
spacing in radial direction is achieved by inserting solid-metal parts with the wires of the first layer attached
at the outer rim and the wires of the second layer at the inner rim. (b) The wires are kept in place by small
insulator tubes (capillaries) made of ceramics, with the centers placed at a distance of 2.5 mm from the tip
of the tooth. The capillaries have a diameter of 2mm and possess six drill holes of 0.4 mm diameter. The
wire enters through the central hole and is fixed by bending it (“U-bend”) and feeding the short end of the
wire back into one of the remaining drill holes.

4.4.2 Modification of relevant parameters

The following list points out the most important developments of the technical design with re-
spect to the first draft introduced in section 3.4.

o For the cylindrical part with a total length of 9m the reduction of the module length L from
3m to 1.8m leads to an increase of the number of module rings from three to five. An odd
number of module rings was chosen so as to keep the most sensitive region close to the
analyzing plane clear of a junction of rings. The intention was to keep the distortions of the
electric potential that are naturally introduced by such a junction (see later sections) as low
as possible at the location of the analyzing plane.
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Table 4.1: Progressive stages of the computer model of the wire electrode for the main spectrometer.

First stage fully rotational-symmetric model using elcd3_2: only wires, no
mounting structures yet, no gaps either in z- or in azimuthal di-
rection

Second stage major review of the design: modification of key parameters d, d>,
> and L (see table 4.2), still no mounting structures implemented
(continued use of e1cd3_2)

Third stage mounting structures in all parts of the spectrometer implemented
as solid belts, using full rotational symmetry (continued use of
elcd3_2)

Fourth stage transition to elcd3_3: cylindrical part equipped with combs, no
mounting structures in conical parts, introduction of compensat-
ing structures in cylindrical part

Fifth stage “hybrid model”: cylindrical part equipped with combs, conical
parts with continuous belts (no teeth) taken over from former
elcd3_2 model, further development of compensating structures
for the cylindrical section

Sixth stage automated creation of input files using MainSpec, full implemen-
tation of mounting structures with elcd3_3, modified design of
ground electrodes and wire modules in the steep cone, inclusion
of additional conical electrodes to avoid Penning traps at the exit
and entrance regions of the spectrometer [Hug08, Zac09]

¢ The radial distance between the two wire layers was increased by 20 mm. The length of the
“teeth” acting as spacers in radial direction was thus enlarged from 50mm to 70mm. At
the same time, the wire diameter d; of the outer layer was reduced from 0.5 mm to 0.3 mm,
while the wire diameter d; of the inner layer was increased from 0.15mm to 0.2 mm. These
modifications were mainly motivated by the outcome of tolerance simulations regarding
the sag of the wires, and the arguments leading to this step will be laid out in section 4.5.1.

e The number of wires per layer in the cylindrical part was adjusted from 1194 to 1200 to
allow a division into 20 modules per ring.!” The same argument led to a modification of the
number of wires in the conical sections (see table 4.6 for details).

e The sheet-metal parts that were usually planned to be installed at the section of the inner
electrode system closest to the ground electrodes were replaced by wire electrode modules
for two main reasons:

1. The weight of a solid-metal electrode of this size is rather large. Furthermore, con-
struction and mounting of such pieces would be more difficult than extrapolating the
design of a wire electrode.

2. Without a wire grid, no shielding against background electrons coming from the sheet-
metal electrodes is available. This could be dangerous in particular in the case of the
cone at the downstream end of the spectrometer, as electrons here can directly reach
the detector.

However, only one layer of wires will be used in the modules belonging to the steep conical
section.

17The change in the wire pitch s, and s, resulting from this update is marginal.
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Because of the constraints mentioned in section 4.3.3, the program traj for microscopic trajec-
tory calculation could only be used up to the third stage of the design. All later stages involve
calculations in the adiabatic limit with the more simple code transmission. This should be
kept in mind when interpreting calculations of the evolution of longitudinal kinetic energy along
a particle trajectory.

Table 4.2: Modified parameters of the wire electrode compared to those of early drafts.

old configuration new configuration

radial spacing [, 150 mm 150 mm
wire diameter d; 0.5 mm 0.3 mm
radial spacing I» 50 mm 70 mm
wire diameter d» 0.15 mm 0.2 mm
Nuyires in the cylindrical part 1194 1200
module length L in the cylindrical part ca.3m 1.8m

4.5 Estimation of tolerances for fabrication and mounting of

the electrode system

Small imperfections in the production of the electrode system (i. e., both the spectrometer vessel
and the wire electrode) as well as related to the mounting of the wire modules inside the spec-
trometer will lead to deviations from the idealized electrode configuration of the simulated mo-
del. The following list contains the most important ones of those imperfections along with mea-
sures proposed to either avoid or counteract detrimental effects on the shape of the electric field.

1.
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Self-loaded deformation of single (or several) wires in a module, also called the “sag” of wires.
The bending can be reduced either by cutting down on the length of the wires or increasing
the mechanical tension. Also, reducing the weight (i. e., effectively the diameter) of the wire
helps to keep the sag small. The bending must be measured very precisely (and, if neces-
sary, corrected) before the module is mounted inside the spectrometer (compare simula-
tion results presented in section 4.5.1).

. Misplacement of wires within a module, for example due to faulty shapes of combs or errors

in the drilling of holes for the ceramics insulators. Since this effect cannot be corrected after
amodule is assembled, all parts need to undergo a stringent quality control and faulty ones
must be removed from the production line.

Misplacement of mounting points for the modules inside the vessel (M10 bolts and rail sys-
tem). A position measurement using a laser tracker system is necessary. Bolts exceeding the
tolerances must be straightened manually. Residual misalignments are to be compensated
for by the interlink between the bolts and the modules.

Deformations of the vessel due to construction tolerances. The mounting system should pro-
vide a certain degree of flexibility so as to at least partially compensate the imperfections of
the vessel electrode. It is important to make sure that the two layers of the wire electrode —
above all in the most critical part of the spectrometer, namely the cylindrical section close
to the analyzing plane — form concentric shapes without any significant elliptic deviations
that would lead to a distorted electric potential.



4.5 Estimation of tolerances for fabrication and mounting of the electrode system

Unfortunately, none of these defects in general follows a rotational symmetry, which makes it
clear that a numerical study through routines using full or partial rotational symmetry can only
give a rough approximation. Nonetheless, some estimate on the magnitude of tolerances was
needed for the construction process, and therefore efforts were taken to address at least the first
and third item on the list (and to a limited extent also the fourth item). Still, the realization of
the imperfections were not straightforward, and in some cases only a rather crude approxima-
tion to the expected real situation could be achieved. As an example, the problem of tolerance
calculations for the self-loaded sag of wires (first item on the above list) shall now be investigated.

4.5.1 Tolerance estimates regarding the bending of wires

Figure 4.6 illustrates a rather simplistic way of implementing the bending of wires in a fully rota-
tional-symmetric model. The wires were divided into two equally long halves and the two new
end points in the middle were shifted in radial direction, either outwards or inwards with respect
to the ideal position. Both scenarios are indicated in the figure. Such calculations were carried out
for various module rings in the spectrometer, using a simulation model without any mounting
structures included (first stage in table 4.1). Here, the most relevant scenario concerning the
central ring enclosing the analyzing plane is shown.

vessel hull

inner wire layer

analyzing plane

Figure 4.6: Sketch: modified geometry for tolerance calculations (dimensions not to scale). The sag of the
wires is approximated by a discontinuous bend at the middle of the module of length L. The illustration
shows the simulated geometry for a wire sag of the inner layer in the central module (outer wire layer not
drawn). This crude rotational-symmetric model necessarily introduces unphysical properties contradic-
tory to the behavior caused by the gravitational force, namely wires that are supposed to be bent sideways
or even upwards in space. For example, a deflection of the wire pointing inwards (case (a) in the sketch)
results in a downward-bending of the wires at the top of the spectrometer, but yields an upward-bending
of the wires in the bottom section. The inverse holds for the case of outward-bending wires (b). Moreover,
the model requires all of the wires to be deflected collectively in the same way, which leads to an overes-
timation of the effect. Nevertheless, in view of the high computational complexity of the problem, these
simplifications were necessary in order to be able to assess the question of tolerance estimates at all.

As a consequence of the bending of the wires, the homogeneity of the electric potential in the
analyzing plane as well as the evolution of the longitudinal kinetic energy are affected.'® The

18In all calculations presented in section 4.5 the longitudinal kinetic energy was obtained from microscopic track-
ing calculations. These calculations were made before the overall revision of the electromagnetic design of the
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effect is much more pronounced if the wires in the two layers are bent differently, with the extreme
case that only one of the layers is affected by the bending at all. This can be intuitively understood
by recalling the dependence of the electric screening factor (eq. (3.6)) on the radial distance !
between the electrode layers: if the two layers are tilted in parallel, the distance ! and thus also
the screening factor S remain constant, but if the wires in one layer are tilted relative to the second
layer the spacing [ varies with the axial position z.

Such a case is visualized in figure 4.7, where a bending of the inner wire layer only is considered
for the central ring of modules surrounding the analyzing plane. Bending of the wires in outward
direction is indicated by a “+” sign, while the opposite bending is marked with a “—"” sign. In the
first case, the bending causes a slight retraction of the center point of the wires from the inner vol-
ume of the spectrometer, which results in a reduced retardation at the location of the analyzing
plane (z =0) as compared to a position a few meters before (e. g, at z ~ —2.5m). For an electron
that starts at the outer border of the transported magnetic flux tube, the longitudinal kinetic en-
ergy therefore assumes its minimum value long before the particle crosses the analyzing plane,
and too early retardation occurs (compare section 4.2.2, in particular eq. (4.2)). For a bending of
+1mm the effect amounts to 0 E ~# 215meV. Even for a bending of only +0.2 mm it is still present
(see table 4.3).

Table 4.3: Results of first tolerance calculations for the sag of wires (bending of wires in the inner layer of
the central module only, compare figure 4.7). Initially the geometry denoted as “first stage” in table 4.1 was
used. The simulations were repeated later with more detailed computer models of the geometry (see text).

radial position r deviation relative to “early retardation” effect
of wireat z=0 | nominal radial position 0K
4.7000m 0.0mm —
4.7010m +1.0mm 215meV
4.7005m +0.5mm 105meV
4.7002m +0.2mm 40meV
4.6990m —1.0mm reflected at z=—1.23m

The opposite case of an inward bending of the wires causes a stronger electrostatic retardation
close to the analyzing plane as compared to the ideal scenario with completely straight wires.!9
Figure 4.7(a) includes also a case of inward bending of the wires (—1 mm), where the retardation
is strengthened in such a way that the electron is physically reflected long before reaching the
analyzing plane.

Next to these dramatic changes of the transmission properties, the influence of the wire sag on
the homogeneity of the retardation potential appears to pose a rather less severe problem (see
figure 4.7(b)). Only in extreme cases, such as a bending of the inner wire layer only by as much as
—5mm, an intolerable deterioration of the homogeneity of the electric potential is found.

Figure 4.8 demonstrates that the influence of the bending of the wires is not limited to the out-

main spectrometer. Thus, the former default magnetic field strength in the solenoids of the main spectrometer,
Biolenoid = 3.5 T, was used. At this field strength the maximum accepted starting radius inside the entrance solenoid
corresponds to Zsearmax = 41.7mm, and the maximum accepted starting angle is Osare,max ~ 50°. To be conservative,
all trajectory simulations were carried out for electrons with slightly larger values, 7 =42 mm and G,y = 51°.

19This can be understood as follows: The electrostatic screening factor depends linearly on the spacing ! between the
two layers. If the wires are bent inwards, the spacing [ at the location of the artificial “kink” in the wire is slightly
larger than in the case without bending. Therefore, the more negative electric potential of the inner wire layer
contributes with a slightly larger weight to the effective potential.
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ermost border of the magnetic flux tube, but extends to large parts of the inner volume of the
spectrometer. While the magnitude of the dip in longitudinal energy for an outward bending
by 1mm amounts to 0 Ej ~ 215meV for electrons crossing the analyzing plane at a radius of
T'anamax = 4.54m, it is reduced to 6 E| ~# 43 meV at rana =3.19m = 0.7 - I'ana max-

The implementation of more realistic module lengths (in the cylindrical part: five segments with
L =1.8m each) leads to a minor amendment of the tolerance results. In this set of simulations, a
simultaneous bending of the wires in all five rings in the cylindrical section of the spectrometer
was considered. Instead of a dip of 0 Ej ~ 215meV, a bending of the inner layer by +1 mm only
results in 0 E)| ~ 150 meV. The amplitude of the dip for a bending of +0.2 mm is reduced by a sim-
ilar factor; it amounts to 30 meV in the new simulations instead of the previous result of 40meV .
For a uniform bending of the wires in both layers by +1mm, a value of 6 E ~ 10meV is obtained.

One measure to cope with the problems related to the non-uniform wire sag in the two layers is
to increase the radial spacing I between them. In this case, a given deviation 6 in the bending
is expected to have a smaller influence since it needs to be considered relative to the spacing /,.
This is illustrated by the following considerations: For either of the two layers, the wire sag can be
expressed as a small variation J of the distance parameter. Combining equations (3.4), (3.5) and
(3.6), one obtains an estimate regarding the dependence of the effective retardation potential Usgt
on!:

J Uess 17 ( Uvessel — Ugrid)
Ugrld - <

al al
_ 17 Uvessel_Ugrld a 1
ol Yars
K sin(=
s
ol sln( )—|—2 l
0 Uett 1
— f 1. 4.22
‘ 37 72 or S> ( )

The result indicates that Uefr can be stabilized against variations of ! by increasing the distance
parameter itself. For the next version of the simulation model, therefore, [, was enlarged from
50mm to 70mm. This step includes also a change of the diameter of the wires in the outer layer
from 0.5 mm to 0.3 mm, which was motivated by technical considerations:

e The insulator capillaries are available off the shelf with drilled holes of 0.4 mm diameter
only. Custom-made pieces with larger holes would be significantly more expensive. There-
fore, the idea to mount the wires via insulating tubes does not work for a wire diameter of
0.5mm.

e Furthermore, the @ 0.5 mm wires possess a considerable weight and would therefore require
higher mechanical tension. Computer simulations investigating the structural mechanics
of the module?® showed that in this case the increased forces acting on the mounting struc-
tures would cause an inadmissible deformation. The option of reinforcing the mounting
structures by using a larger material thickness is disfavored since the larger amount of ma-
terial implies the risk of introducing more background. In addition, the weight of the indi-
vidual modules should not be increased further.

Table 4.4 summarizes the results of the simulations using the updated values of I, d; and L. A
marked difference to the previous results can be seen. A bending of the inner layer in all module
rings of the cylindrical section by +-0.2 mm now results in a dip in the longitudinal kinetic energy

20The simulations were done by H.-W. Ortjohann (Univ. Miinster) using the ANSYS structural mechanics package.
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Figure 4.7: Tolerance estimate regarding the self-loaded deformation (sag) of wires in the central ring of
modules. These calculations were done in the first phase of the implementation of the computer model
and therefore do not yet involve any mounting structures. Furthermore, the length of the central wire
modules is 4.47 m, which was later reduced to 1.80m. (a) Effect on the longitudinal kinetic energy of elec-
trons started at the outer border of the magnetic flux tube with Egir = 1€V, Fspare = 42mm and Ogare = 51°
(Bstart = Bsolenoid = 3.5T). (b) Effect on the homogeneity of the retardation potential at the analyzing plane.

of merely 6 E| ~ 12meV, whereas in the old configuration the corresponding value (taking into
account only a sag of the wires of the central module ring) was more than three times as large
(compare table 4.3). Since the expected amplitude of the ripple on the high voltage supplied to
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Figure 4.8: Radial dependence of the impact of bent wires at the analyzing plane. The calculations for
electrons with smaller starting radii show that the effect even persists further inside the volume of the
spectrometer.

the wire electrode is of the order of 10 to 15mV [FuG08], fixing the tolerance value for the sag of
wires in the cylindrical part to 6 r = 0.2 mm seems to be appropriate.

Shortly after the abovementioned modifications were implemented, the wire diameter d; of the
thin wires was raised from 0.15mm to 0.2 mm, as the handling of the very thin wire turned out to
be quite problematic during prototype testing. Since the four parameters d,, d», I, and L were
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Table 4.4: Updated results of tolerance simulations for the sag of wires (bending of wires in the inner layer
only for all module rings in the cylindrical part).

radial position r of deviation relative to “early retardation” effect
shifted wire endpoints | nominal radial position 0E)
4.6820m +2.0mm 180meV
4.6810m +1.0mm 80meV
4.6804m +0.4mm 30meV
4.6802m +0.2mm 12meV

modified in a close sequence of related steps, these can be subsumed under one major update of
the simulation model (see table 4.2), which is termed the “second stage” in table 4.1.

The revised parameters lead to a change of the electric screening factor as well as of the geomet-
rical coverage ratio compared to the values given in eq. (3.12):

dy: 0.5mm—0.3mm

outerlayer: S; ~ 14.6 12.5, fege1 ~ 1.2%,

dy: 0.15mm—0.2 mm

inner layer: S, ~ 4.2 5.8, fee2 ~ 0.8%.

(4.23)

In particular, the increase of the geometrical coverage fg » for the inner wire layer from 0.6% to
0.8% should be noted, as it corresponds to the quantity most relevant for the background reduc-
tion.

The screening factor S; for the outer layer is thus reduced by about 14%, whereas S, for the in-
ner layer is increased by roughly 38%. The net effect leads to a slightly more negative effective
retardation potential in the cylindrical part:

Uettz ~ —18581.4V
= Ugid2+18.6V,

(4.24)

i. e., Uetr,» is more strongly influenced by the potential Ugiq, 2 of the inner wire layer as in the design
using the original wire parameters (compare eq. (3.16)).

4.5.2 Tolerance estimates for the radial displacement of modules

Apart from the sag of wires within a module, the radial displacement of whole modules forms
another point of concern. Such deviations from the ideal position can for example occur as a
consequence of an non-perfect shape of the cylindrical part of the spectrometer vessel (a small
degree of ellipticity is inevitable) or a variation in position and alignment of the M10 bolts. Fur-
thermore, inaccuracies of the holding structure representing the link between the vessel hull and
the module frames can contribute to positioning deviations.

Yet again, an accurate treatment of the problem would require simulations which do not rely on a
strict rotational symmetry. Nevertheless, several attempts to tackle the question with the available
simulation software were made, using different stages of the input model (e. g., this work and
references [Hug05, Kor06, Hug08]). Figure 4.9 shows a sketch of the simulated geometry. Initial
investigations were concentrated on the three module rings closest to the analyzing plane (i. e.,
the central ring and the adjacent ones in positive and negative axial direction). Later, similar
calculations were done also for the sections located at larger distances from the analyzing plane.

86



4.5 Estimation of tolerances for fabrication and mounting of the electrode system

o 1\ Figure 4.9: Sketch: modified geome-
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! E module ring belts (dimensions not to scale). In sev-
! % eral sets of simulations, the radial po-
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module rings were varied.

For the central ring, a tolerance value of about 0.5 mm was determined [Hug08]. As anticipated,
the positioning requirements can be relaxed for the remote module rings, in particular for those
in the conical sections of the spectrometer.

4.5.3 Tolerance estimates for the shape of the spectrometer vessel

In another study the influence of the shape of the spectrometer tank on the field homogeneity
and transmission properties was investigated.?! The configuration of the wire electrode was left
unchanged. Keeping the absolute length of the vessel constant, the relative lengths of the cylin-
drical and the conical sections were varied (compare the sketch in figure 4.10). The effect thus
leads to a small deviation in the opening angle of the large cone. The results of the simulations
show that length deviations of the order of 6 L = 0.1 m (either positive or negative) are not critical.
Table 4.5 indicates that these tolerances were kept (with a large margin) during the construction
of the spectrometer vessel.

1
§L+5L

Figure 4.10: Sketch: modified geom-
SL—6L etry for tolerance calculations regard-
ing the shape of the spectrometer ves-
sel (dimensions not to scale). Starting
from an ideal form with a total length
of the cylindrical part of L = 9m,
the z-coordinate of the junction be-
tween the cylinder and the large con-
ical section was varied, while keeping
the total length of the entire vessel un-
changed.

~analyzingplane | | M

4.5.4 Technical implications of the tolerance simulations

In spite of the abovementioned principal difficulties encountered during the attempt to incorpo-
rate deviations from the ideal shape of the wire electrode into the computer model, the calcula-
tions nevertheless deliver some valuable information regarding technical requirements.

e As a consequence of the bending simulations described in section 4.5.1, the mechanical
tension of the wire needs to be sufficient to reduce the sag to a value specified by the toler-
ance estimate (i. e., 0 r ~ 0.2 mm for the most sensitive modules in the cylindrical part close

21The calculations were carried out in cooperation with K. Temming.
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Table 4.5: Length of the main spectrometer vessel as measured with a laser tracker system [Gum08]. Com-
pared to the reference length of 23280 mm the measured length is shorter by 52.5mm, with the largest
contribution stemming from the steep conical sections. The uncertainty of the laser tracker measurement
is 0.1mm.
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reference length of the vessel (as contracted) 23280.0mm
allowed tolerance (as contracted) £100.0mm
measured deviation of length in cylinder and flat cones —14.9mm
measured deviation of length in steep cone (source side) —18.3mm
measured deviation of length in steep cone (detector side) —19.3mm
measured total length deviation —52.5mm

to the analyzing plane of the spectrometer). On the other hand, structural integrity both of
the wire and of the mounting frames is a vital issue. The tension must not be too high, such
as to ensure that

a) no wire breaks during the full time scale of operation of the KATRIN experiment, and

b) the comb-like mounting structures are not subject to mechanical deformation due to
the collective forces exerted by the wires.

In particular, the modules must be able to withstand several baking cycles of the main spec-
trometer up to T = 350°C without losing their position or even suffering a wire rupture.
Therefore, careful and elaborate tests of wire and module integrity were carried out before
starting the mass production [Geb07, Rei07]. These tests involve for example the tempera-
ture stability of an assembled module and the change of mechanical properties of the wires
under stress and temperature cycling. The results suggest that a mechanical force of 10N
for the wires of the outer layer and 5N for the wires of the inner layer is appropriate to ful-
fill the abovementioned criteria. The requirement on the wire sag thus brings about the
need to both measure and adjust the mechanical tension of every single wire with high ac-
curacy (S 0.1N). The measurement of the wire tension is carried out in an indirect way
with a custom-made laser sensor by determining the oscillation frequency of the wire after
mechanical excitation [Rei07, Pra09].

The positioning tolerances require the careful inspection of the geometrical properties of
each comb. Damaged or bent teeth must be detected prior to the assembly of the mod-
ules. Furthermore, the curvature radius of the comb and the positions of the centers of the
holes in both layers are checked. After assembly, the geometry of each completed module
is measured and documented, as well. All of the above tasks are carried out with the help
of a fully automated three-axes coordinate measurement table [J6h07, Pra09] which can ei-
ther be equipped with a camera or with the abovementioned laser sensor, depending on
the purpose of the measurement.

Furthermore, a mounting system which ensures a precise and stable positioning of the
modules inside the tank is necessary. On the one hand, the mounting system must de-
fine the correct spacing of the modules with respect to the vessel hull. On the other hand,
it is also responsible for keeping the modules in place and generating a smooth and con-
tinuous surface profile of the wire electrode without discontinuities or gaps either in radial
or azimuthal direction. It is also quite important for the inner wire layer to form a quasi-
perfect cylindrical shape, irrespective of deviations of the form of the vessel electrode. The
third task of the mounting system is to establish electrical insulation between the vessel
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electrode and the wire modules. A concept?? qualifying for such a system is shown in fig-
ure 4.11. It consists of circular rails which are attached to the M10 bolts. The modules will
be fixed to the rails with carriages that provide various degrees of freedom to adjust their
position.

vesselhull

M10 bolt

Tajlg

module I | o module II

(a) (b)

Figure 4.11: Rail system to mount the wire electrode modules. (a) One by one, the modules are attached
to the circumferential rail system at the top and lowered to their intended position. (b) Each row of M10
bolts protruding from the vessel hull supports a set of rails which holds the ends of two adjacent rings
of modules (labelled I and II in the picture). The adjustable fixing mechanism connecting the module
with the rail system is capable of partially compensating manufacturing tolerances, while at the same time
providing electrical insulation between the vessel electrode and the wire electrode modules.

22The rail system was developed at Forschungszentrum Karlsruhe (K. Miiller et al.)
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4.6 Measures to improve the homogeneity of the electric field

Even in the ideal case of vanishing imperfections regarding construction and mounting the ho-
mogeneity of the electric field would still be distorted by a number of effects which are inherent
to the modular construction concept of the wire electrode:

1. The C-shaped spacer rods are placed on the same electric potential Uyire1 as the outer wire

layer. Their influence on the retardation potential within the spectrometer volume is, how-
ever, smoothed by the outer wire layer and additionally screened by the inner wire layer
at the potential Uyje2. Variations caused by the rods can be sensed primarily in their lo-
cal vicinity, but are negligible at the location of the flux tube. Dedicated studies [Gl{i06a]
showed that the azimuthal variation of the electric potential at the analyzing plane is small
inside the flux tube (of the order of a few meV at r < 4.5m). In simulations using the
fully rotational-symmetric code elcd3_2 these solid-metal rods cannot be implemented
because they are arranged according to a discrete rotational symmetry. Also for the bulk
part of the simulations using elcd3_3 the spacer rods were not included, since their dis-
cretization uses up a large number of electrode elements in the computation that could be
better spent on other more critical details of the mounting structure (see for example the
“compensation structures” introduced below).

. Due to the azimuthal segmentation of the wire electrode a gap exists between two neighbor-

ing modules along the circumference. The last tooth in a module therefore braces the gap
caused by the mounting frames (see figure 4.5(a)) in order to keep the wire pitch s constant
along the full circumference, which allows better screening properties.

. The modular design also implies the existence of gaps in axial direction. These are neces-

sary to allow a mounting of the electrodes??, but they pose a principal problem since they
allow the more positive electric potential of the spectrometer vessel to penetrate the inner
volume. Furthermore, the gaps will be surrounded by two adjacent combs, which represent
massive electrode parts and therefore form a marked difference compared to the rather uni-
form electric field generated by the wires in the center of each module ring. In the default
configuration the comb-like structures share a common potential with the outer wire layer.
Their influence is partially, but not fully screened by the wires of the inner layer, since the
tips of the teeth protrude slightly further inwards than the radial position of the thin wires
(compare figure 4.5(b)). Simulations have demonstrated that the combined effect of the
axial gaps where no wires are present and the massive combs results in a significant distor-
tion of the electric potential occurring at each joint between module rings. This is seen in
the evolution of the longitudinal energy along an electron track (most pronounced at the
outer border of the magnetic flux tube, but also further inside: see figure 4.13). In addition,
the inhomogeneity of the retardation potential in the analyzing plane increases drastically.
Both effects make a compensation of the influence of combs and gaps absolutely vital for
the functioning of the main spectrometer. Two measures were investigated:

¢ Placing the comb structures at an intermediate potential close to the equivalent po-
tential. This would make the combs electrostatically “invisible”. Since both layers of
wires are mounted via insulating capillaries, using a third electric potential would be
difficult, but in principle it is technically feasible. There is, however, a strong physi-
cal argument against this method: if the potential of the wire layer is no longer sig-

BThe cylinder consists of five module rings which will be placed on the same electric potential. In the conical parts,

90

however, different electric potentials for the various rings of modules are envisioned; therefore, the inclusion of
insulating gaps is also necessary from this point of view.
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nificantly more negative than that of the mounting structures, the electric screening
effect is almost entirely lost. This is particularly severe since the major fraction of the
surface area of the combs is oriented perpendicularly to the magnetic field lines, such
that any electrons emerging from the solid metal surface could leave it most easily.

e The second way of amending the distortions of the electric potential consists in the
inclusion of additional electrode parts at the joint of two rings, placed at a separate
potential more negative than that of the combs. An extensive series of simulations
was carried out to find a suitable configuration. These investigations are described in
sections 4.6.1 and 4.6.2.

4.6.1 Simple model using full rotational symmetry
The first attempts to find a configuration with additional electrode parts that diminish the amount

of inhomogeneity of the electric potential were pursued with a simulation model?* using full rota-
tional symmetry (third stage listed in table 4.1). Details of the geometry are shown in figure 4.12.

z [m]

Figure 4.12: Wire electrode geometry with mounting structures using full rotational symmetry. The gap
between two adjacent rings of modules is 10mm, and the combs are implemented as solid “belts” with a
width of 6mm in z-direction and a radial extent of 80 mm.

In this version of the setup, the gaps in axial direction were assumed to be d, = 10mm wide. Al-
though the value was not fixed at the time the simulations were carried out, this number seemed
to be a reasonable estimate. The combs were modelled as continuous hoops with rectangular
cross section (6 mm x 80 mm) running along the full circumference of the vessel.

Figure 4.13 shows that in this configuration the potential depression in the analyzing plane is

24The generation of the model was greatly simplified by a program provided by N. Titov from INR, Troitsk.
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increased?® by more than a factor of 5 from AUy, ~ 0.45V without gaps and without mounting
structures (compare figure 4.7(b)) to AUzpa ~2.5V.

-18579.00 T T T T T T T T
-18579.50 - 7
dth of no compzenszation
— L width of comp. caps: 2 X2 mm
> 18580.00 width of comg. cags: 2 x5 mm
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£ | AUma 2 14V
g -18581.00 - T
2 | AU 1V
£ -1858150 - 7T
Q
2 AUupa ~ 0.6V
© -18582.00 - - -l
1858250 F T .
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Figure 4.13: Inhomogeneity of electric potential in the analyzing plane: comb structures implemented
using full rotational symmetry in all parts of the spectrometer, geometry according to figure 4.12. Without
any compensating efforts, the potential depression in the analyzing plane increases to AUy, ~ 2.5V due
to the inclusion of axial gaps between the modules and of the comb structures that are on the same electric
potential as the wires of the outer layer. The potential depression can be reduced by adding compensating
electrodes (see figure 4.14). The reduction factor depends on the width of the compensating belts.

Compensating structures can be implemented in a fully rotational-symmetric model as solid belts
that run parallel to the combs at a radius r < r¢omp. This concept is illustrated in figure 4.14. In
general, the belts can be placed at an arbitrary potential Uyg);. For technical reasons, however, it
is practical to choose Upelt = Uyire2-

As demonstrated in figure 4.13, the potential inhomogeneity in the analyzing plane can be greatly
reduced by the inclusion of belts at every junction between module rings in the spectrometer
(cylinder and cones). For a belt width of 2 x 10mm, a value of AUup, ~ 0.6V is reached. Fig-
ure 4.15 shows the modulation of the longitudinal kinetic energy near the module joints which
is caused by the more positive potential seen by the electrons when approaching the gaps. Anal-
ogously to the improvement of the homogeneity of the retardation potential, the amplitude of
these modulations can be reduced by including the compensation belts, as shown in the figure
for two different belt widths: w =2 x 2mm and 2 x 5mm. The latter configuration, for example,
allows to suppress the “overshooting” of the longitudinal energy to a residual amount of ~ 2.45eV.
The influence of the positive potential at the gaps between module rings is strongly damped when
going to smaller radii (compare for example the curves for rsiart =42 mm and rseare = 30mm in fig-
ure 4.15(a)). Nevertheless, the effect remains visible in a large fraction of the area of the analyzing
plane. In principle, the positive excursions in E| separated by local minima are not harmful as

25Caution is due when comparing the two values of AU,,, since the former was obtained with outdated values of
the key parameters and the latter uses already the updated values; compare table 4.2. However, the main part of
the increase in AU,y, can safely be attributed to the inclusion of gaps and combs, rather than to the changed set
of reference parameters, which are expected to have a greater influence on the absolute value of the retardation
potential than on its radial inhomogeneity.
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long as the global minimum is situated at the analyzing plane. At most, the introduction of local
minima makes the transmission of electrons more prone to the phenomenon of too early retarda-
tion, which can be brought about by other influences (such as the abovementioned imperfections
of the real electrode setup). However, the regions of slightly more positive potential can form local
traps for low-energy electrons, which should be avoided.

6mm

—_—
outer wire layer, Usyire1 - -

inner wire layer, Uyire2 i i

Figure 4.14: Sketch of compen-
sating belts in the fully rotational-
symmetric calculation. The width
w of the belts was varied between
2mm and 10mm at either side of

Ucombs = Uwire1 the gap between the modules. In
ceramics insulator the most general solution, the belts
are mounted without electrical con-
tact to the combs or wires, such that
_l |_ a sparate potential Upeir can be ap-
Ubelt plied.
w

4.6.2 Enhanced model using discrete rotational symmetry

The model used in the previous section tends to overestimate the influence of the mounting struc-
tures since the continuous hoop introduces more material than will be used in reality. In order
to validate the results obtained before, the solid rings were step by step replaced by combs with
more realistic “teeth” structures. This was only possible by porting the simulation model from
elcd3_2 to the “3d-capable” code elcd3_3. At first, only combs in the cylindrical part were
used, but no mounting structures were included in the cones (fourth stage mentioned in table
4.1). Figure 4.16 shows a visualization of the basic tooth model used for the cylindrical part. It
consists of a supporting ring segment that resembles the formerly used hoops (but incorporates
much less material), a long cuboid representing the main part, and a small cuboid forming the
tip of the tooth. This basic model is multiplied and rotated to form a comb-shaped structure.
Due to the limited number of total elements available for a given amount of accessible computer
memory, and beause of the fact that only rectangular elements could be used, the model allows
only quite a rough approximation of a real tooth. In particular the section close to the mounting
point of the inner wires needs an adequate discretization.?®

Applying the same “manual” modeling procedure to the tilted and scaled combs in the conical
part is both complicated and error-prone. Therefore, the tooth-discretized combs in the conical
parts were only implemented later, with the help of the automatic model builder MainSpec. In
an intermediate step the old continuous hoops from the elcd3_2 setup were imported into what
thus became a “hybrid model” (fifth stage in table 4.1). It provided enough flexibility to perform
more detailed investigations of the compensation mechanism.

Figure 4.17 illustrates two basic possibilities to implement compensating structures in the el-
cd3_3 tooth model. The first studies were carried out using small caps (as seen in figure 4.17(a)).

Z6presently, efforts are under way to improve the discretization of the teeth and to investigate its influence on the re-
sults of the computation (E Gliick, K. Hugenberg, H. Arlinghaus and S. Vécking), which requires specific computa-
tional resources. The implementation of other shapes of elements, such as for example small triangular segments,
could also help to enhance the model.
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(b) medium-sized compensation caps

Figure 4.15: Comb structures implemented using full rotational symmetry in all parts of the spectrometer:
longitudinal kinetic energy for different sizes of the compensation caps. The more positive potential pen-
etrating through the axial gaps (positions marked by blue dots: zg,, 1 = —0.9m, zZgap2 = —2.7m, transition
between cylinder and cone at zg,p 3 = —4.5m, first gap in the conical part at zgap 4 = —6.18 m) causes several
local rises in the longitudinal kinetic energy of the electrons. The amplitude of these variations diminishes
for smaller radial positions inside the spectrometer. At the outer border of the flux tube the effect can be
reduced by the inclusion of compensating bridges. The suppression factor increases with the width of the
bridges.

They offer the advantage of introducing a smaller amount of additional material as compared to
the belt-like structures discussed in the previous section. The downside of this version of the com-
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pensation mechanism, however, is that it uses a large number of small, separate components??,
and the technical difficulties regarding positioning and fixing of the caps form the main argument
that led to abandoning this approach. The second possibility (figure 4.17(b)) uses similar struc-
tures as the belts in the e1c¢d3_2 model. Continuous bridges allow a significant reduction of the
number of parts compared to the use of caps. Two versions were tried:

e one rather broad bridge covering two rows of combs and the axial gap between them (fig.
4.17(b)), and

e each row of combs covered by a separate belt, leaving a small residual gap in z-direction
(fig. 4.14).

The evolution of the potential depression AUy, in the analyzing plane for three different scenar-
ios based on the “hybrid model” is presented in figure 4.18. It indicates that adding mounting
structures also in the conical sections leads to a considerable change in the electrostatic potential
even at the location of the analyzing plane. Interestingly, without the inclusion of any compen-
sating caps AUan, remains the same in the “hybrid model” as in the fully rotational-symmetric
model with continuous mounting structures in all parts of the spectrometer (stage three). How-
ever, the absolute value of the retardation potential changes slightly from about —18579.2V at
r =0in figure 4.13 to —18580.6V in figure 4.18. This indicates that the abovementioned effect of
overestimating the influence of the combs is not too large.

Various models for the compensation using the “hybrid configuration” are compared in figs. 4.19
and 4.20. Both the width of the gap between adjacent rings in the cylinder and the width of the
bridges were varied to check the influence of these two parameters on the potential depression in
the analyzing plane and on the evolution of the longitudinal kinetic energy along electron trajec-
tories. The impact on the width of the axial gap can best be seen by comparing the two scenarios
without any compensation structures (d, = 2mm (red curve in both figures) and d; = 15mm
(green curve)). The inhomogeneity of the retardation potential is changed by about 0.35V, and
marked differences occur as well in the plot of the longitudinal kinetic energy. For a spacing of
d, = 2mm, the positive “smoothing” effect on the retardation potential as well as on the lon-
gitudinal energy produced by a single compensating bridge of width w = 8 mm (blue curve) is
smaller than that of a more extended bridge with w = 14mm (cyan curve). Three observations
are particularly relevant in view of a technical simplification of the setup:

e A satisfactory result can be obtained when including compensation structures only in the
cylindrical part (as was the case in all of the simulations using e1cd3_3 which are described
in this section). This allows a significant reduction of the construction efforts.

e Furthermore, the effect of leaving out the last bridge at the junction between the conical
parts and the cylinder on either side is rather small (black versus brown curve). The two
cases exhibit a similar behavior of the longitudinal kinetic energy in the direct vicinity of the
analyzing plane (|z| < 2.2m) as well as at larger distances (|z| 2 5.5m), but differ inbetween.

e The compensation of a 15mm gap by two belts with w =8 mm (magenta curve) works just
as well as that in the case of a smaller gap. Therefore, larger module gaps of the order of 5
to 15mm allowing to relax some of the difficulties during the mounting of the modules are
not principally precluded from the point of view of the simulation results.

From a technical point of view, an axial gap between the rings of d, = 6 mm seems feasible. Con-
sidering the simulation results, a width w =20mm of the bridges is appropriate. The latter value

2To cover all teeth of the 10 rings of combs in the cylindrical part of the spectrometer, 10-1200 caps in total would be
needed.
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is composed as follows:

w = 2-6mm (thickness of 2 combs in axial direction)
+ 6mm (gap between rings in axial direction) (4.25)

4+ 2-1mm (overhang at the edge of each comb).

The single-belt solution is favored over the two-belt scenario because it reduces the number of
parts to be mounted to a minimum.

Considering the results shown in figure 4.19, the inclusion of a compensating bridge at the in-
terfaces between the conical and cylindrical parts is not urgently needed. Moreover, it would
be technically quite difficult to mount. Therefore, it was decided to omit the last bridge. The
abovementioned parameters represent the present stage of the design of the module joints in the
cylindrical part (see figure 4.21).
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Figure 4.16: Implementation of mounting structures with discrete rotational symmetry. (a) Screenshot
from an early version of the ROOTsim visualization program showing the simulation model of a single
tooth belonging to the mounting structure. In total, about 30 rectangles are used to form a tooth; some
additional parts make up a cap at the inner side of the tooth. (b) Excerpt of a comb structure created by
multiplication and rotation of the tooth model depicted in (a). Since only rectangles can be used, a tiny gap
is unavoidably introduced between two adjacent teeth after rotation. The model is built in such a way that
the gap appears at the outer rim of the support structure (A), such that the rim facing towards the inner
volume of the spectrometer forms a closed surface (B).

97



4 Design studies for the wire electrode of the KATRIN main spectrometer

view in z-r-plane view along z-axis (without wires)
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Figure 4.17: Compensation of electric potential inhomogeneities: different realizations. (a) Each tooth in
the comb is covered by a small cap. Since all the caps would have to be mounted separately, this version is
excluded due to the difficulties of its technical implementation. (b) A continuous belt made of sheet metal
runs along the inner side of the combs, also covering the gap between the modules. In this realization only
a few fixing points between comb and belt are necessary. The CAD drawing in figure 4.21(a) shows the
technical realization of the version using such single belts.
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Figure 4.18: Potential depression in analyzing plane for different degrees of complexity of the input
computer model. The “hybrid” model represented by the solid line includes combs with “teeth” struc-
tures in the cylindrical part and combs consisting of solid, fully rotational-symmetric belts in the conical
parts. Without any compensative structures, the potential depression in the analyzing plane amounts to
AUy, ~ 2.5V, similar to the value one obtained in figure 4.13. The dotted line stands for the same geo-
metrical model, however with the inclusion of compensative bridges of 8mm width covering each of the
combs in the cylindrical part of the spectrometer. The dashed line, finally, results from a model with 8mm
bridges in the cylindrical section, but without any mounting structures included in the conical sections.
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Figure 4.19: Influence of axial module spacing d, and width of compensation structures w on potential
depression in the analyzing plane. Without compensation, AU,,, amounts to about 2.5V for a gap width
of d, = 15mm and reduces to AUy, ~ 2.15V for a smaller gap of d, = 2mm. Different geometries for
the compensation structures were also tested, for example single belts spanning the whole gap (1 x 8mm,
1 x 14mm, 1 x 18 mm) or two belts placed directly at the location of the combs (2 x 8 mm).
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Figure 4.20: Influence of axial module spacing d, and width of compensation structures w on longitudinal
kinetic energy of electrons at the outer border of the flux tube.
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(a) technical drawing of the axial joint between two
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Figure 4.21: Compensation of electric potential inhomogeneities realized by a single belt across the gap
between two modules. (a) Technical drawing of the final design. The belt is fixed to the inward-facing
side of one of the combs by screws. Small tubes made of ceramics provide insulation of the belt against
the electric potential of the comb. (b) Measures of the final design. The axial gap between two adjacent
module rings was fixed to 6 mm, which leads to a width of the compensation bridge of 20 mm.
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4.7 Further design details obtained with a model using
discrete rotational symmetry

Arrangement of combs in the conical sections

Given the condition that both wire layers should be parallel to the vessel hull and keep equal dis-
tances to the vessel in all sections of the spectrometer, there are in general two ways of mounting
the modules in the conical parts:

a) The combs are perpendicular to the vessel hull in every point: the wires exit the teeth at an
angle of 90°.

b) The combs are perpendicular to the rotational axis of the vessel (z-axis): the wires are bent
at the exit of the ceramic tubes and do not subtend a right angle with the surface of the
comb.

The first option bears two fundamental disadvantages:

¢ In order to make the orientation of the teeth everywhere perpendicular to the vessel hull
the combs would have to be bent in two directions (compare figure 4.22). This brings about
large technical challenges regarding the fabrication of such components.

o Figure 4.22 also reveals that a significant gap between adjacent modules of the cylindrical
and conical section exists at the outer boundary of the combs. Therefore, the screening
efficiency is expected to be reduced.

Considering the second option instead (see figure 4.23), one finds different principal drawbacks:

e Wires in modules belonging to the cones are bent in a kink at the point of exiting from
the insulator tubes. This abrupt curvature can be of concern both in view of stability of
the wires against rupture and with regard to field emission due to increased electric field
strength. An experimental test to check the high-voltage stability of the bent wires is de-
scribed in reference [Zac09].

o If the distances /; and [/, are supposed to be kept constant throughout all parts of the elec-
trode (cylinder and cones) despite the tilt angle a (see figure 4.23), the teeth have to be
longer by a factor of 1/ cos @, which is particularly difficult to realize in the steep cone with
a~55°.

steep cone

Figure 4.22: Simulation model: implementa-
tion of comb-like structures with teeth. The ex-
cerpt of the geometry shows the junction be-
tween the steep and the flat cone. If the wires
are supposed to exit the teeth at a right angle,
the shape of the comb becomes rather compli-
cated: it is bent in two ways.

All things considered, the second mounting option with the combs aligned perpendicularly to the
axis of the spectrometer was chosen. To solve the problem of the long teeth in the steep cone, the
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Figure 4.23: Schematic drawing: vertical mounting of combs in the conical parts of the spectrometer (di-
mensions not to scale). In this configuration the combs are only bent in one way (compare figure 4.22).

modules in this part will contain only one wire layer.
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4.8 Overview of final parameters of the wire electrode system
for the KATRIN main spectrometer

Table 4.6 summarizes the outcome of the latest design efforts, including the work that has been
done in the scope of the diploma theses [Hug08] and [Zac09]. For reference, the individual sec-
tions of the electrode are numbered, starting with the number 02 at the source side and ending
with 16 at the detector side (01 and 17 are reserved for the two ground electrodes, respectively).
For an illustration see figure 4.25.

Adding to the computer-based conceptual studies described in this work, the design of the coni-
cal sections in particular has been optimized with the aim of suppressing Penning-type traps for
charged particles which are located at the entrance and exit regions of the spectrometer (see the
brief review of modifications in section 5.3).

Table 4.6: Summary of parameters of the inner electrode system for the main spectrometer. Numbering of
the modules according to figure 4.25. The electric screening potential for both wire layers is given relative
to the vessel potential of —18.4kV (outer layer: AU = Uyessel — Ugrid,1, inner layer: AUz = Uyessel — Ugrid,2)-

section steep cones flat cones cylinder
module ring number 02&16 03&15 | 04&14 05&13 06&12 | 07-11
modules per ring 4 10 20 20 20 20
wires per module and per layer 50 40 34 42 52 60
wire layers 1 1 2 2 2 2
wires per ring 200 400 1360 1680 2080 2400
el. screening pot. AU, [V] 20 160 100 100 100 100
el. screening pot. AU, [V] — — 200 200 200 200

The inner electrode of the main spectrometer thus consists of a total of 248 wire modules, plus two
ground electrode cones and two conical shielding electrodes (“anti-Penning” electrodes). The
central cylindrical section holds five rings of 20 modules each, the flat conical sections are divided
into 2 x 3 rings with the same azimuthal segmentation as the cylinder. Lastly, the steep cone
encompasses 2 X 2 rings with an azimuthal segmentation of 10 and 4 modules, respectively. All
modules in the steep cones are equipped with only one wire layer (d = 0.2mm).

For the final stage of simulations (compare table 4.1) mounting structures in all parts of the spec-
trometer were included [Zac09] using the MainSpec geometry generator:

e Combs discretized with teeth are implemented in the cylindrical part and the flat conical
sections 04 & 14 through 06 & 12.

¢ Since the modules in the steep conical sections 02 & 16 and 03 & 15 only have a single wire
layer, combs are not necessary and belts with a simple rectangular cross section (6 mm X
40mm) are used instead.

The C-shaped spacer rods are not used in the standard configuration to save computational re-
sources, but their influence has been shown to be marginal (see section 4.6). The resulting po-
tential depression AUyp, in the analyzing plane — and for completeness also the inhomogeneity
A Ban, of the magnetic field in the current coil configuration — are displayed in figure 4.24.
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Figure 4.24: Inhomogeneities of electric potential and magnetic field in the analyzing plane of the main
spectrometer for the finalized design of the wire electrode [Zac09]. (a) The potential depression at z =0
amounts to AUypa(r) ~ 1.03V. (b) The relative change of the magnetic field strength across the analyzing
plane is A Bana(7) &~ 10.3% for Bger = 3.5T (solid line) and A Bana(7) ~ 12.2% for Bget = 6.0T (dotted line),
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Figure 4.25: Cutaway drawing showing the modular setup of the inner electrode of the main spectrometer.
The individual module rings are numbered (compare table 4.6).
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4.9 Assembly of the modules and quality assurance procedures

In compliance with the stringent vacuum requirements mentioned in section 4.1, a large ultra-
sonic bath was developed and built [Tem07] to clean the parts for the wire electrode according
to the ASTeC procedure adopted by KATRIN. Aside from the cleaning procedures, all steps of the
module assembly are carried out inside a cleanroom, which was set up specifically for the con-
struction of the wire electrode at the Institute of Nuclear Physics, University of Miinster. This
encompasses for example the quality assurance (QA) measurements of individual combs (com-
pare section 4.5.4), the cutting of wires, their insertion into the comb structures and the mounting
of the modules as well as the QA measurements of the mechanical wire tension (see figure 4.26)
and the packing of the modules for their transportation to Karlsruhe.

The task of providing high voltage to the modules — and, more specifically, to each individual wire
—is non-trivial (see [Pra09]). Since the wires of both layers are fixed using small insulating tubes,
a mechanism to provide each layer with the corresponding electric potential is needed. This is
achieved for every module by connecting all wires of one layer by a common connector in the
form of a single wire running at the back side of the comb (outer layer) or the teeth (inner layer).
The principle of electric interconnection of the wires is shown in figure 4.27. Interconnection
of the modules is achieved by spacers establishing electrical contact across the module gaps in
azimuthal and axial direction. In oder to make sure that none of the modules remains incidentally
unconnected, redundancy is provided. Furthermore, the electrostatic insulation between the two
wire layers must be checked as a part of the comprehensive post-assembly (QA) measures.

The most important aspects regarding QA (see, for example, [Rei07, J6h07, Pra09]) have already
been mentioned in the discussion of the tolerance estimates in section 4.5. Both the mass pro-
duction of the modules [Hil10] as well as the careful control of the tolerances are particularly
challenging because of the huge number of individual parts to be handled, including

e about 23500 pieces of wire (over 40km in total) for the screening grid, plus about 440 con-
necting wires,

e about. 47000 capillaries (tubes) made of ceramics,
e about 440 combs and 930 C-shaped rods for the mounting structures, and

¢ many additional parts like screws, spacers and sheet metal strips for the compensation
belts.

Documentation of the QA procedures and results in a database is required. For example, all of the
insulator tubes together with the bent ends of the wires need to be inspected and photographed,
in order to detect fissures or other damages that might later lead to a rupture of a wire or a capil-
lary. Although most of the QA measurements are performed at Miinster prior to, during and after
assembly, some of the steps need to be repeated after transportation of the modules to Karlsruhe,
shortly before they are finally installed inside the main spectrometer.
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(a) assembly of a module for the flat conical part

~

(b) finished module for the flat conical part mounted on the measurement table
for quality assurance procedures

Figure 4.26: Photographs: module assembly and quality assurance in the cleanroom at Miinster University.
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(a) outer wire layer (b) inner wire layer

Figure 4.27: Photographs of connecting wires providing the electric potential to the grid wires in each layer.
(a) The connecting wire in the outer layer is allowed to touch the comb as both are on equal electric po-
tential. (b) The inner wire layer is placed on a different potential than the combs, therefore the connecting
wire must be kept at an insulating distance to the solid material. This is achieved by making the insulator
ceramics protrude slightly from the teeth.
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4.10 Summary and status

Summary of the design studies

As aresult of extensive and intricate computer-based design studies, a technically realizable con-
cept of a two-layer wire electrode system for the electrostatic screening of background electrons
from the walls of the KATRIN main spectrometer was accomplished. This task required the co-
ordination of electromagnetic design efforts including, for example, those presented in [Hug08],
[V6c08] and [Zac09], in close relation to the contributions described in this thesis.

This concept aims for a background suppression factor of the order of 10 — 100 (in addition to
the magnetic screening effect intrinsic to the MAC-E filter) by limiting the geometrical coverage
of the wire grid to about fgc < 1%. The electric screening also will allow to reduce part of the
low-frequency noise on the retardation potential inside the analyzing volume of the main spec-
trometer.

Although modelled on the smaller inner electrode systems already in use at the Mainz MAC-E
filter and the KATRIN pre-spectrometer, the two-layer system for the main spectrometer is signif-
icantly more complex. This is, on the one hand, reflected in the technical difficulties regarding
several aspects of the construction of the electrode, but on the other hand also in the computa-
tional effort needed to model and calculate the electrostatic field of the main spectrometer in-
cluding the details of the wire electrode and its mounting structures. The projected sensitivity of
the KATRIN experiment requires a much higher overall precision of about 10 mV (corresponding
to 1% of the energy resolution AE) as compared to the pre-spectrometer or the Mainz experi-
ment.

Commercially available software can hardly be adapted to fulfill the needs arising from the highly
disparate dimensions of the large spectrometer (¢(10m)) and the thin wires (€(100 um)). In-
stead, tailor-made software based on the boundary element method were used. As the inclusion
of an increasing level of detail became necessary in the course of the design studies described in
this work, the development of new versions of the software was stimulated [Gl{i06a, V6c08]. This
chapter traces the evolution of the simulation model along with the gradual modifications of the
physical concept of the electrode system. The interplay between technical and computational
aspects is in fact characteristic of the design studies. One example is the estimate of tolerances
which forms a major part of the investigations. Despite certain limitations defined by the ne-
cessity to rely on a full rotational symmetry, initial studies revealed a marked dependence of the
electrostatic properties of the spectrometer on imperfections of the electrode setup such as a sag
of the wires or a radial displacement of modules. This motivated the revision of several key pa-
rameters of the wire electrode design, namely the wire diameters in both layers and the radial
spacing between the two layers. Moreover, the tolerances obtained from the computer simula-
tions had a profound impact on the amount and depth of the required quality assurance proce-
dures throughout construction and mounting of the modules [Geb07, J6h07, Rei07, Pra09, Hil10].

Furthermore, the influence of realistic mounting structures on the electrostatic parameters of the
main spectrometer was investigated. The inhomogeneity AU,p, of the analyzing potential was
found to be increased dramatically as a result of the axial gaps inbetween adjacent modules, and
compensating structures were implemented into the modules of the cylindrical part in order to
reduce this harmful effect. However, the unshielded surface area placed on U = —18.6kV intro-
duced by these compensation bridges is still a point of concern, since these parts in turn can form
sources of background electrons. The surface area of a single bridge can be estimated assuming a
width of w = 20mm of the sheet-metal strip in axial direction and a radial position at least 5mm
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further inwards with respect to the thin wire layer (i. e., yridge ~4.675m):

Abridge = 270 Tbridge * W

(4.26)
~ 0.59m?2.

Thus, the total surface of the four bridges covering the gaps in the cylindrical part of the spec-
trometer amounts to
Aallbridges =2.36 II12, 4.27)

which represents about 0.36 % of the inner surface of the main spectrometer vessel and 0.85 % of
the surface of the cylindrical part. This value is to be compared to the geometrical coverage factor
of the wires defined in eq. (3.3). Inserting s ~ 25 mm and d» = 0.2 mm for the inner wire layer, one
obtains
ds

fgeo =~ 0.8%. (4.28)
The comparatively large area of the belts might make a reinvestigation of the optimal width nec-
essary. The geometry of the bridges, which defines the compensation, cannot be modified after
the modules of the cylindrical part have been installed. Since the belts are connected to the same
electric potential as inner wires, it will not be possible to later change the potential, either. There-
fore, a timely and careful optimization of the design of the compensation structures is essential,
and a high precision of the computation is required. Since the final design of the modules for the
cylindrical part is almost complete, such studies need to be concluded in the very near future.

A major open question concerns the design of a small number of particular wire modules, namely
the ones covering that part of the conical spectrometer section which is equipped with the three
@1700mm pump ports. Since the openings are placed in the downstream half of the spectrome-
ter (i. e., facing towards the detector), minor distortions of the electrostatic field are of no signif-
icant concern regarding the neutrino mass measurements. The aim is to make sure that none of
the electrons which have successfully passed the analyzing plane are lost (i. e., electrostatically re-
flected) in the downstream half of the spectrometer due to a more negative potential?® compared
to the analyzing potential, since this would affect the neutrino mass measurements. Presumably,
a special module layout is needed for a coarse compensation of the effect. One of the possible
solutions, for example, is the inclusion of a third wire layer in this small sample of modules.

Hardware status

The main spectrometer vessel arrived at Forschungszentrum Karlsruhe in November 2006 and in
the meantime has successfully passed first high-voltage, outbaking and vacuum tests. The vessel
is presently being prepared for the installation of the wire electrode. A cleanroom has been set
up to allow direct access to the interior of the spectrometer. Inside the vessel, a scaffolding and a
flexible mounting platform (“intervention system”, shown in figure 4.28) were erected. These will
be used both for the installation of the rail system and for the subsequent mounting of the mod-
ules, which is scheduled to start in spring 2009. As of February 2009, all of the modules belonging
to the conical sections had been assembled at Miinster, with a large fraction already transported
to the main spectrometer site at Forschungszentrum Karlsruhe. In the next step the modules
for the large cylindrical section will be produced (100 modules of the same type, plus spares).
After completion of the installation, a comprehensive measurement program to investigate the
electromagnetic properties of the main spectrometer and to study the background suppression
achievable by the wire electrode system is going to be started.

2This could occur due to the fact that the electric screening factor S, is increased by the larger distance between the
vessel and the outer wire layer at the location of the pumping port holes, which means that the effective potential
Ue,1 would be more strongly influenced by the more negative potential Uyire1 = Uyesse —AU; of the outer wire layer.
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Figure 4.28: Scaffolding and working platform for the installation of the inner electrode system inside the
main spectrometer vessel (June 2008). Photograph: FZK.
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5 Penning traps in the KATRIN setup as
a potential background source

In section 2.5, charged particles stored in electromagnetic traps! have already been listed among
the background sources expected in the KATRIN experiment.

Within the approximately 70 m long solenoid chain of the setup, several sections can be identified
in which strong magnetic fields and high electric potentials are simultaneously present (see figure
5.1). As will be discussed in detail in the first section of this chapter, which gives a general intro-
duction to electrical discharge mechanisms and Penning traps, such regions can potentially host
discharges which may cause background. However, the different trapping regions bear varying
relevance with respect to their effect on the background in KATRIN.

5 pre-spectrometer main spectrometer pinch & detector magn.
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Figure 5.1: Overview of high-field regions in the KATRIN spectrometer and detector section. Dashed lines
represent magnetic field lines. The air coil system of the main spectrometer has been omitted in this draw-
ing.

High magnetic fields will be present throughout the source and transport sections, but only rather
low electric potentials are applied.? The first occurrence of high magnetic fields combined with
strong electric potentials is therefore at the entrance and exit regions of the pre-spectrometer. In-
deed, strong discharges were observed during test measurements at the pre-spectrometer which
led to the necessity of modifying the electrode configuration. Computer simulations carried out
in the scope of this work in order to find an electrode configuration which solves the problem are
described in section 5.2.

A very similar configuration exists at the entrance and exit regions of the main spectrometer. In

Tn most configurations encountered within the KATRIN experiment, the geometry and other properties of such traps
are analogous to those common in so-called Penning traps. This type of trap has been named after E M. Penning,
who also studied the mechanism of discharges present at low pressures in certain electrode configurations under
the influence of magnetic fields (see Penning ionization gauge, section 5.1.3).

2Tt is planned to elevate the tritium source to a scanning potential of up to —1kV.
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contrast to the discharges at the pre-spectrometer, which are expected to have little effect on the
background rate measured at the final plane detector due to the lower electric potential, the traps
in the main spectrometer can produce harmful effects. Section 5.3 briefly reviews the investi-
gations of the trapping conditions and the draft of a set of additional electrodes to remove the
Penning trap which were part of two diploma theses, [Hug08] and [Zac09].

Furthermore, another Penning trap is realized at the interface of the two spectrometers. Section
5.4 gives a detailed description of the trapping scenario and comments on its particular relevance
to background concerns. A method to counteract the harmful influence of this trap is presented
and discussed in chapter 6.

Lastly, strong magnetic fields occur also in the detector system. In the case that the option of
post-accelerating the electrons by electric potentials up to —30kV is used, discharges could pose
a problem in the region of the post-acceleration electrode, which is, however, not treated in the
scope of this work.

5.1 Discharge mechanisms

Various parameters, such as the pressure level and the composition of the residual gas in the

system or the configuration of electromagnetic fields, can influence the discharge mechanisms

which may lead to electrical breakdown in an evacuated system (see also the discussion in [Hug08],
chapter 6). In the absence of magnetic fields, strong electric fields applied to electrodes in a vac-

uum system may lead either to a “Townsend discharge” or to a so-called “vacuum breakdown”,

depending on the quality of the vacuum. If a strong magnetic field is applied in addition to the

electric field, a “Penning discharge” with characteristics different from those in the previous two

cases can occutr.

5.1.1 Townsend discharge

This discharge mechanism is relevant mainly under poor vacuum conditions. Thus it does not
play an important role at the ultra-high vacuum conditions achieved in the high electric field sec-
tions of the KATRIN experiment. However, the Penning discharge, which bears a great relevance
for the KATRIN experiment, is to some extent related to the basic processes of the Townsend dis-
charge.

Studies concerning this breakdown phenomenon have been carried out since the late 19th cen-
tury3, but J. S. Townsend was the first to give a detailed account of the process (see for example
[Tow10]), thus it was later named after him.

A formal description of the mechanism starts with a (small) initial number of electrons, Ny, which
may emerge from the cathode as a result of radioactivity in the material or as secondaries due to
environmental radiation impinging on the solid material from the outside.* These electrons are

3In 1889 already, E Paschen [Pas89] found that for a given geometry of the electric field the critical potential differ-
ence or “sparking” potential U is a function of the product pd of the pressure p and the spacing d between the
electrodes. The shape of the Paschen curve is specific to the type of gas present in the system and exhibits a mini-
mum which is determined by two processes. If pd is small, the electric field strength may be large, but only a small
number of collisions take place at low pressure. On the other hand, if pd is large, the electrons cannot gain high
energies because they are not accelerated efficiently due to frequent collisions with the gas, and thus ionization will
be somewhat suppressed.

4In his original works, Townsend irradiated the cathode with X-rays from an external tube to enhance the initial
number of electrons and to facilitate the start of the discharge.
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accelerated by the electric field from the cathode towards the anode, and at some point their
energy will reach the ionization threshold of the residual gas. Then, a cascade of ionizations can
be initiated: the ions created in the primary collisions of electrons with residual gas molecules are
accelerated towards the cathode, where they create new electrons, which in turn are accelerated
back towards the anode, and so on. The development of an avalanche amplification of charge
carriers depends on several parameters (among them the shape of the electrode geometry as well
as the composition and pressure of the residual gas), which define a critical value of the electric
potential. Reaching this “ignition voltage” leads to a breakdown of the insulation provided by the
vacuum, and a current flows between anode and cathode.

The first Townsend coefficient ¢ denotes the average number of electron-ion pairs produced per
unitlength by one electron (or negative ion). If the electrodes are assumed to be the parallel plates
of a capacitor placed at a distance d, then the number of electrons flowing between cathode and
anode can be expressed as

N = Ny e?, (5.1)

The electrons liberated by positive ions hitting the cathode are included by introducing the sec-
ond Townsend coefficient y, defined as the average number of electrons created at the cathode
surface per ion impact. The number of new electrons in the system after the first passage of the
cycle is given by

N = Nyy(e® —1), (5.2)

since Ny (e2? —1) is the number of positive ions reaching the cathode at the distance d.

However, the cycle continues with the Nf;) electrons being re-accelerated towards the anode,
again amplifying the number of negative charge carriers by creating

N = Nyy(e® —1)e (5.3)

new electrons on their way, and so on (compare [Ger93]).

Thus, the total number of negative charge carriers is given by a geometrical series:

Nt = NY+NP+ND 4
= Npe? + Nyy(e?? —1)ed (5.4)
+Nor2(ed —1)32e%d ...

If y (e?4 — 1) < 1, this series can be summed up to

ead

N=Ny———. .
Ol—y(e"‘d—l) (5.5)

In this case the discharge will stop after some time. The discharge current is then proportional
to the number of electrons given by equation (5.5). Because of the strong dependence of the
ionization coefficient a on the electron energy, the discharge current will rise quickly with the
applied electric field strength.

On the other hand, the condition for a self-sustained or steady discharge can then be formulated
as follows:

NP>Ny = e -12>1 (5.6)
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5.1.2 Vacuum breakdown

This term denotes the electric breakdown in the case of very good vacuum and without magnetic
field. Instead of ionizing collisions with residual gas molecules, which do not play a major role
in case the mean free path is much larger than the electrode spacing, the surface quality of the
electrode material becomes the decisive factor for the ignition of a discharge.

Soon after the development of the quantum mechanical framework, a theoretical model of vac-
uum breakdown based on a solution of the Schrédinger equation for electrons tunneling through
a potential barrier at the metal surface in the presence of strong electric fields was introduced by
Fowler and Nordheim [Fow28]. According to this theory [Bas07, Dyk53], the field emission current

density J is given by
Egurt? Cogp®
J(Esurf) = C4 u exp (_ 20 ) , (5.7)

¢ ﬁ Esurf

where C; and C, are constants, ¢ is the work function of the metal and Eg,,t represents the aver-
age electric field strength at the surface. The fact that locally enhanced electric field strengths £
might occur is taken into account by including the shape factor 8 = E/Egys.

While a perfectly smooth surface (i. e., f = 1) would allow to apply field strengths typically as high
as about 1 GV/m, equation (5.7) indicates that in the case of microtips or other surface irregular-
ities (i. e., B > 1) breakdown will necessarily occur at much lower field strengths which can be a
factor of 100 to 1000 smaller® (compare [Ard56]).

Aside from a careful preparation of all cathode and anode surfaces before installation, it is also
possible to condition the electrode system in situ by deliberately raising the applied high voltage
above the breakdown threshold for a certain amount of time. The heat input in the electrodes
due to the impact of ions and electrons created in the ionization avalanche can lead to an evap-
oration of small amounts of material and to a leveling of the surface irregularities, for example
by sputtering. It has proven useful to interchange the polarity of the high voltage to obtain better
results.

However, the same mechanism that is used in the conditioning procedure can also prove harmful
during normal operations: if charged microparticles (for example from impurities of the elec-
trode material) are present in the system, they will be accelerated towards the electrodes. Upon
hitting the electrode surface, the microparticle can melt or even evaporate and cause a local over-
heating at the electrode surface. This results in a release of some amount of metal vapor which
subsequently can lead to an ignition of a Townsend-like discharge. Typically, a combination of
both mechanisms (field emission of electrons and microparticle evaporation) stands at the origin
of vacuum breakdown.

5.1.3 Penning trap and Penning discharge

A large number of articles concerned with the mechanism of electric breakdown in the presence
of crossed electric and magnetic fields discuss a typical setup consisting of a pair of coaxial cylin-
drical electrodes with an axial magnetic field (see figure 5.2).

Experimental studies (see, e. g, [Har89]) show that the application of crossed electric and mag-
netic fields significantly reduces the breakdown voltage (defined by the onset of a discharge) as

5Special care needs to be taken when electrodes consisting of thin wires are involved. The small wire diameter will
lead to a naturally enhanced electric field strength at the surface, which means that small defects on the wire surface
can lead to field emission at even lower applied electric potentials. This has been taken into account in the quality
assurance procedures for the wire electrode system of the KATRIN main spectrometer described in chapter 4.1.
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<-- magnetic field B
<— electric field E
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Figure 5.2: Cylindrical electrode setup with axial magnetic field.

Figure 5.3: Sketch of an electron trajectory
forming a hypocycloidal path in a system of co-
axial cylindrical electrodes with axial magnetic
field (taken from [Red58a]). The diagram shows
a cross section (two-dimensional projection) of
a cylindrical system like the one depicted in fig-
ure 5.2.
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compared to the case without magnetic field. An explanation of this phenomenon can be found
when considering the type of trajectory an electron will assume in such a field configuration.
Unlike in the case without magnetic field, electrons released from the cathode cannot reach the
anode on a straight line. Instead, they are forced on a more complicated trajectory describing a
hypocycloidal path, as illustrated in figure 5.3. In this sketch, the electric field lines connect anode
and cathode in radial direction, while the magnetic field lines run along the axis of the cylinders.
The electron starts from the cathode surface and usually would go back to the cathode since the
magnetic field bends the electron trajectory to a closed path. In this case, the electron is lost for
any further ionization processes. However, energy loss due to collisions with gas molecules or —
as pointed out in reference [Hae53] — also the presence of inhomogeneities® on the surface of the
cathode can prevent the electrons from going back to the cathode. Supposed that the electron
does not undergo any more inelastic collisions, it will perform a hypocycloidal motion created by
arolling circle [Som52, Red58a] of diameter D determined by the relative strength of the magnetic

6As first noted by Penning [Pen36], small imperfections of the cathode surface causing local deformations of the
electric field can prohibit electrons from re-entering the cathode.
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field, B:
D= m E

with the mass m and charge e of the electron and the electric field strength E = U/d defined
by the applied voltage U and the gap size d between anode and cathode. In particular, one can
show ([Har89], and references therein) that in a magnetic field exceeding a critical field strength
Bt defined by D and the gap spacing d, the electron will be trapped and can only reach the an-
ode by suffering more ionizing collisions. In this scenario, a discharge of the Townsend type may
be ignited, which can be described with the formalism discussed in the corresponding paragraph
above, albeit with the distinction that this time some effective Townsend coefficients & and ¥ need
to be used. In the literature (see, e. g., [Hae53, Ble58]), the concept of “equivalent pressure” is in-
troduced to incorporate the influence of transverse magnetic fields on the discharge mechanism
as similar to a higher residual gas pressure. This concept is derived from the idea that both the
prolonged path of the electron due to the influence of the magnetic field and a higher pressure
would show the same effect of an increased number of ionizing collisions.

Figure 5.4 schematically presents the dependence of the breakdown voltage on the magnetic field
strength.
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Figure 5.4: Breakdown voltage versus magnetic field: different characteristics for vacuum breakdown
and Penning discharge (diagram adapted from [Har89]). For weak magnetic fields below the critical field
strength B, the breakdown voltage does not change significantly with the magnetic field (similar to vac-
uum breakdown, region a — b). Above the critical field strength, however, the breakdown is initiated by
the Penning discharge mechanism. Depending on the energy gained by the electrons in the accelerating
electric field relative to the ionization potential of the residual gas, the breakdown characteristic follows
either one of the curves c —d (large electron energy) or e — f (lower electron energy). Remarkably, the onset
of a breakdown also depends on the order in which electric and magnetic fields are raised.
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Technical applications

Due to their superior sensitivity and wide dynamical range, so-called “cold cathode” (as opposed
to “hot filament”) vacuum gauges exploiting the Penning discharge mechanism are today com-
monly used to measure residual gas pressures in ultra-high vacuum systems (see [Wil07]). The
principle is based on the fact that the total ionization current I, sustained by both the current I
of positive ions hitting the cathode and the current I_ of electrons accelerated towards the anode
is a function of the pressure p:

Lota =1+ +1-= f(p). (5.9)

It is the application of a transversal magnetic field that enables cold-cathode gauges to cover
such a large range in pressure, since usually the discharge would be extinguished at pressures of
p <10=3—10"! mbar due to the small particle density and the resulting long mean pathlengths for
electrons. Various types of such pressure measurement instruments are known under the names
Penning gauge [Pen36, Pen37], magnetron gauge [Red59], and inverted magnetron (or Redhead)
gauge [Red58a, Red58b].

Other devices using the Penning effect for example include ion sources as well as UV light sources.
Moreover, the discharge mechanism is employed in sputtering.

Aside from technical applications, trapping devices based on the Penning principle have become
known for their broad range of utilizations in precision measurements. Such “Penning traps” are
usually operated far below the breakdown conditions: instead of starting an avalanche of ioniza-
tion processes, their purpose is merely to store a certain number of charged particles — or even a
single one — for a suitable period of time to allow studies of some of their fundamental properties.
H. G. Dehmelt, who built the first dedicated ion trap according to the mechanism investigated
by Penning, eventually shared the 1989 Nobel Prize in physics with W. Paul for their development
of the ion trap technique’. Two typical geometries of such traps are depicted in figure 5.5. The
field configuration can be realized either by a hyperbolic or a cylindrical shape of the electrodes.?
The motion of charged particles in the trap is confined in radial direction by the (homogeneous)
magnetic field and in axial (z) direction by the electric potential barrier, see figure 5.6. As a result
of the combined magnetic and electric fields, the charged particle follows a complex trajectory
determined by the cyclotron and magnetron motions overlaid with a harmonic axial oscillation,
as sketched in figure 5.7.

“Further information is supplied on the web page
http://nobelprize.org/nobel_prizes/physics/laureates/1989/.

8The hyperbolical configuration represents the original form of the “classical” Penning trap, whereas the cylindrical
version is an adaptation introduced by Malmberg and Driscoll [Mal80].
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(a) hyperbolic Penning trap (with endcaps) (b) cylindrical Penning-Malmberg trap

Figure 5.5: Two different realizations of a Penning trap. The polarity of the voltage is chosen such that
the device will act as a trap for negatively charged particles. In (a), the hyperbolically shaped electrodes
give rise to an electric quadrupole potential. In the cylindrical case (b) the dimensions of the electrodes
can also be designed in a way that yields a potential in the central part of the trap similar to the one in
configuration (a). A major difference between the two layouts is that in the hyperbolic geometry (a) the two
endcap electrodes are directly connected by magnetic field lines, whereas in the case of a homogeneous
magnetic field this will not be the case in configuration (b). In both cases, however, the potential along a
magnetic field line inside the trap will have a shape as indicated in figure 5.6.

U, min

Figure 5.6: Schematic of electric potential distribution along a magnetic field line inside a Penning trap.
For the polarity chosen in figure 5.5, the potential is more positive in the center of the trap and exhibits
repulsive potential walls for negatively charged particles at both ends.
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5.1 Discharge mechanisms

Figure 5.7: The motion of a charged particle in a Penning trap can be decomposed into three different
components: the cyclotron motion (radius r.) and magnetron motion (radius ry,) in radial direction and
the harmonic oscillation in axial direction.
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5.1.4 Methods to counteract discharge problems due to particle traps

The following list contains a few suggestions on how to prevent the creation of traps for charged
particles in the first place, or else on how to remove discharge conditions, where necessary.

¢ Optimized electromagnetic design. The electrode system should be shaped in such a way
that the cathode surfaces run essentially parallel to the magnetic field lines. In any case,
magnetic field lines crossing a cathode surface twice (which would create a local Penning
trap) should be avoided.

o Careful machining of all electrode parts subject to high electric field strengths to avoid field
emission. Mechanical and possibly also electro-polishing is mandatory.

e Good vacuum conditions help to increase the mean free path and thus to suppress ionizing
processes.

¢ Application of an electric dipole field to drift out trapped particles by the E x B drift motion
that occurs in non-parallel electric and magnetic fields (compare eq. (2.45)).

e Compensation or decrease of the magnetic field strength inside the trapping region by ap-
plying an external field (e. g, using an auxiliary coil).

o “Electron catcher”: Disturb or cut off trajectories of stored electrons,

- by inserting solid material (e. g., sheet metal, as described in reference [Har89]). This
method requires a stationary installation, i. e, the material permanently remains in-
side the system. It obviously does not work for KATRIN, where the trapping volume
is formed by the beam opening that needs to stay clear of any material for the signal
electrons to pass.

- by inserting a stationary wire or pin-like obstacle connected to ground potential. The
pin or wire should have a suitable length, covering at least the radius of the magnetic
flux tube. This method not only works on the basis of pure geometrical shadowing
(in which case it would be of limited effectiveness given the requirement that the pin
should be quasi-massless), but rather exploits the fact that trapped electrons suffer
a magnetron drift (according to eq. (2.45)) which accumulates over many reflection
cycles and eventually makes them hit the pin or wire target.

- by periodical intervention, i.e., sweeping a grounded conductive wire through the
magnetic flux tube, as envisaged for the trap between the two KATRIN spectrometers
(see chapter 6). The sweeping device can be operated in short intervals or pauses be-
tween measurements and otherwise remains outside of the sensitive volume. It thus
offers a more dynamical solution. Naturally, one would place such a system in a region
of strong magnetic field, as this offers two advantages:

1. the magnetic flux tube is strongly compressed and allows the dimensions of the
scanning device to be small, and

2. the Lorentz force can be exploited to move this wire scanner across the beam pro-
file by feeding an electric current through it, thus requiring rather little external
manipulation.
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5.2 The Penning trap inside the pre-spectrometer

The pre-spectrometer arrived at Forschungszentrum Karlsruhe in autumn 2003 and thus was one
of the first major components of the KATRIN setup available on site. It provides ideal conditions
to validate several technological concepts which are intended to be used also at other places in
the KATRIN experiment. For example, successful tests of the ultra-high vacuum concept and of
the two superconducting magnets were performed, and the inner electrode system mentioned
in section 3.3 was installed. In addition, a 64-pixel electron detector representing a scaled-down
implementation of the Si-PIN technique to be used for the 148-pixel KATRIN final plane detector
was installed and commissioned.

Figure 5.8 presents an overview of the pre-spectrometer setup. The magnetic field is generated by
the two superconducting solenoids at the entrance and exit of the pre-spectrometer with a nom-
inal central field strength of Bsglenoid =4.5T each. Separate electric potentials can be supplied to
the vessel electrode and to the solid cones and the wire segments of the inner electrode.

Figure 5.8: Setup used for stand-alone operation testing of the pre-spectrometer. The marked features are
the following: (a) 2d-scanning electron gun calibration device, (b) superconducting solenoids, (c) vessel
hull and thermal insulation, (d) inner electrode system, (e) central (analyzing) plane, (f) high voltage insu-
lators separating the vessel from ground potential, (g) vacuum chamber for the 64-pixel electron detector.

During test measurements of the electromagnetic field configuration, severe problems were en-
countered when high electric potentials were employed in the presence of a magnetic field. Strong
discharges were observed that prohibited further use of the 64-pixel Si-PIN diode detector system
due to the risk of damaging it.? These discharges were characterized by a dramatic rise both in the
pressure level and in the leakage current on the power supplies, usually accompanied by a break-
down of the applied high voltage. Early observations raised the suspicion that a Penning-like trap
with a deep potential well was present in the pre-spectrometer setup, and that the discharges
were caused by the accumulation of stored particles in this trap and by the corresponding chain
of ionizations [Glii06b].

Several series of measurements were carried out to test this hypothesis and to investigate the
characteristics of the presumed trap by using the pressure level and the leakage current as diag-
nostic tools. As an example, figure 5.9 shows an experimentally determined ignition curve (sepa-
rate measurements were done using only one magnet or both). The critical potential or magnetic
field strength causing an ignition of the discharge was found to depend on the order in which

9Several measurements were done using a micro channel plate or a single-pixel Si-PIN diode instead.
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the fields are applied.!? This observation is in accordance with the theoretical expectation for a
Penning discharge (compare figure 5.4). The simultaneous rise of pressure and leakage current
with increasing electric potential at a constant magnetic field strength (figure 5.10(a)), as well as
the linear correlation between the two quantities (figure 5.10(b)), form additional evidence for
a Penning discharge. A summary of a large number of test experiments and a comparison with
results published in the literature, which led to the conclusion that a Penning trap must indeed
be present in the pre-spectrometer, is given in refs. [Glii07a, Glii07d].

The following sections present a review of the computer simulations which were carried out in
the scope of this work with the aim of locating the supposed Penning trap and finding a modified
electrode configuration which allows to remove the trapping conditions.!!
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Figure 5.9: Experimentally determined ignition curve: start of strong discharges as a function of electric
potential and magnetic field strength (compare ref. [Hug08], chapter 6.3). In all experiments shown here,
breakdown occurred at magnetic field strengths much lower than the design value of Bggjenoia =4.5T. The
onset of the discharge depends on the order in which the fields are applied. For example, if the magnetic
field strength in the magnets is first increased from zero to Bgglenoia = 0.86 T, a subsequent increase of the
electric potential (A - B) results in a discharge when reaching |U| = 10kV. On the other hand, if |U]| is raised
to 10kV first and Bsglenoiq increased afterwards (a —b), the breakdown happens already at Bgolenoid & 0.15T.

10See also the discussion of further measurements with the pre-spectrometer in reference [Hug08].
HParts of section 5.2 have already been distributed among members of the KATRIN collaboration in the form of an
internal report [Gl{i07b]. The simulations were carried out in collaboration with K. Hugenberg and E Gliick.
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Figure 5.10: (a) The pressure inside the pre-spectrometer vessel () as well as the leakage current of the
high-voltage power supply (¢) increase strongly with rising high voltage. For this measurement, all elec-
trodes — vessel, cone and wire electrodes — were placed on equal potential. The magnetic field strength
(Bsolenoid ~ 0.86 T at the center of both solenoids, corresponding to a current of 30A in both magnets) was
not varied. Starting from zero, a potential of |U| = 10kV was reached at [je.x &~ 700 uA and kept constant
after that until the onset of a strong discharge which lasted several minutes and is not included in this
graph.

(b) A linear relationship is visible in the plot of pressure versus leakage current, which is typical of the
Penning discharge. The slope changes at around I = 90 4A (dashed line), corresponding to a voltage
setting of |U| ~ 8kV. This might be due to local heating and evaporation of small amounts of material from
the metal surfaces.
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5.2.1 Location of the Penning trap

The design phase of the electrode system of the pre-spectrometer [Fla04] involved dedicated sim-
ulations searching for particle traps inside the sensitive volume.!? Figure 5.11 shows some of the
maps of the trapping volume for electrons generated with the program package AdiPark'? at that
time, along with the electrode configuration that was used for the simulations. Adiabatic tra-
jectory calculations for electrons with starting energies of 10eV, 100eV and 1000eV and various
angles with respect to the magnetic field lines were performed. Electrons starting from the vol-
ume enclosed by the contour line 7 with a given energy Eg.rt and an angle Oseart = 0, min specified
for the corresponding line in figure 5.11 are trapped. Since the trapping volume examined here is
defined by a magnetic mirror on the side facing the endcaps of the spectrometer and by an elec-
trostatic barrier in the direction of the analyzing plane, electrons with higher starting energies are
trapped more efficiently. The reason is that only those electrons starting in the low magnetic field
close to Bnin with a transversal kinetic energy at least equal to the energy resolution of the pre-
spectrometer, which is about A Eprespec ~ 85€V, can be magnetically trapped.!* In [Fla04] it was
thus argued that the detected traps will not be harmful for the operation of the pre-spectrometer
since the majority of the electrons generated inside the trapping volume will possess a starting
kinetic energy well below this threshold.

However, a second type of trap exists in the end cap sections of the pre-spectrometer, as was
first realized in 2006 by E Gliick [Glii06b]. This trapping region was not detected in the original
design studies in [Fla04], because the trapping scans were limited to the volume not shadowed
by electrodes. Since this second kind of trap is situated “behind” the ground electrode, it did not
show up in previous investigations.

The results of recent simulations, shown in figure 5.12, reveal the Penning-like trap which is
formed at both sides of the symmetric spectrometer in the corner between the ground electrode
and the solid-metal cones of the inner electrode. In this volume magnetic field lines connecting
two parts of the cathode on negative high voltage are present, and inbetween those cathode sur-
faces the potential becomes significantly more positive due to the influence of the nearby ground
electrode. Under these conditions electrons can be stored efficiently: they are guided along mag-
netic field lines and reflected when reaching the strongly negative potential at the two sides of
the trap. These trapped electrons can start a discharge causing the observed breakdown of the
high voltage and the increase of the leakage current as well as the surge in the pressure reading
[Glii07a, Glii05b, Glii07d].

12The main focus lay on the trapping conditions for electrons. However, in the work described in the same reference
[Fla04], it was realized that due to its higher magnetic field strength in the center and the larger diameter of the
vessel as compared to the Mainz setup, the KATRIN pre-spectrometer also provides stable trapping conditions for
positive ions.

13AdiPark was developed by Th. Thiimmler and is described in [Thii02]. It tracks the adiabatic motion of the so-called
guiding center without considering the microscopic path of the cyclotron motion. This way, AdiPark is able to
perform multi-electron trajectory calculations faster than other tracking tools that were previously used, like for
example SIMION [Sim00]. In addition, it is capable of performing an automated search for trapping regions.

14According to eq. (2.22), the starting transversal kinetic energy E| g, must fulfill the following condition in order to
allow the particle to escape through the neck of the “magnetic bottle”:

B
Eistar < AE = Ej- %
'max

= EJ_,magnet = EJ_,start . %mL: (5.10)
< EO (i. e., EH,magnet > 0).

Conversely, a starting transversal kinetic energy component equal to or larger than the energy resolution will lead
to magnetic reflection of the particle.
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Figure 5.11: Trapping volume for electrons with different starting energies, taken from [Fla04]. A partially
outdated electrode system of the KATRIN pre-spectrometer was used (in particular, the shape and posi-
tion of the large insulator tube connected to the ground electrode was changed). The additional trapping
regions found in recent simulations (see figure 5.12 for further details) are marked by red circles. The latter
were not found previously because they are “shadowed” by the ground electrode.
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Figure 5.12: (a) Drawing of the original pre-spectrometer electrode configuration. Magnetic field lines
are also indicated, some of which connect one part of the cathode at the solid-metal cone of the inner
electrode to another part of the cathode situated at the flange of the pre-spectrometer. (b) Electric potential
along magnetic field lines for the original pre-spectrometer setup (Uyire grid = —18.6 kV, Usolid cones = Uvessel =
—18.5kV). Without any additional shielding the Penning trap between cones and ground electrode has a
depth of AU ~ 5.2kV. At the very right the electric potential along the magnetic field lines drops again, but
this represents an artifact of the calculation since the magnetic field lines penetrate the vessel hull towards
the outside of the spectrometer. For better readability, the electric potential is plotted with inverted sign.
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5.2.2 Modification of the electrode system to remove the Penning trap in
the cone region

Several possibilities to modify the existing electrode setup of the pre-spectrometer have been
investigated. There are in principle two ways of building an additional electrode to remove the
Penning trap in the cone region:

a) The additional shielding electrode has a large diameter so as to cover most of the space in
between the ground electrode and the solid-metal cones of the inner electrode. The best
results are achieved for diameters larger than the @500 mm flanges at the end caps, which
calls for a rather complex part that cannot be made out of a single piece (compare figure
5.13). This option is significantly more difficult to realize and is thus disfavored from the
point of view of technical considerations.

0.9r

r (m)

0.8

west
magnet

) - radius of
flange

Figure 5.13: Shielding electrode with diameter exceeding the dimensions of the @500 mm flange
(figure by E Gliick).

b) The size of the additional shielding electrode does not exceed the dimensions of the flange.
In this case, sufficient suppression of the Penning trap can only be obtained by simultane-
ously shortening the ground electrode in order to withdraw it a little further from the inner
volume. This reduces the influence of the ground potential which is the cause for the Pen-
ning trap being created in the high potential region nearby. The drawback of this solution is
that the shortened ground electrode leads to an earlier onset of the electrostatic retardation
of electrons entering from the source side, and thus negatively influences the transmission
properties (see detailed discussion in the following sections).

Due to technical constraints, the shielding electrode can only be supplied with a potential equal
to that of the vessel electrode. The mounting mechanism does not provide the possibility to in-
clude an additional insulator.

Those configurations comprising a conical shielding electrode with a diameter exceeding the size
of the @500 mm flange will not be described here. The risk of damaging sensitive parts of the
existing inner electrode system during the mounting of the additional electrode was a strong ar-
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gument for discarding the solution described in a). Instead, this section is focused on a setup
including only structures that can be mounted directly via access through the @500 mm flange in
one piece, accepting the necessity to replace the existing titanium ground cones. The new ground
cones could be made out of stainless steel (which will also be much easier to work) to save con-
siderable costs and construction time.'®

5.2.3 Operational modes of the KATRIN pre-spectrometer

While simulations show that an additional correction electrode on vessel potential is suitable to
essentially remove the Penning trap problem, they also indicate that the combination of an addi-
tional retarding electrode and a shortened ground electrode exacerbates the problem of too early
retardation already existing in the previous configuration of the pre-spectrometer. One possibility
to solve this problem is to set the solid-metal cones to a more positive potential. However, this in
turn deepens the remaining Penning trap. In order to better understand this connection between
the potential of the solid-metal cones and the depth of the Penning trap on one side and the
transmission properties on the other side it is instructive to inspect the transmission properties
of the pre-spectrometer in more detail.

General remarks on transmission properties of the pre-spectrometer

For electrons entering the pre-spectrometer on some outer magnetic field lines with very large
angles the longitudinal component of the kinetic energy can become minimal at a position well
before reaching the analysing plane of the pre-spectrometer. This problem has been known since
2004 and a cure was provided in the form of a separate high-voltage supply to set the solid conical
parts of the inner electrode to a more positive potential than the tank and wires. Figure 5.14 shows
the change in longitudinal energy for a voltage difference of Usolid cones — Uvessel = 500 V. Figure
5.15 presents the influence of this voltage difference on the potential along the magnetic field
lines. A secondary, more shallow but broader trap in the central volume of the spectrometer is
visible.

In case it turns out later that such a shallow trap still causes a measurable increase of background,
the option of connecting cones and tank to equal potential can be chosen. However, caution
is due: in the standard configuration of the two MAC-E filters, the pre-spectrometer is set to a
filter energy some ~ 200eV below the tritium endpoint. Thus, an early retardation on the scale
visible in figure 5.14 may influence the measurements if it turned out to result in a significant
broadening of the pre-spectrometer transmission function. For example, if the early retardation
caused a deterioration of the energy resolution of the pre-spectrometer from its nominal value
AEpre—spec ® 85€V to a value in the range of 150 eV, a larger difference of the retardation potentials
of the pre- and main spectrometer would have to be chosen in order to let a sufficient high-energy
part of the tritium f-spectrum pass on to the main energy filter without any distortion. Therefore,

15The use of titanium was originally motivated by the aim of suppressing a minor source of background known from
the former Mainz spectrometer: Some background was caused by X-ray photons which are produced by electrons
hitting the ground electrode (anode). Subsequently emitted secondary photo- or Auger electrons from the central
electrode can reach the detector with energies in the range of or above the expected tritium electron energies.
This has been observed in the Mainz experiment in the form of a so-called "trans-U, peak". Reducing the X-ray
energies by installing a ground electrode made of a lower Z material (e. g, titanium) as compared to that of the
central electrode would prohibit the emission of K-shell electrons and thus decrease the number and energy of
secondary electrons which are liberated from the central electrode and may find their way to the detector. However,
it was argued that the suppression of a minor background component at the pre-spectrometer is of less importance
compared to the huge problems caused by the Penning trap.
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Figure 5.14: Longitudinal kinetic energy (in adiabatic approximation) for electrons with maximal admitted
starting angle at the border of the flux tube (red) and at 0.9 of the outer flux tube (blue). By applying a more
positive potential to the solid cones the early retardation problem can be reduced. — This calculation refers
to the original setup of the pre-spectrometer (60° maximum accepted starting angle).

it is necessary to check to which scale the inclusion of additional shielding electrodes enhances
this negative effect on the transmission properties during the design studies of such electrodes.

Relevance of background and transmission properties for various types of measurement

Before discussing the results of the design studies for the modified electrode setup, it is helpful to
consider a list of various measurement modes of the pre-spectrometer and to outline the corre-
sponding roles of background levels and transmission properties.

(A) The pre-spectrometer will be used as a rather coarse energy pre-filter during normal opera-
tion for the neutrino mass measurement phases. The standard field configuration is slightly
different from that in the present “stand-alone” test operation since the magnetic fields will
change due to the stray fields from the large number of magnets of the full KATRIN setup.

As mentioned above, transmission characteristics are not a sensitive issue in the standard
mode of operation, provided that the difference of the retardation potentials |Upre—spec —
Unain spec| is large enough to prevent a potential deterioration of the energy resolution of
the pre-spectrometer due to the early retardation effect from affecting the analyzing inter-
val of the main spectrometer. On the other hand, background caused by residual Penning
traps (with depths of a few 100V) could be of concern if trapped particles were to introduce
increased background rates also into the main spectrometer.

Hence, for this kind of measurement one would prefer to have the cone potential more
negative than that of the vessel, so as to avoid the formation of large Penning traps in the
central part of the pre-spectrometer (compare figure 5.15).
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Figure 5.15: Electric potential along magnetic field lines for the original pre-spectrometer setup. Here,
the cones are supplied with a 500 V more positive potential than the vessel: Usolid cones = —18.0 kV,
Uvessel = —18.5 kV, Uyire gria = —18.6 kV. The depth of the Penning trap near the ground electrode is left
mainly unchanged, while a small "dip" at the transition between the cones and central wire grid appears
around z ~ —1m. Again, the sudden drop of the potential in the upper right corner is caused by field lines
penetrating the vessel wall.

(A*) This mode is similar to mode (A), but it will be used under test conditions. Therefore, the
magnetic stray fields from the other magnets of the KATRIN setup are missing, and the
magnetic flux is solely defined by the two pre-spectrometer magnets. This causes the spac-
ing between the nominal magnetic flux of 191 Tcm? and the ground electrode to change
by a small amount. Furthermore, this configuration does not include a pinch magnet, and
consequently electrons must be transmitted with angles up to Osolenoia = 90° in the pre-
spectrometer magnets.

(B) This mode is similar to the standard mode (A) within the full KATRIN setup, yet here the
transmission properties of the pre-spectrometer are optimized by putting the solid-metal
cones to a more positive potential. This setting of the potentials is only allowed if the slightly
deeper Penning trap does not influence the background rate.

(B*) Same as mode (B), but under test conditions (i. e., using the two pre-spectrometer magnets
only).

5.2.4 Proposal for an additional pair of electrodes

Following detailed simulations, a proposal was worked out to modify the pre-spectrometer setup
by adding conical electrodes in the end cap regions while at the same time shortening the ground
cones by about 80 mm. As can be seen from figure 5.16 and 5.17, the additional electrodes have a
diameter slightly smaller than 500 mm and extend about 250 mm along the z axis from the flange
into the spectrometer. The dimensions have been chosen such that both ground and additional
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5.2 The Penning trap inside the pre-spectrometer

electrode allow to transport the KATRIN reference flux with a reasonable safety margin (see table
5.1).

r[m]

s. c. solenoid

new shielding electrode

““shortened ground electrode ]
| n | n | n |

-15 -1 -0.5 0
z [m]

Figure 5.16: Modified pre-spectrometer electrode configuration with shortened ground electrode and ad-
ditional screening electrode to remove the Penning trap in the entrance region. The grey lines indicate
the position of the ceramics insulator. Note that in the “stand-alone” configuration the centers of the two
solenoids are 4.30m apart. A close-up of the parts surrounding the ground electrode is shown in figure
5.17. For a detailed technical drawing see appendix B.1.

The effect of the additional electrode on the depth of the Penning trap is shown in figure 5.18. If all
high-voltage electrodes are supplied with equal potential, the remaining trap is 210V deep. This
value is small compared to the original setup without any shielding (AU ~ 5.2kV, compare figure
5.12(b)). Itis important to emphasize that the depth of the residual trap can be directly influenced
via the potential of the cone electrodes and can even be removed completely by choosing a more
negative potential for the cones (see details below).

Table 5.1: Distance in radial direction between ground electrode and 191 Tcm? flux. Separate margin val-
ues for the source side and main spectrometer side are given. In the case of a symmetric setup with pre-
spectrometer magnets only, both margins are of course equal. These numbers represent an estimate with
some uncertainty due to the difference between simulated/nominal and actual magnetic field produced
by the solenoids.

PS magnets + CPS stray fields PS magnets only
(“KATRIN beam line” setup, A & B) | (“stand-alone” setup, A* & B*)
margin source side 19.3mm 26.4mm
margin MS side 17.4mm 26.4mm
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Figure 5.17: Close-up on the ground electrode region showing electron trajectories along field lines at
{0.33, 0.9, 1.0} x max. flux radius. Due to stray fields from the CPS section, the distance between flux tube
border and ground electrode is a slightly different one on the source side (~ 19.3mm) as compared to the
main spectrometer side (~ 17.4 mm, not shown here). Round parts (10 mm) are implemented at the end
of ground and shielding electrodes to avoid field emission.
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Figure 5.18: Electric potential along magnetic field lines for Uyessel = Usolid cones = Uwire gria = —18.5 kV. A
small Penning trap of depth AU ~210eV remains.

Neutrino mass measurement mode with complete avoidance of the Penning trap inside
the pre-spectrometer (A)

In case it turns out to be necessary to remove even the shallow Penning trap remaining after
installation of the additional electrode (figure 5.18) one can for example choose Ugolid cones =
—18.3kV = Uyessel — 400V and Uyire gria = —18.4kV. With a 400V more negative potential on the
solid-metal cones as compared to the vessel potential, the modified setup allows to remove the
Penning trap completely (figure 5.19(a)) without interfering with the transmission requirements
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5.2 The Penning trap inside the pre-spectrometer

for normal neutrino mass measurements. Figure 5.19(b) presents the longitudinal energy of elec-
trons started at the center of the pre-spectrometer solenoid with an angle of s, = 60° and an
surplus energy of Exin ana = 200€V. Several starting radii corresponding to 0%, 30%, 90% and
100% of the maximum transported flux radius are shown.

Test measurements with complete avoidance of the Penning trap inside the pre-spec-
trometer (A*)

Unfortunately the neutrino mass measurement configuration (A) cannot be tested right after in-
stalling the proposed correction electrode since the full KATRIN magnet configuration is not yet
available. The only way to test whether the discharges disappear by virtue of the shielding effect
of the new electrodes is to use the configuration (A*) with the two pre-spectrometer solenoids.
Since the stray fields from the other magnets have no visible effect on the simulated potential
along magnetic field lines and on the longitudinal kinetic energy, the graphs corresponding to
those in figure 5.19 are not presented here.

Test measurements (B*) and neutrino mass measurements (B) with optimized trans-
mission conditions

If measurements at the pre-spectrometer should confirm that a shallow residual Penning trap
does not cause background, the neutrino mass measurements could be performed with the pre-
spectrometer setting (B), which has less “too early retardation problems”, instead of using the
more conservative configuration (A) of the electric potentials. Therefore, it is interesting to find
out at which voltage setting of the solid-metal cone relative to the vessel the background in-
duced by the Penning trap is starting to play a role. These investigations should be carried out
already with the present pre-spectrometer setup (i. e., only two solenoids). In the extreme case
it might even be possible to avoid the problem of too early retardation completely. According
to figure 5.20 (a), which shows the electric potential along the magnetic field lines for the mode
(B*), in this scenario a residual (secondary) Penning trap of 750V depth in the central part of
the pre-spectrometer remains. This extreme case with optimized transmission properties will be
achieved by choosing for example Uyessel = —18.5 KV, Usolid cones = —17.5 KV = Uyegsel + 1kV and
Uwire griac = —18.5 kV. For the simulation presented in figure 5.20 (b), electrons were started at
the center of the pre-spectrometer solenoid with maximum starting angle and minimum surplus
energy.!6

Table 5.2 summarizes the findings of the simulations regarding the achievable residual trap depth
for the different operational modes of the pre-spectrometer.

Table 5.2: Effectiveness of Penning trap removal for the modified electrode configuration in various simu-
lated operational modes of the pre-spectrometer.

v mass meas. (A) | optimized transm. (B) | other tests

residual depth of Penning trap ov A 750V A~ 210V
see figure 5.19 5.20 5.18

16Again, the simulation results for the operational mode (B) are very similar to that for (B*) and hence are not shown
here.
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Figure 5.19: Electric potential along magnetic field lines and development of longitudinal kinetic energy
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of electrons for the “neutrino mass measurement mode” (A) of the pre-spectrometer.
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Figure 5.20: Electric potential along magnetic field lines and development of longitudinal kinetic energy
of electrons for the “optimized transmission mode” (B) of the pre-spectrometer. (The field lines exhibiting
a potential of exactly U = —17500V are irrelevant for the determination of the depth of the Penning trap
since they first cross the solid cone electrodes and then penetrate the vacuum vessel.)
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5.2.5 Electric field strength: original versus modified setup

Apart from the discharges due to the Penning trap, the original setup of the pre-spectrometer also
exhibited some field emission problems that persisted even without magnetic fields. There are
experimental clues that high electric field strengths at the flange region in combination with less
carefully treated surfaces of some electrode parts in this area (foremostly welding seams) were the
origin of these problems.

Since the additional electrode is attached to the flange its geometry can easily be conceived in
such a way that it also covers the dangerous high-field region inside the flange (see figure 5.21).
Of course, the end of the additional electrode should be equipped with a ring to keep the field
strength as low as possible. It is evident that, in view of the overall high field strengths in the
flange and ground electrode region, stringent requirements for the surface properties of the new
parts need to be placed.

Table 5.3 as well as figures 5.22 and 5.23 give an overview of the calculated field strengths for the
previous and the modified setup.

The electric field strength at the cathodes in the new design is about as large as in the previous
design. Here, one could possibly benefit from using the additional electrode to cover parts of sup-
posedly lower surface quality with new parts of very high surface quality. The margin for reducing
the field strength at the cathode by increasing the diameter of the rounded part facing the insula-
tor is very small due to the limited space inside the flange. A larger piece would leave only a very
small spacing to the ground electrode and thus lead to an increase in field strength instead of a
decrease.

The field strength at the anode is calculated to be 2.5 times higher with the new additional elec-
trode than in the original configuration. Generally, high field strengths at the anode are expected
to beless dangerous (i. e., supposed to cause less discharges) than comparably high field strengths
at cathodes because field emission of electrons will occur at cathode surfaces. It appears to be
impossible to significantly decrease the field strength without cutting back on other important
properties of the new setup.

Table 5.3: Electric field strength E in the original and in the modified setup (compare figures 5.22 and 5.23).

| r position [m] | z position [m] | denotation size of rounded tip | E [kV/m] |
| original setup |
~ 0.203 ~ —1.530 ground electr. (anode) ~ 30mm 530
~0.190 ~ —1.695 corner of flange (cathode) @0.6mm 1100
| modified setup |
@F6mm 1620
upper part of @10mm 1350
~0.155 ~—1.610 ground electr. tip (anode) @20mm 1130
@30mm 1120
lower part of Z4mm 990
ring-shaped tip of @6mm 970
~0.174 ~—1.708 add. shielding (cathode) @10mm 1000
close to insulator @20mm 1000
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r/m

Figure 5.21: Modified setup with the shielding electrode now also covering the inner side of the flange next
to the ceramic insulator.
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Figure 5.22: Map of electric field strength E (upper panel) and equipotential lines (lower panel) in
the ground electrode and flange region of the original pre-spectrometer setup. The highest value at
z ~ —1.71m, r ~ 0.18m is an artificial one since the electrode just ends in the simulation (in reality, it
is shielded by the ceramic insulator which is not shown here, and the curvature radius is larger). In fact,
the accuracy of the absolute values for E given in the plot is limited by the grid spacing used for the field
scan (in this case, Az = Ar =1 mm).
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Figure 5.23: Map of electric field strength E (upper panel) and equipotential lines (lower panel) in the
ground cone and flange region of the modified pre-spectrometer setup. The accuracy of the absolute val-
ues for E given in the plot is limited by the grid spacing used for the field scan (in this case, Az = Ar =
1mm).
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5.2.6 Behavior of the system after installation of the new electrodes

The design studies for the modified electrode system were finalized in March 2007 [Glii07b], and
the construction of the four new pieces (two ground cones and two shielding electrodes, accord-
ing to figure 5.21) was finished in that summer. Figure 5.24 shows photographs of the finished
parts of the modified electrode setup before they were mounted inside the pre-spectrometer in
September 2007. After the installation of the shielding electrodes, the strong discharge phenom-
ena characterized by the increase of leakage current and pressure were no longer present. There-
fore, it seems that these discharges were indeed related to the deep Penning trap that was previ-
ously present inside the pre-spectrometer and was effectively removed by the new electrode con-
figuration. Background investigations using the Si-PIN detector could subsequently be started
and are still ongoing. After the removal of the dominating discharges, other problems became
visible. A strong background component is particularly puzzling, since it appears at high mag-
netic field (therefore, it was termed “high B-field background”) a certain time after the electric
potential is elevated from zero to a few kV (see [Fra09, Hab09]). The origin of this background
contribution is still unclear. It is suspected to be related to the electron traps confined on one
side by the electrostatic potential of the analyzing plane and on the other side by the magnetic
mirror, which are shown in figure 5.11, or to a small Penning trap at the ground electrode which
was recently discovered in simulations by E Friankle (Forschungszentrum Karlsruhe). Although
this background would not be visible directly at the KATRIN final plane detector because the pre-
spectrometer is placed at a more positive potential with respect to the main spectrometer, it can
still be harmful since it provides a feeding mechanism for the trap between the two spectrometers
(cp. section 5.4).

(a) new ground electrode (b) shielding electrode mounted on flange
(with ceramics insulator)

Figure 5.24: Photographs showing the newly manufactured parts of the modified electrode system of the
pre-spectrometer. All solid electrodes now consist of stainless steel (the previously used ground electrode
was made of titanium).
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5.3 The Penning trap inside the main spectrometer

The problem of increased background rates related to Penning discharges which was encoun-
tered at the pre-spectrometer revealed a sensitive issue to be considered also for the final design
of the inner electrode system of the main spectrometer. Due to the similarities in the electro-
magnetic design of the two MAC-E filters the lessons learned from the smaller pre-spectrometer
can mostly be transferred in a straightforward way to the huge main spectrometer. Indeed, com-
puter simulations [Hug08] showed that the cone regions at both ends of the main spectrometer
host deep Penning traps with AU ~ 4.7kV. In view of the positive effect achieved at the pre-
spectrometer through the installation of shielding electrodes, the KATRIN collaboration therefore
decided to equip the main spectrometer entrance and exit regions with a similar pair of “anti Pen-
ning trap electrodes”. Extensive design studies analogous to those described in section 5.2 were
carried out by K. Hugenberg and M. Zacher [Hug08, Zac09].

The design of the shielding electrode is strongly coupled to that of the ground electrode and that
of the wire electrode modules in the steep cone (rings 02/16 in particular, to some extent also
rings 03/15, compare fig. 4.25). An additional complication stems from the slightly asymmetric
shape of the flux tube caused by the strong compensation fields of the air coils at the end of the
main spectrometer facing the pinch magnet.!” Since both Bge; = 3.5T and Bger = 6T are still
viable options for the magnetic field strength inside the detector solenoid, all calculations have
to be done for these two configurations of the solenoid and air coil magnetic fields.

Figure 5.25 presents a preliminary technical concept prepared by S. Lichter (Forschungszentrum
Karlsruhe), based on the outcome of the electromagnetic design studies [Zac08]. The results in-
dicate that the most efficient suppression of the Penning trap is obtained with a large shielding
electrode, which can only be mounted (or removed) through the @500 mm flange in several parts.

cone of

Figure 5.25: Preliminary design of the “anti Pen-
shielding el.

ning trap electrode” for the main spectrometer
(picture taken from [Lic08]). The concept is sim-
ilar to the shielding electrode already installed at
the pre-spectrometer. However, the “anti Pen-

N ning trap electrode” for the main spectrometer

gp has considerably larger dimensions which pose

'5 a challenge regarding manufacturing and instal-

= lation. In particular, its size in radial direc-

s tion exceeds that of the @500mm flange open-

g ing, which implies the necessity to construct and

. mount it in several pieces. The cone of the

ceramics . ground electrode is not visible in this drawing, as

insulator - it is placed inside the cone of the shielding elec-
base of | mounting rails trode.

shielding el. and fixing clamps

.Y

17The ampere-turn values of the air coils are not mirror-symmetric with respect to the analyzing plane because of
the need to compensate for the difference in the stray fields from neighboring solenoids at both sides of the main
spectrometer. The exit side is strongly influenced by the magnetic fringe fields of the pinch and detector magnets.
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5.4 The Penning trap between pre- and main spectrometer

Apart from introducing the characteristics of the Penning-like trap located between the KATRIN
pre- and main spectrometer, this section essentially reviews the results obtained within the di-
ploma thesis of K. Essig [Ess04]. In it, computer simulations were carried out in order to evaluate
the possibility for such a large trapping region to start a potentially dangerous avalanche of ion-
ization processes. This discussion forms the motivation for the experimental work described in
the following chapter 6.

5.4.1 Trapping mechanisms and relevance for background concerns

The fact that a two-spectrometer combination gives rise to a deep trap for negatively charged
particles has been realized already at an early stage of the design phase of the KATRIN experiment.
Therefore, dedicated studies concerning the potential effects on the background rate (i. e., the
number of secondary electrons stemming from ionization processes that can reach the final plane
detector) were launched and provisions were taken with the aim of preventing any detrimental
effects on the neutrino mass measurement.

The trapping volume for negatively charged particles is defined in axial direction by the two neg-
ative potential barriers of the spectrometers and in radial direction by the strong magnetic field,
as indicated in figure 5.26. The configuration is similar to the cylindrical Penning trap shown in
figure 5.5(b), although details of the electromagnetic field geometry are slightly different.!® The
trajectory of a trapped electron, which performs many reflection cycles between the two spec-
trometers, is indicated in the figure as an example. Since trapping increases the path length of the
electron by many orders of magnitude, the probability that the electron undergoes ionizing colli-
sions with residual gas molecules rises accordingly. Both the secondary electrons and the positive
ions emerging from these primary collisions have to be considered:

e The secondary electrons produced inside the trap can also remain trapped themselves. This
is dangerous because

a) they are a source of more electrons and ions, and

b) they can contribute to the build-up of a significant space charge which might affect
the measurements in a negative way.

e The positive ions (essentially H+ and HJ) created in primary collisions inside the trap can
be harmful in two ways:

a) Due to their positive electric charge, they can get accelerated into the main spectrom-
eter and lead to ionization processes in the inner volume. Following [Ess04], the re-
action probability P for ionizing collisions inside the main spectrometer can be esti-
mated to be of the order of

P = [-0o'N
(5.11)

~ 1-1077,
where [ ~ 2400 cm denotes the total length of the main spectrometer, N ~3-10°cm—3
is the particle number density at a residual gas pressure of p = 10~ mbar and o ~
2-10716 cm? (taken from [Tab00]) gives the cross section for an ionizing reaction of the

18For example, an inhomogeneous instead of homogeneous magnetic field is present, and only parts of the electrode
setup are cylindrical.
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type
Ht+H, — H*t+Hj +e”

(5.12)
— H*+H+Ht+e.

Electrons born in reactions like (5.12) may be magnetically guided and electrostati-
cally accelerated towards the detector and registered as a significant background com-
ponent.

Since the positive ions are poorly confined by the magnetic field (particularly in the
weak-field regions inside the main spectrometer volume), they can escape from the
central magnetic flux tube and hit the electrode surfaces with considerable energy.'?
Upon impact, they can cause the emission of one or more electrons, with the mul-
tiplicity of the secondaries depending on the kinetic energy of the ion (compare the
description of the Townsend effect in section 5.1.1, in particular eq. (5.2)). These elec-
trons liberated from the electrodes have a small chance of reaching the sensitive flux
tube via a radial drift or a multi-step process (see the discussion on backgrounds from
the electrodes in chapter 3). Thus, they can also contribute to the background seen at
the detector.

pre-spectrometer main spectrometer
~—18.3kV ~—18.6kV
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Figure 5.26: Trapping region at the junction of pre- and main spectrometer as of 2004 (taken from [Ess04]).
The electrode systems of both spectrometers are drawn in black, whereas the magnet system — two trans-
port magnets and two coils assigned to the pre- and main spectrometer, respectively — are shown in blue
color. The red lines represent the trajectory of a stored electron inside the trapping region. The geometry
of the trap resembles that of the cylindrical Penning trap (figure 5.5(b)) rather than that of the hyperbolic
version (figure 5.5(a)).

The conditions for the development and length of the ionization chain depend on the initial po-
tential energy at the location of the primary ionization and on the efficiency of energy loss pro-
cesses of the trapped electrons, which will be discussed in the following paragraph.

9Tons originating from the region close to the ground electrode can gain energies up to 18.6keV since they feel the full
potential difference.
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Cooling processes

The two most relevant cooling mechanisms for electrons in the trap are the emission of syn-
chrotron radiation and collisions with gas molecules. They lead to a significant and — as shown
in [Ess04] — fast reduction of the number of secondary ionization processes by high-energy elec-
trons. The cooling processes shall be briefly discussed in the following.

e Synchrotron radiation can in principle be generated from any of the three superimposed

types of motion?? performed by an electron in a Penning trap (see figure 5.7). The energy
loss caused by synchrotron radiation from the cyclotron component of the motion by far
dominates the losses due to the remaining two components?!, the magnetron drift and
harmonic axial oscillation, as was also discussed in [Ess04]. In particular, the power of syn-
chrotron radiation Psynch,1 from the cyclotron motion is proportional to the square of the
magnetic field strength. For a charge g accelerated on a circular orbit with the frequency
Weye = Tq—fl one can express Psynch, 1 in good approximation [Jac98] by

2 g
3 m2c3
%_qf B2| |2
3mics > PL

Ekin,J_ = Psynch,J_ Yzwiyc ij_|2

(5.13)

The rate of power dissipation can be measured in terms of the damping constant I', which
is defined as

Ev:
| (5.14)
Exin,1
. . _ p.
leading via eq. (5.13) and Ekin,1 = o to
4 q* 2
I'=- B-. 5.15
3 m3c3 (5.15)

Simulations carried out by K. Essig to estimate the time needed by electrons with typical
kinetic energies in the 10keV range to lose all of their initial transversal energy (in the strong
magnetic field of 5.6 T in the former transport section, see remarks in sec. 5.4.2) yield values
of the order of well below one second (compare figure 5.27).

Elastic scattering of electrons off residual gas molecules reshuffles part of the kinetic en-
ergy back into the transversal component of the motion, thus enabling the electrons to
cool more efficiently by restarting the process of synchrotron radiation (see figure 5.27).
For technical reasons these calculations were performed assuming a residual gas pressure
of p =10~ mbar, with the synchrotron radiation increased by the same factor of 10 to pre-
serve the scalability of the results. This means that the cooling time values obtained from
the simulations should be increased by a factor of 10 in order to take into account a realistic
pressure level of p =10~ mbar, as projected for KATRIN.

20To be more precise, the radiation caused by the axial motion inside the trap should be termed bremsstrahlung rather
than synchrotron radiation, since the reflections of the electron in axial direction are caused by the electric potential
barrier rather than by the magnetic field.

21The frequency of the magnetron motion is much smaller than that of the cyclotron motion; therefore the syn-
chrotron energy losses from this component can be neglected. For the axial oscillation the radiation power B
depends on the loss (or gain) rate of longitudinal energy E in the axial direction: Bj o (41/dz)*. Since in the KATRIN
main spectrometer d4Ei/d: is rather small, the radiation power is also negligible compared to that from the cyclotron
motion.
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¢ Inelastic scattering leads to either excited or ionized gas molecules and thus takes away
some of the electron energy. However, the secondary electrons produced in the ionization
processes will add to the total number of electrons in the trap and, depending on the value
of the electric potential they are born in, can contribute to the chain reaction of ionization.

This chain reaction is stopped when the kinetic energy of the electrons drops below the ionization
energy E; of the residual gas molecules (e. g, Ei = 15.4eV for H, molecules). Figure 5.28 shows
simulation results for the location of ionizing events for 10 electrons started with 10keV of kinetic
energy, half of it in the form of transversal or cyclotron energy. 120 secondaries are produced
in total, corresponding to an average secondary yield of 12 per primary particle. Considering
that only about one out of ten of these secondary electrons is born in a strong negative electric
potential (i.e., with a kinetic energy of a few keV: compare fig. 5.28(b)), this reduces to about
1 high-energy secondary per primary particle on average, which is just on the verge of a self-
sustained ionization avalanche.
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Figure 5.27: Simulated cooling times for 10 electrons starting with an initial kinetic energy of Eyin start =
10keV and an angle of s, = 45° in a magnetic field of Bgge = 4.5T (taken from [Ess04]). The median
(dashed line) of the cooling time distribution for these conditions is 120s. At smaller starting angles the
total cooling time can be slightly larger, since more collisions are necessary to shuffle longitudinal into
transversal energy which can be radiated by synchrotron emission. The simulation used as an input pa-
rameter a residual gas pressure equivalent to p = 10~ mbar, i. e., ten times higher than intended for the
KATRIN spectrometer section. Therefore, all of the stated results need to be scaled up by a factor of 10, and
thus typical cooling times at a pressure of p = 10~ mbar would be in the range of < 1 hour.
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Figure 5.28: Simulation results: distribution of axial position and and corresponding electric potential for
ionizing collisions (both figures taken from [Ess04]). (a) Locations of ionizing collisions are approximately
evenly distributed, therefore most secondary electrons are born in negligibly low electric potentials, as in-
dicated by the purple line. However, some ionization processes do occur in the border regions of the simu-
lated field map, where the slope of the electric potential is large and its absolute value is rapidly increasing
in the direction of the two spectrometers. This can also be seen from the histogram in (b). The simula-
tion, which was carried out for 10 electrons with the starting parameters Es,c = 10keV, Oy = 45°, yields
120 secondary electrons, with about 10% of those born in the region of strong negative electric potential.
This means each trapped primary particle produces on average 12 secondaries before cooling prevents any
further ionizations, but only about one of them has enough kinetic energy to start a dangerous ionization
chain. For lower starting angles 0y, the absolute amount of secondary electrons becomes larger because
the initial trapped electron takes a longer time to cool below the ionization threshold (compare figure 5.27);
for larger starting angles the secondary yield is smaller.
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5.4.2 Validity of the simulation results in view of the new KATRIN reference
design

In 2007, the overall KATRIN design underwent an extensive revision. The modifications also af-
fect the electromagnetic fields in the Penning trap region between the two spectrometers. The
experimental configuration used for K. Essig’s simulations, as shown in figure 5.26, is outdated in
several aspects:

1. Important details of the actual shape of the electrode system are missing. The final design
for the main spectrometer vessel and its inner electrodes was fixed after K. Essig’s simula-
tions had been concluded. The ground electrode and cone regions of both pre- and main
spectrometer, which are of particular relevance for the trapping studies, have undergone
design modifications as a consequence of the Penning trap studies described in sections
5.2 and 5.3.

2. The transport section, consisting of two large superconducting magnets, and the main
spectrometer entrance magnet have been removed from the setup. The link between pre-
and main spectrometer now consists of only one superconducting magnet and a beam tube
on ground potential (see figure 5.29).

However, the design modifications do not remove the trapping conditions between the two spec-
trometers. On the contrary, they arguably even worsen the situation since the magnetic field
strength B in the new concept is lowered by about 20% with respect to the original design, while
at the same time the distance [ an electron travels through the high magnetic field region is short-
ened considerably due to the removal of the large transport magnets. The power radiated away
in the form of synchrotron light, Psyncn, is proportional both to the length [ and to the square of
the magnetic field strength: Psynen o< [ - B2. Thus, both modifications cause a reduction of the
synchrotron emission and the corresponding energy loss. As a result, the electrons tend to pre-
serve an energy above the ionization threshold for a little longer than in the scenario of higher
synchrotron emission investigated by K. Essig in her diploma thesis. Furthermore, the relative
fraction of ionization events occurring in regions of high electric potential is increased signifi-
cantly due to the reduction of the longitudinal trap dimension /.

Recently, the electron trapping and ionization processes have been re-investigated and earlier re-
sults were confirmed by new simulations done by E Gliick [Gl{i08]. Apart from the intention to
check the previous results with the updated configuration of electromagnetic fields, a main mo-
tivation for this new study was to obtain a more confident statement regarding the probability of
a self-sustained chain reaction to take place, which should be founded on much better statistics.
In the case of K. Essig’s calculations, only a small number of trapped electrons and their interac-
tions could be simulated due to the fact that the simulation is quite demanding with respect to
computational resources. Since at that time only a small number of CPUs was available, the statis-
tics were necessarily limited. Therefore, it was not possible to conclusively determine whether a
strong discharge could indeed build up inside the Penning trap. The argument that synchrotron
radiation might be sufficient to prevent a dangerous multiplication of electrons in the trap was
brought forward by E. W. Otten [Ott07].

A computation cluster??, which had in the meantime become available at Miinster, allowed to
significantly scale up the simulation to a total of about 300 CPU days. Instead of performing the
full trajectory calculation for all secondary electrons created in the ionization chain, the compu-

22The GridIKP linux cluster at the Institute for Nuclear Physics at University of Miinster, which presently comprises 60
nodes with a total of 138 CPU cores, was used for these calculations. Its primary function is to provide computa-
tional resources for the Worldwide LHC Computing Grid (see webpage http://1lcg.web.cern.ch/lcg/).
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tation was split into two separate tasks. First, trajectories of a large number of stored electrons
with different starting parameters (e. g, total starting energy and starting angle) were calculated.
From these an energy spectrum of the secondary electrons was obtained. Next, the avalanche of
ionizations was simulated in several steps. In each generation, the initial electrons were cooled
down below the ionization threshold, and the ionization yield and thus also the number of elec-
trons present in the system at the start of the subsequent step of the cascade was determined.
Analogously to the earlier simulations, it was necessary to simultaneously increase the residual
gas pressure and the intensity of the synchrotron radiation by a factor of 10° to 106 to facilitate
the calculations.

The results [Gl{108] show that, even when including synchrotron radiation as the most efficient
cooling mechanism, a single primary electron with a starting kinetic energy of Ear = 18keV can
produce an avalanche of ionizations with a huge ion yield of

Nion ~ 108. (5.16)

This is a strong argument calling for an active suppression of the number of high-energy electrons
inside the trap. To illustrate the effect of the trapped electrons on the overall background rate in
KATRIN, different filling mechanisms of the trap shall briefly be discussed.

o In [Ess04], two feeding processes were mentioned:

a) Electrons from the tritium source which pass the pre-spectrometer but do not pos-
sess enough energy to also pass the main spectrometer will be reflected and return
towards the pre-spectrometer. However, these electrons can only be trapped between
the two MAC-E filters if they undergo some energy loss processes (e. g, non-adiabatic
reflection, synchrotron emission and collisions with residual gas molecules). Other-
wise, they pass the analyzing plane of the pre-spectrometer in reverse direction and
go back towards the source. The new, more detailed simulations by E Gliick indicate
that the number of trapped f3-electrons will be small, and their contribution to the
expected background rate therefore negligible.

b) The second process is of more concern: the normal spectrometer background (i. e.,

secondary electrons from the solid high-voltage electrodes) from the two MAC-E fil-
ters can also provide trapped electrons. While electrons starting from the hull of the
main spectrometer which make it into the inner flux tube have a low probability of
getting trapped because they have a chance to pass the lower electrostatic potential of
the pre-spectrometer, those electrons originating in the downstream half of the pre-
spectrometer do not possess enough energy to escape from the trap by passing the
analyzing plane of the main spectrometer.
In view of the large ion yield per electron (eq. (5.16)) and the ionization probability in-
side the main spectrometer of the order of 1078 — 10~7 an amplification factor > 1 and
thus a self-sustained discharge due to this filling mechanism with high background
rates at the final plane detector is possible.

¢ In case the origin of the “high B-field background” at the pre-spectrometer mentioned in
section 5.2.6 cannot be found and eliminated until the start of the neutrino mass mea-
surements, about 103 electrons per second will be emitted towards the trap between the
spectrometers from the pre-spectrometer side, and many of these will end up being stored.
According to eq. (5.16) this gives a total of Njop tota1 < 101! ions per second. A rough upper
limit of the background signal to be expected at the KATRIN final plane detector from fur-
ther ionization processes of the type (5.12) inside the main spectrometer can be estimated
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using the corresponding ionization probability P (equation (5.11)):

Ne’,backgrd = Niontotal - P
< 1otlo.o1077 (5.17)
= 1041,
S

Such a background rate would of course be unacceptable for the neutrino mass measure-
ments, and the problem may only be solved by turning off the high voltage of the pre-
spectrometer or else by providing a very efficient mechanism to empty the trap.

5.4.3 Countermeasures

Some general methods to counteract Penning discharges have been outlined in section 5.1.4. In
the following, they shall be evaluated in view of their applicability to the Penning trap between
the two spectrometers.

¢ General design optimization: The first point mentioned in the list of countermeasures,
the careful electromagnetic design that avoids Penning traps wherever possible, cannot be
applied here since the trap between two successive spectrometers of MAC-E filter type is
intrinsically present and cannot be completely avoided.

Surface quality: Careful treatment of any electrode surfaces to lower the probability of elec-
tron emission — either by ion bombardment or by field emission — is mandatory for all parts
of the pre- and main spectrometer electrode system. In addition, the screening grid elec-
trode will help to suppress the flux of secondary electrons from the cathode surfaces into
the sensitive spectrometer volume. Although this method might help to diminish the ef-
fects caused by positive ions emerging from the ionization chain inside the trap, it does not
influence the trapping conditions, which need to be taken care of in the first place.

Removal of charged particles via drift motion induced by a strong electric dipole field:
This option has been investigated in K. Essig’s work by computer simulations using the
separate conical parts of the pre-spectrometer inner electrode system to produce the elec-
tric dipole field. The results imply that very strong gradients of the electric potential in the
transversal direction would be needed in order to overcome the accelerating effect of the
axial gradient, which is very high in the entrance and exit regions of both spectrometers.
Only potential differences of the order of Ugipole &~ 20kV showed a marked effect on the
trapping characteristics. However, such potential differences are highly impractical.

Interception of trapped electrons: At a very low residual gas pressure of 10~ mbar as
projected for KATRIN, the mean time between ionizations (about 1 minute) and the mean
electron cooling time (of the order of 1 hour) are quite long (compare figure 5.27 and ref-
erence [Glii08]). By contrast, the magnetron time scale during which a trapped electron
performs a full rotation around the axis is found in E Gliick’s simulations to be of the order
Of Tmagnetron & 20 —200us. This signifies that the time scale available for an intervening
measure to empty the trap is sufficiently long. In particular, it opens up the possibility to
prevent discharges by inserting either a stationary pin or a movable wire as an “electron
catcher”.

Considering all options, the last method seems the most promising one with regard to remov-
ing trapped particles between the two KATRIN spectrometers effectively and reliably. Therefore,
a setup to test a scanning wire device at the Mainz spectrometer was proposed already in the
outlook of [Ess04]. Such a setup was now realized and experimentally tested, and the results are
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Figure 5.29: (a) Close-up on the interface region between pre- and main spectrometer. The geometry
has been updated to match the 2007 “KATRIN reference design” and also includes the newly introduced
shielding electrodes for the pre- and main spectrometer (see sections 5.2 and 5.3). Dashed lines represent
magnetic field lines supporting a Penning discharge; the dash-dotted line indicates a magnetic field line
touching the ground electrode (anode) and therefore not supporting a Penning discharge. (b) Illustration
of secondary electrons (e) arising from ionizing collisions of a primary electron (o) with the residual gas at

different values of the electric potential.



5.5 Effects of Penning discharges in other experiments

discussed in chapter 6. The second possibility, namely that of a stationary electron catching pin,
should also be investigated further.

5.5 Effects of Penning discharges in other experiments

It is noteworthy that several other past or ongoing experiments have been plagued by problems
with Penning traps and discharges. In some cases, the discharges required significant modifica-
tions of the experimental setup in order to resolve the difficulties. The following list gives some
examples:

e The Mainz neutrino mass experiment. Together with the Troitsk experiment, the Mainz
group has established the MAC-E filter technique as the instrument of choice for direct
neutrino mass searches based on precision tritium f-spectroscopy. In early phases of the
experiment, strong discharges associated with a dramatic increase of background were ob-
served, which were suspected to be related to deep Penning-like traps and eventually led to
arevision of the system of high-voltage electrodes [Bor00]. In the course of the recent stud-
ies of the trapping scenarios at the KATRIN pre-spectrometer, a simulation-based search for
Penning traps in the old configuration of the Mainz MAC-E filter was carried out [Hug08].
These investigations indeed revealed the existence of Penning traps with a depth of several
kV, which can explain the observed high background rates.

e The Troitsk neutrino mass experiment. The Troitsk experiment also uses a high-resolution
MAC-E type spectrometer of dimensions comparable to the one used in Mainz. In addi-
tion, the original setup also incorporated a second electrostatic filter upstream of the main
energy filter, establishing a similarity to the KATRIN setup with its tandem spectrometers.
However, this former configuration did not perform as anticipated. Like at Mainz, the inner
electrode system of the Troitsk spectrometer had to be modified to cope with persistent dis-
charge problems [Kaz07]. Furthermore, the combination of pre-filter and main spectrome-
ter formed a Penning trap like the one expected to exist between the KATRIN pre- and main
spectrometers. The fact that the low background rate necessary for neutrino mass mea-
surements could not be reached at Troitsk with the pre-filter placed on high voltage, but
only when the voltage of the pre-spectrometer was reduced to about —200V, confirms the
suspicion that Penning discharges indeed were the source of the problems at Troitsk and
calls for timely precautionary measures to be taken with respect to the KATRIN setup.

¢ Several neutron decay spectrometers, such as the running aSPECT [Abe03, Glii05a, Bae08]
and PERKEO [Schu07, Abe03] experiments as well as the planned Nab experiment [Ala07],
are also faced with Penning traps existing in their experimental configurations. It is inter-
esting to note that the neutron decay spectrometer PERKEO II did not encounter large dis-
charges, albeit the fact that a deep Penning trap (AU up to 30kV in a magnetic field strength
of B=1T) is present in their setup. Furthermore, the residual gas pressure was as high as
10~%mbar. The absence of discharges may be attributed to the presence of several grids
of screening wires in the central decay volume of the apparatus. aSPECT has encountered
problems with electric breakdown in the system, which are intended to be cured follow-
ing the model of PERKEO II by installing wire electrodes to intercept the stored particles.
The Nab group aims to prevent discharges by installing a swiping wire similar to the one
constructed and tested for KATRIN (see chapter 6) in the trapping volume.

¢ The Weak Interaction Trap for Charged particles (WITCH) employs a MAC-E filter to de-
termine the electron-neutrino angular correlation coefficient a in beta decay via a mea-
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surement of nuclear recoil spectra. After problems assumed to be related both to field emis-
sion and to several Penning-like traps in the setup were encountered [Fri08, Coe07, Koz08],
anumber of measures along the lines sketched in section 5.1.4 were initiated:

Parts of the electrode setup have been redesigned and remanufactured with special
emphasis on the surface quality. In addition to removing problems caused by vacuum
breakdown, the avoidance of field emission at the same time allows to reduce one of
the potential mechanisms feeding the Penning traps.

An improvement of the vacuum conditions will be achieved by implementing addi-
tional getter pumps (at present, the residual gas pressure is at a level of about p ~
10-8mbar).

It is intended to lower the magnetic field strength at the location of one of the traps in
order to make electron storage less efficient.

In addition, the option of using a movable wire like the one tested for KATRIN to catch
stored particles and prevent discharges is considered.

In conclusion, the experience gathered in other experiments clearly supports the view that active
measures should be taken to either avoid Penning traps or arrange for a device to disturb the
mechanism of particle storage and accumulation at KATRIN. One possible realization of such a
device was investigated in the scope of this work, and the results are presented in the following

chapter.
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empty the Penning trap between pre-
and main spectrometer

Starting from the more phenomenological considerations regarding the Penning trap between
pre- and main spectrometer presented in section 5.4, this chapter gives an account of experi-
mental tests of a method to periodically clean this trap by the use of a mechanical “scanning
wire” device. These tests were carried out at the Mainz MAC-E filter during several measurement
phases. The discussion begins with an introduction to the general intention and requirements
for the test (section 6.1) and continues with a description of the experimental setup (section 6.2),
before results of the different phases of measurement are presented (sections 6.3 and 6.4). The
chapter closes with a review of the results and an outlook in section 6.5.

6.1 Aim and requirements of the experimental test

The aim of the investigation is twofold. First, the test of the trapping conditions should be per-
formed before the final installation and commissioning of pre- and main spectrometer. There-
fore, an experimental configuration substituting the combination of the two successive MAC-E
filters needs to be found, and the characteristics of the resulting trap — such as occurrence and in-
tensity of discharges — are to be investigated. The second part of the task comprises the construc-
tion, implementation and test of a device dedicated to intercepting and collecting the trapped
particles.

The following essential parts are required:
¢ amockup of the main spectrometer (magnets and electrode system, ultra-high vacuum),

¢ a device to emulate the pre-spectrometer electrode system (additional high-voltage elec-
trode, ultra-high vacuum),

¢ electron sources with variable intensity for (optional) enhanced filling of the Penning trap,

e a mechanical “electron catcher”, implemented at the junction of the simulated “pre-spec-
trometer” and “main spectrometer”, and

e an electron detector.

The existing KATRIN pre-spectrometer would make an ideal starting point for a trapping exper-
iment. To provide a second “spectrometer”, the so-called “test cylinder” (a cylindrical vacuum
chamber with a diameter of 500mm and a length of 1.4m that was used as a testbed for the
KATRIN ultra-high vacuum concept) might be equipped with an inner electrode system and at-
tached to one end of the pre-spectrometer. However, within the time-frame allotted for the test-
ing of the Penning trap between the two KATRIN spectrometers, the pre-spectrometer was not
available for such studies due to a tight schedule of other vital test experiments. Therefore, an
alternative setup at the Mainz MAC-E filter was conceived, which is described in detail in the
following section.
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6.2 Setup and field configurations at the Mainz MAC-E filter

In the simplest configuration, the KATRIN main spectrometer is represented by the MAC-E filter
of the former Mainz neutrino mass experiment and the pre-spectrometer is simulated by a vac-
uum chamber containing an electrode on high voltage (in the following referred to as the “back-
plate” electrode). This chamber has to be attached to the Mainz spectrometer such that a Penning
trap similar to that between the real KATRIN pre- and main spectrometer is formed: The two neg-
ative electric potentials of the backplate electrode and the MAC-E filter should enclose a region
of more positive (or even ground) potential where a strong magnetic field is present. In addition,
the setup should provide access for installation and operation of the mechanical device intended
to clean the trap. Although the test experiment cannot be expected to fully reproduce the electro-
magnetic fields at KATRIN due to inevitable differences in the geometry of the setup, the electric
potentials applied and the magnetic field strength should at least be comparable to those in the
final KATRIN beam line. The solution that was realized at Mainz is presented in figure 6.1.
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Figure 6.1: Setup used at the Mainz MAC-E filter for testing the trapping conditions between the KATRIN
pre- and main spectrometer. (i) superconducting coils, (ii) electrode system consisting of vacuum tank at
ground potential, solid and wire inner electrode systems on high voltage, (iii) field-shaping air coils, (iv)
vacuum chamber housing both the wire scanner installation and (v) the backplate electrode, (vi) water-
cooled additional coil for local enhancement of the magnetic field at the position of the wire scanner (not
shown in this drawing), (vii) valves. The detector is situated on a movable sleigh close to the solenoid on
the right-hand side. Magnetic field lines (settings corresponding to a resolving power of E/AE ~2-10*) are
indicated as dashed curves.

6.2.1 Pre-spectrometer mockup: vacuum chamber and “backplate”

Figure 6.2(a) shows a side view of the vacuum chamber which was originally used to house parts of
the condensed krypton calibration source (CKrS) for KATRIN during its tests at the Mainz MAC-E
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filter [Ost09]. After the CKrS measurements at Mainz had been concluded, the vacuum cham-
ber turned out to be the ideal container for the essential parts needed for the Penning trap test
measurements. A cylinder of diameter @200 mm forms the central part of the chamber. Access is
provided through various ports:

e A turbomolecular pump evacuates the chamber from the bottom port (DN 200 CF flange).!

e The opposing port on top of the chamber is equipped with a DN 200 CF lid containing
two high-voltage feedthroughs on ceramics insulators that were used to hold and connect
the electrode emulating the pre-spectrometer (see figures 6.2(b) and 6.2(c)). This way, the
vacuum chamber itself can be kept on ground potential, while a variable (negative) electric
potential is applied to the disc-shaped electrode.

e The right-hand side of the chamber has a DN 100 CF opening leading towards the spec-
trometer. A bellow with an inner diameter of 100 mm is situated between the flange and the
gate valve next to the cryostat of the superconducting magnet.?

¢ In addition, the chamber possesses four DN 40 CF ports that usually serve as openings
to couple the ablation and ellipsometry laser beams into the substrate region of the CKrS
setup. In the Penning trap experiments, they are useful to provide optical access, for exam-
ple for UV light producing photoelectrons off a target inside the chamber. These photoelec-
trons can contribute to filling the trap, as discussed in section 6.2.4 below.

Technical details of the electrode construction can be found in appendix B.2.

Comparison between mockup and real KATRIN system

The model of the pre- and main spectrometer system described in the previous section cannot
be an exact miniature copy of the final KATRIN setup — some concessions need to be made for
the sake of technical feasibility. In particular, the realization chosen for the electrode emulat-
ing the pre-spectrometer forms a marked difference to the real field configuration at KATRIN. In
the electromagnetic design of the KATRIN experiment, special emphasis was put on avoiding a
direct connection between electrodes on high voltage and the detector via magnetic field lines
in order to avoid discharges (see section 5.1, esp. 5.1.4). In other words, none of the magnetic
field lines belonging to the nominal magnetic flux tube of ® = 191 Tcm? touches or crosses cath-
ode material. This rule is intended to reduce background by prohibiting the direct transport of
charged particles from the electrodes to the detector. However, this concept has been deliber-
ately violated in the test setup at Mainz by choosing the disc-shaped geometry of the backplate
electrode, which is easy to realize within the pre-existing experimental setup.3 It provides a spe-
cial “feedback” mechanism that will significantly influence the behavior of the trap (and Penning
discharge) in two ways, which are related to the mechanisms described in the previous chapter
(see Townsend discharge, section 5.1.1):

e Electrons originating from the plate can leave it along the magnetic field lines crossing the
electrode. They gain kinetic energy by running down the electric potential difference to-
wards the region at ground potential. lonizing collisions with residual gas will take place. If

'During most of the measurements done in 2007, the coldhead belonging to the CKrS setup was used as a cryo pump,
allowing to reduce the pressure by almost an order of magnitude. However, the coldhead was no longer available
for the 2008 measurements after the CKrS setup had been dismounted.

2In the photograph in figure 6.2(a) the bellow is covered by the copper windings of the water-cooled auxiliary magnet
that is described in sections 6.2.2 and 6.2.3.

31t would have been technically more complicated to install a cylindrical electrode aligned with the central beam axis.
Furthermore, the space inside the available vacuum chamber was limited, in partiular since parts of the CKrS were
still installed during the first measurement phase in 2007.
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the trap height of the two potential walls is asymmetric (i. e., | Uplate| < |Uspec|), the electrons
starting from the plate cannot gain enough energy to pass the electrostatic barrier formed
by the analyzing plane of the spectrometer and will be reflected back towards the plate. Due
to energy losses, some of the electrons will not be able to reach the surface of the plate: they
enter the trapping volume between plate and analyzing plane and can cause many further
ionization processes.

The positive ions created in the trap can be accelerated towards the backplate and hit its
surface with considerable energy. A subsequent release of electrons from the surface of the
plate can lead to further amplification of the number of charged particles in the trap that
would not be present, for example, in the case of a cylindrical electrode outside the Penning
trap volume. Therefore, the discharge characteristics can be fundamentally different from
those potentially present in the KATRIN setup. This point needs to be kept in mind when
interpreting the results and attempting to transfer the conclusions drawn from experiments
with the mockup to the KATRIN system.

6.2.2 Mechanical device to sweep a wire through the beam line: the “wire

scanner’

The basic idea for a device to clean out the particle trap consists of a grounded wire periodically
moved through the trapping region to collect stored charged particles. This “wire scanner” should
fulfill the following requirements:

The wire material should be conductive such as to allow the charged particles hitting its
surface to flow off instead of accumulating on the surface (as would be the case for an insu-
lating wire). Using a conductive wire also offers the opportunity to send an electric current
through it, which provides a rather easy way to move it by virtue of the Lorentz force in the
external magnetic field.

The scanning motion should encompass the whole flux tube diameter in order to collect
all trapped particles. Therefore, the device has to be installed inside a magnetic field of
sufficient strength to compress the magnetic flux to a comparatively small diameter.

The operating principle employed for the scanner should allow for easy handling, long-
term stability of operation without intervention, and low maintenance requirements. Ultra-
high vacuum compatibility is required. Therefore, the use of grease for the movable parts,
for example, is prohibited.

Flexibility and mechanical stability should be compatible with scanning rates of up to a few
sweeps per second.

Finally, the wire scanner should be of rather compact dimensions so as to be easily mount-
able in a tightly restricted space.

Three phases of measurements (one in the year 2007 and two successive phases in 2008) with
different wire scanner designs were carried out. In all three phases, the same support structure
was used — with only slight modifications - to hold the wire in place. Technical details of the
holder arm are included in the appendix (section B.3).
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Phase I: 06/2007 — 07/2007

A copper wire of diameter 0.4 mm equipped with springs at both ends was bent to an arc
and placed in vertical position inside the 100CF bellow (see figure 6.3(a)). The scanning
motion was stopped at either side by the wire hitting the walls of the tube. In the first
measurement phase, this was problematic because the wire made electric contact with the
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(i) vacuum chamber housing disc-shaped electrode

and wire scanner
(i)  water-cooled auxiliary magnet
(iii) HV feedthrough for disc-shaped electrode
(iv)  current feedthrough for wire scanner

4

il ””‘I}’i:‘

(@) (c)

Figure 6.2: Photographs of the test setup at the Mainz spectrometer. (a) Position of the vacuum chamber,
with directions towards condensed krypton source (CKrS) setup and spectrometer indicated by arrows.
(b) Front view of the disc-shaped high voltage electrode mounted on a DN 200 CF flange, with insulator
and HV leads (shown in upside-down position). (c) Disc-shaped high voltage electrode inserted into the
vacuum chamber, viewed from the backside through the open DN 150 CF flange (after removal of the CKrS
setup).

surrounding material and a noise signal was induced on the detector under particular con-
ditions (rectangular mode, see “types of wire scanner action” below).

e PhaseII: 02/2008 - 04/2008
In the second version of the scanner, a larger wire diameter (copper, 1.4mm) was used in
order to enhance the mechanical stability. Miniature ball bearings and flat springs were
added (see figures 6.3(b) and 6.4). The wire arc was still long enough to hit the walls of the
surrounding DN 100 CF bellow at the turning points of the motion. Therefore, the walls
of the bellow were covered with Kapton foil in order to avoid electric contact between the
copper wire and the bellow.
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6 Experimental tests of a method to empty the Penning trap between pre- and main spectrometer

e PhaseIIl: 04/2008
The third version of the scanner was very similar to the mechanism used in phase II, but
the wire was shortened in order to prevent it from hitting the inner side of the bellow. Stop-
ping points of the wire motion were now defined by anchor-shaped parts attached to the
bearings. The Kapton foil was removed (see figure 6.4(a)).

The photographs in figures 6.3(a) and 6.3(b) demonstrate the gain in mechanical stiffness of the
copper loop from the first to the second version of the scanner and the resulting increased preci-
sion of positioning, particularly with respect to the center of the flux tube. A technical drawing of
the last version of the scanning device can be found in appendix B.3.

In all three phases, the current signal driving the wire was provided by the output of a function
generator (Tektronix FG 502 or AFG 3102) amplified by a bipolar operational amplifier (Kepco
BOP 20-20M). A schematic drawing of the electronics is shown in figure 6.5.

Since the fringe fields of the superconducting magnets provide only a rather weak magnetic field
at the location of the wire scanner, an auxiliary water-cooled coil was installed, which helps to
shape the magnetic flux tube which connects the backplate and the detector. This is necessary
because of the rather large distance between the backplate electrode and the superconducting
solenoid, which cannot be reduced due to spatial constraints (a valve and a small bellow define
a minimum distance to the solenoid). Furthermore, the enhanced magnetic field facilitates the
motion of the wire scanner and allows it to be operated at electrical currents low enough to avoid
resistive heating of the wire* or the bearings (typically 1 —5A).

Types of wire scanner action

In principle the wire scanner can be driven by an arbitrarily shaped signal provided by the func-
tion generator. In practice, however, four basic forms of wire scanner action were used:

¢ Rectangular mode: The wire scanner receives a bipolar rectangular signal from the func-
tion generator. This signal is characterized by the peak-to-peak amplitude A and the
period Tiec (or by a frequency frect = 1/ T, TESpEctively). At both edges of the signal, the
wire performs a quick motion across the beam profile and then rests outside of the beam
at maximum displacement for the duration of half a period. This way, it spends only a very
brief time inside the trapping region. Such a mode would be optimal for the neutrino mass
runs at KATRIN because it allows normal data-taking during most of the time with only a
short interval cut out due to the action of the wire scanner.

¢ Sine wave mode: The function generator feeds a sine wave of peak-to-peak amplitude Agjne
and frequency fine to the wire scanner. The resulting motion is of a very different character
compared to the rectangular case: in the sine wave mode, the wire scanner stays inside
the magnetic flux tube for a prolonged time, and thus the collection of charged particles in
the trapping region can be more efficient. Furthermore, the sine wave involves much less
electronic noise than the rectangular pulse which is made up of high-frequency signals.
However, the sine mode would be unfavorable for KATRIN because of the large ratio of
dead time (i. e., wire scanner inside the magnetic flux tube) to live time (i. e., wire scanner
safely outside of the magnetic flux tube) and the difficult separation between the two.

4The resistance of a copper wire of length L ~ 0.15m and diameter d = 0.4mm is R ~ 20mf. The thicker wire with
diameter d = 1.4mm has a 12 times lower resistance of R ~ 1.7m. The resistance of the cabling is thus non-
negligible. For the wire scanners of phase II and III, the bearings were the most sensitive parts with respect to
heating as they would lose their flexibility.
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6.2 Setup and field configurations at the Mainz MAC-E filter

¢ No current: With no current applied, the wire scanner is drawn into a position close to the
center of the beam by virtue of the spring load. The exact position of the wire scanner at
rest depends on the mechanical stiffness (small bends) of the scanner and thus varies for
the different versions of the wire scanner.’

e Constant (dc) current: The wire can also be driven out of the flux tube permanently by
applying a constant current. Especially for the second and third measurement phases the
positive and negative signal amplitudes needed for the wire to reach maximum displace-
ment are not equal (Ay, 7# A:;C) because of the asymmetric spring load of the holders.

The signal amplitudes Arect, Asine and Ajc necessary to produce a sufficient current for the wire
scanner to reach the spatial limits of its operating range depend on the magnetic field strength at
the location of the wire scanner. Suitable values have been determined for various magnetic field
settings via optical inspection of the scanning motion (with open vacuum chamber) before the
start of the actual measurements.

In some measurements the timing of the wire scanner was recorded on a separate channel of the
data acquisition system. Figure 6.6 shows the phase relation between the trigger output of the
function generator used for the timing signal and the sine wave that was fed to the wire scanner.
For the interpretation of the measurements it is important to note that the wire scanner reaches
the center of the beam twice, at fgare + 1/4Tirig and fare + 3/4 Tiig after the trigger pulse. Here,
Istart denotes the start signal given by the trigger and Tiig denotes the trigger period (compare
annotations in figure 6.6). In the case of rectangular pulses, however, the phase relation between
trigger signal and wire scanner motion is trivial (the short time delay between both is defined by
the inertia of the wire itself).

(a) wire scanner used in phase I of the measurements (b) wire scanner used in phase II of the measurements

Figure 6.3: Photographs showing two stages of technical realizations of the “scanning wire mechanism” to
empty the Penning trap. The pictures were taken from the rear side of the vacuum chamber serving as “pre-
spectrometer mockup”. The line of sight coincides with the central beam axis. In the background of each
picture, the bellow connecting vacuum chamber and spectrometer and the closed gate valve towards the
spectrometer are visible. As a common feature, both “scanning wire” solutions involve springs to facilitate
the motion of the wire and provide an electric current via insulated leads, although they differ in the details
of mechanical construction.

SAfter the first phase of the measurements was finished, it turned out that the shape of the wire had been altered
under the stress of many cycles. The “zero position” was not the same as at the start of the measurements. This
condition improved in the next measurement phase, where a more stable wire was used.
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(b) close-up on flat spring and bearing

Figure 6.4: Details of the wire scanner mounting as used in phase III of the measurements. The shortened
copper wire can be seen in (a); the Kapton foil visible in figure 6.3(b) has been removed. The close-up view

in (b) shows the flat spring, a bearing equipped with an anchor-shaped stopper, and one of the current
leads.
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Figure 6.5: Schematic drawing: Electronics for operating the wire scanner. The shape of the current pulse
is defined by choosing a waveform at the function generator (for measurements in 2008: Tektronix AFG
3102, for 2007: Tektronix FG 502), which is turned into a correspondingly modulated current by a bipolar
operational amplifier (BOP 20-20M). Typical waveforms are bipolar rectangular pulses of varying width
or sine waves with different frequencies. The current amplitudes sufficient to make the wire move are in
the range between £1A (thin copper wire) and £5A (thicker copper wire), and the settings depend on the
magnetic field strength at the location of the current loop.
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Figure 6.6: Trigger timing for wire scanner measurements. (a) Scope screenshot illustrating the phase
relationship between sine wave output (lower curve) and TTL trigger output (upper curve) of the Tektronix
FG 502 function generator. Bullets (e) indicate the approximate time of maximum displacement (either
side) of the wire scanner. The central position with zero displacement is reached at about !/s and 3/4 of
the trigger period Tyg. (b) Before passing it to the ADC, the trigger signal (lower curve) was processed by a
gate and delay generator, a constant fraction discriminator, and a spectroscopy amplifier (upper curve) to
adapt it to the data acquisition system.
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6.2 Setup and field configurations at the Mainz MAC-E filter

6.2.3 Configuration of electric and magnetic fields

Magnet configuration

The magnet system of the Mainz MAC-E filter consists of two superconducting solenoids and two
sets of auxiliary air coils for the purpose of

(a) tuning (lowering) the magnetic field strength in the analyzing plane of the spectrometer in
order to achieve the desired energy resolution, and

(b) adjusting the position (and shape) of the magnetic flux tube by compensating for misalign-
ments of the detector relative to the central axis of the spectrometer, and for the Earth’s
magnetic field. (Note: these are neither shown in figure 6.1 nor included in table 6.1.)

In order to clarify which of the two separate sets of coils is meant, the notation “additional air
coils” (or short, “air coils”) for the former and “xy-compensation coils” for the latter will be adopted
in the following.

Table 6.1 outlines some characteristic parameters of the magnets. The electric current settings are
taken from reference [Thii07], where studies to improve the energy resolution of the Mainz spec-
trometer (in view of its later use as a monitor spectrometer for KATRIN) by tuning the magnetic
field settings are described. Since the energy resolution of a MAC-E filter is solely determined by
the ratio of minimum and maximum magnetic field strength, Bpin/Bmax, the resolution can in
practice be chosen simply by changing the electric current through one of the central air coils.
If air coil number 2 (compare table 6.1) is supplied with a current of Loz = —8.8A, the mag-
netic field strength in the analyzing plane is attenuated to a value of Ban, =3.09-1074T (see figure
6.7), while a current of L2 = —3.0A gives rise to a slightly higher magnetic field strength of
Bana =5.05-10~* T [Thii07]. Together with the field strength of Bpax = 6.014 T at the center of each
solenoid for current settings of Iso). o = Iso1. = 50A, these settings result in an energy resolution of
0.96eV (or 1.55eV, respectively) for electrons with energies of 18.6keV.

Table 6.1: Magnetic field configuration of the Mainz spectrometer (xy-compensation coils omitted).

magnet / type axial position | innerradius | length typical
of magn. center current setting*)
solenoid A +2.01m 0.058m 0.36 m 50A
solenoid B —2.01m 0.058m 0.36m 50A
air coil 1 —0.46m 0.85m 0.19m —19A
air coil 2 0.0m 0.85m 0.20m | —8.8A (—3.0A)
air coil 3 +0.46m 0.85m 0.19m —19A
air coil 4 0.0m 0.61m 0.30m +5A
aux. water-cooled coil —2.465m 0.085m 0.11m [0A, 120A]

*) The current settings for the solenoids and air coils 1 — 4 given here correspond to an energy resolution
0f 0.96eV (or 1.55¢€V) at electron energies of 18.6keV (see [Thii07] for details). The current in the auxiliary
water-cooled coil was varied between 0 A and about 120A.

The current settings for the xy-compensation coils are related to the alignment of the detector and
have to be determined empirically. In particular, they usually need to be revised after changes of
the apparatus have been made, for example after a new alignment of either the electron source or
the detector has been chosen. The values of the two independent currents, from now on labelled
Icomp.1 and Icomp.2, will therefore be indicated separately for each of the measurements described

165



6 Experimental tests of a method to empty the Penning trap between pre- and main spectrometer

in this chapter. The xy-coils are also a tool to deliberately deform the magnetic flux tube in such a
way that it touches the solid electrodes, which can be useful for investigations of background and
electron transport phenomena.

The latest addition to the magnet system is the water-cooled auxiliary coil wound around the
bellow connecting the cylindrical vacuum chamber with the spectrometer. It was installed par-
ticularly for the tests of the wire scanner. The mechanical setup is simple; it consists of a long
copper tube wound into a coil body of compact dimensions that is supported by a frame made of
aluminium. Figure 6.8 shows the measured local contribution of the coil to the overall magnetic
field for varying electric currents.
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Figure 6.7: Simulated magnetic field strength on the z axis of the experimental setup. Settings for the
magnet currents are the ones given in table 6.1 for an energy resolution setting of 1.55eV at 18.6keV. The
influence of the auxiliary water-cooled coil (current: 100A) is seen around z =—2.5m.

Electrode configuration

Figure 6.1 shows the electrode setup of the Mainz spectrometer. The vacuum vessel is connected
to ground potential, while the inner electrodes are provided with a negative high voltage. Apart
from a set of cylindrical and conical sheet-metal electrodes, the Mainz spectrometer in its config-
uration “V” is also equipped with two wire electrodes which are briefly described in section 3.2:
one is cylindrical and only covers the central part of the spectrometer surrounding the analyzing
plane, the other one additionally possesses conical segments to provide almost a full coverage of
the solid high-voltage electrodes. For the measurements presented in this work, however, all in-
ner high-voltage electrodes were supplied with the same potential Uy (i. e., no screening voltage
was applied to the wire grids). Simulations show that in this configuration the radial variation of
the retardation potential at the analyzing plane is small (see figure 6.9).
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Figure 6.8: Influence of the additional water-cooled coil on the magnetic field strength at the center of
the vacuum chamber, close to the position of the high-voltage backplate. The magnetic field strength was
measured with a gaussmeter for various settings of the electric current in the water-cooled auxiliary coil
(x and #: increasing current; A and O: decreasing current). The upper two curves were measured with
both superconducting magnets running at a current of 60 A, whereas for the lower two curves the current
in magnet B (i. e,, the one closest to the wire scanner) was reduced to 50A. The latter value was used for the
Penning trap experiments described in this chapter.
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Figure 6.9: Simulated electric potential depression in the analyzing plane (i. e., at z = 0) of the Mainz
spectrometer. A common potential of Uy = —18.0kV was applied both to the solid and the wire electrodes.
At any given radial position r < rejectrode the retardation potential Use(7) is slightly more positive than the
potential supplied to the electrodes.
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6 Experimental tests of a method to empty the Penning trap between pre- and main spectrometer

6.2.4 Methods of filling the trap

For the test measurements it would be desirable to have filling mechanisms with variable rates of
electron injection in order to be able to study the characteristics of the Penning trap under varying
conditions. Some artificial filling mechanisms that were explored for this purpose in addition to
the “natural” background are described in the following.

Secondary electrons from electrodes originating from radioactive impurities, atmo-
spheric muons, or environmental gamma radiation

Electrons emerging from any electrode surface on high voltage can feed the trap. This comprises
the retardation electrodes inside the MAC-E filter as well as the disc-shaped backplate electrode
representing the mockup of the pre-spectrometer. As a “natural” or “given” background, this
mechanism is permanently present. In contrast to various other methods described below, it
cannot be switched on an off deliberately, and the possibilities to turn down the injection rate
by external manipulation are limited.® The more “direct” contribution from the backplate de-
serves some extra consideration. Electrons can be liberated for example by atmospheric muons
or environmental y-rays hitting the plate, or by intrinsic radioactive impurities. Field emission
from surface irregularities of the plate may also play a role, but it can be suppressed by suitable
high-voltage conditioning. Due to the magnetic field lines crossing the plate electrons can be
guided directly into the trap. This is the fundamental difference to electrons generated by the
same mechanisms from the spectrometer electrodes: because of the magnetic screening effect
they cannot enter the flux tube on a straight path. Drift motions perpendicular to the magnetic
field lines are necessary in order to allow those electrons to reach the inner volume of the spec-
trometer, and eventually find their way into the trapping region.”

Thermionic emission from a hot filament mounted on the backplate

A thermionic electron source was realized in a very simple manner. Figure 6.10 shows the fila-
ment attached to the front face of the backplate, a little off the center of the disc. The filament
was heated by a variable current Itjamen: < 0.2A supplied by a battery. The current had to be con-
trolled remotely because the whole system was on high voltage. Electrons from the filament were
accelerated by the negative potential of the plate and magnetically guided towards the spectrom-
eter. However, the thermionic method proved to be unfavorable as an electron source for the
trapping measurements because of its large intensity. Furthermore, photons from the glowing fil-
ament might scatter onto the Si PIN photodiode used as electron detector (see section 6.2.5) and
disturb the measurement. For these reasons the filament was switched on only for some initial
tests, but was not used for the studies described in sections 6.3 to 6.4.

6In the case of the backround coming from the spectrometer electrodes, the screening wire grid principally provides
a handle on the rate of electrons penetrating the inner volume from the outside. However, as explained above, this
option was disabled by choosing to use a common electric potential for all inner electrodes of the Mainz spectrom-
eter. For the electrons originating from the backplate no such suppression mechanism exists.

"Investigations of the secondary yield from y-irradiation of a metal surface were carried out in the work described in
[Scha01]. A correlation between the flux of atmospheric muons traversing the Mainz MAC-E filter and secondary
electrons observed at the detector was found in [Schw04], and a recent investigation of the muon-related electron
yield from metal surfaces on high voltage was carried out in [Arl09].
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A

Figure 6.10: Close-up on the central region of
the backplate electrode with the filament for
thermionic production of electrons.

Photoelectrons from UV light irradiating the backplate

One of the windows in the vacuum chamber housing the high-voltage electrode (backplate) was
used to irradiate the electrode with UV light in order to generate photoelectrons (see figures 6.2
and 6.11). Only photons with an energy in excess of about 4.4eV [Pic92a] are able to eject elec-
trons from a stainless steel plate via the photoelectric effect. Two types of UV light sources with
sufficiently short wavelength were investigated in this work:

o ANd:YAG laser (type Quantel Brilliant [Qua08]) with a main wavelength of A = 1064 nm was
equipped with a frequency-quadrupling module, reducing the emitted wavelength to A4, =
266nm. This pulsed laser system® proved to be too powerful to generate photoelectrons in
a controllable manner. The nominal energy output per pulse is 360m] at A = 1064nm or
40m]J at A4, = 266nm, and the built-in attenuator was not sufficient to reduce the out-
put power level to a practical value. An insertion of additional attenuators was technically
difficult to realize.

¢ Instead, deep-ultraviolet light emitting diodes (deep-UV LEDs, Seoul Semiconductor, types
T9B25C and T9B26C [Seo06b, Seo06a]), that were introduced to commercial markets a few
years ago, were employed to produce controllable amounts of photoelectrons.® Figure 6.11
illustrates this method. The major advantage of this particular technique is that the flux of
photoelectrons can be easily adjusted over a wide range by choosing a pulsed UV emission
with variable settings of

a) the pulse width 7 of the UV emission,

b) the repetition rate f of the UV emission
(o1, equivalently, time interval At between successive pulses), and of

¢) the current Irgp through the UV LED (tunable via the applied voltage Urgp).

The photoelectron flux is constrained by the limited optical power of the LED which is of
the order of P,p¢ < 400uW and the duty cycle!? allowed for long-term operation. Typical
values used in the studies presented here are

T=(0.5—-40)us, Ar=(0.1—1)ms, Iigp <100mA. (6.1)

8repetition rate 10 Hz, pulse width 5ns

9For a detailed discussion on the production of photoelectrons from stainless steel using a deep-UV light emitting
diode see chapter 7.

0According to the data sheet [Seo06a] a pulsed forward current of 100mA is acceptable for a duty cycle of 1% at a
repetition rate of 1 kHz.
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Figure 6.11: Sketch of the irradiation of the backplate with UV light from a UV LED. The schematic diagram
(dimensions are not to scale) shows the top view of the vacuum chamber housing the disc-shaped high
voltage electrode of diameter D = 180mm and thickness d = 10mm. The chamber is attached to the
spectrometer via a bellow, indicated on the right-hand side of the drawing. Two of the four windows are
made of UV-transparent material (sapphire and Suprasil®, respectively) and thus allow to shine UV light
from an external light source onto the electrode disc. Photoelectrons created at the stainless steel cathode
will be accelerated by the strong electric field and guided by the magnetic field through the bellow towards
the spectrometer.

Secondary electrons from X-ray bombardment of parts of the electrode system

A mobile X-ray source!! equipped with a narrow lead collimator was employed to irradiate se-
lected parts of the electrodes in order to produce secondary electrons. The beam was directed
for example at the central section of the spectrometer or through the backplate. For calibration
purposes the X-rays were also targeted directly at the detector chamber.

Since measurements with natural background and photoelectrons from UV light were successful,
no systematic studies with secondary electrons from X-rays as the main trap-filling mechanism
were carried out and the X-ray method was merely used to adjust and calibrate the apparatus
(e. g, to find suitable settings for the air coil currents).

6.2.5 Electron detection, data acquisition, and high-voltage system

Detector and data acquisition

For the experiments described in this chapter the multi-segment detector originally installed at
the Mainz spectrometer (see, for example, [Thii07]) was replaced by a windowless, single-pixel
silicon PIN photodiode of type $3590-06 (Hamamatsu Photonics). The diode offers a sensitive
area of 9 x 9mm?. Some of its characteristics are listed in table C.1 in the appendix. The detec-

1Smiths Heimann Hi-Ray 7 casing with X-ray tube type Svetlana 0.32BPM 35-160 (tungsten anode), maximum oper-
ating voltage 140kV at 1 mA.
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tor was installed on a movable sleigh, allowing to adjust its position along the beam axis of the
experiment. During normal measurements the detector was situated in a magnetic field of about
0.34T, at a distance of about 300 mm from the center of the second spectrometer solenoid (com-
pare figure 6.7). For the second part of the 2008 measurement phase, however, the detector sleigh
was modified in order to allow a positioning of the detector closer to the magnet center, at about
240mm distance, in a higher magnetic field of about 0.94T.

The signal from the PIN diode was fed to a charge-sensitive pre-amplifier [Schr90] and a spec-
troscopy amplifier before being digitized and recorded. For the measurement phases in 2007 and
2008, different data acquisition (DAQ) systems were employed. In 2007, the parts of the exist-
ing DAQ of the Mainz neutrino mass experiment comprising an peak-sensitive analog-to-digital
converter (ADC)!? were used. However, the limited timing resolution of this ADC system and the
associated software made it desirable to arrange for a faster and more flexible DAQ. In the 2008
measurement phase, a Flash-ADC (FADC) system!3, which measured the pre-amplifier signals
directly, was installed in parallel to the existing DAQ. This allowed to use the slower ADC system
for standard applications of Penning trap and wire scanner measurements and the faster FADC
system for spectroscopy measurements with short-pulsed UV photoelectron generation that are
much more demanding in terms of time resolution. The latter application is not a subject of this
chapter, but will be treated in chapter 7.

The pre-amplifier signals recorded with the Flash-ADC DAQ system were first digitally filtered,
typically with lower and upper filter cutoff frequencies of 1kHz and 1 MHz, respectively, and sub-
sequently differentiated. A more detailed documentation of the signal processing and physics
analysis of these FADC data can be found in [Arl09, Str09].

Flux tube considerations

The diameter of the magnetic flux tube ® transporting electrons directly from the source on to the
detector of a given size is governed solely by the ratio of magnetic fields at the detector (Bget) and
at the source (Bsource). FOr a circular active area of the detector with radius r4e; the radius of the
imaged flux tube at the source, rsource, can be calculated as follows:

Bet = Psource (6.2)
2
PN Bdet — rso;lrce (6.3)
Bsource T et
Bdet
= T'source < T'det B . (6.4)
source

Some reference values for the maximum diameter of an on-axis, circular electron source which
is projected onto a detection area with radius rget = 4.5mm are listed in table 6.2. The effective
source size depends on the current setting of the auxiliary coil as well as on the axial position of

the detector, zget.

. . . backplat
This effective source size on the backplate Aol DA — 2 can for example be compared to

source
the area of the spot illuminated by the UV LED, Agiffﬁlgﬁf. The latter can be estimated using the

distance between the LED and the opening angle of the divergent beam: APl

UV-light
Asgﬁlffgate ~ 10cm? for Bsource = 0.021T and Bget = 0.34T. With good alignment of the UV LED,

~ 2 cm?, while

12CAMAC Quad 8k ADC type Ortec AD413A [Ort08]
13S1S3301-105: 8-channel, 14 bit VME-based FADC system with 100 MHz sampling rate [Str08]
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Table 6.2: Diameter of detectable magnetic flux tube at the position of the backplate (“source”) for different
detector positions.

| Zdet [m] Bdet [T] I aux. coil [A] Bsource [T] 2r, source [mm] used in

2.31 0.34 0 0.021 36.2 2007, 2008
2.31 0.34 100 0.027 32.0 2007, 2008
2.24 0.94 0 0.021 60.2 2008 (second part)
2.24 0.94 100 0.027 53.1 2008 (second part)

therefore, all photoelectrons from the UV irradiation of the backplate were created inside the flux
tube leading towards the detector.

High-voltage system

Figure 6.12 shows a schematic overview of the high-voltage supply and measurement chain for
the disc-shaped electrode and the spectrometer electrode system. The “backplate” was con-
nected to a Kniirr-Heinzinger PNC5 30000-5 power supply. To match the 20 V measurement range
of the Fluke 8508A precision digital voltmeter, the backplate voltage was divided by a Julie Re-
search Labs high-voltage divider (type KV-50) with a ratio of Mjr;, = 1:5000 and measured on one
of the two inputs of the voltmeter. The second input was used for measurement of the spectrom-
eter voltage. All high-voltage electrodes of the Mainz spectrometer were supplied with a single
voltage provided by a Eu.G. HCN 140M 35000 power supply and scaled down for measurement
by the KATRIN precision high-voltage divider (ratio Mgarrin = 1 : 1972.5), developed in [Thii07].
Thus, the high voltage settings Uplate for the backplate or Uspec for the spectrometer for a readout
value Upvm, readout1 (0T UpvM, readout2, resp.) of the digital voltmeter are obtained by multiplying
the readout value with the divider ratio M:

Uplate = MIRL . UDVM, readout1 (6.5)

Uspec = MKATRIN'UDVM,readout2~

The ratios for the two dividers used in the measurements are listed in table 6.3.

Table 6.3: Divider ratio M of the JRL KV-50 high-voltage divider [Zbo07] and the KATRIN high-voltage di-
vider [Thii07, Thii08]. The error of the JRL divider ratio corresponds to an uncertainty of 30ppm. The
uncertainty of the divider ratio for the KATRIN divider has been estimated to be 5 ppm since the last cali-
bration at PTB! took place in as far back as November 2006.

year | JRLKV-50 KATRIN precision high-voltage divider
1:5000 connector 1:1972 connector
2007 | 1:(5000.10(15)) 1:(1972.49(1))
measured extrapolated since last calibration (2006)
2008 | — 1:(1972.50(1))
no measurement available extrapolated since last calibration (2006)

14pPhysikalisch-Technische Bundesanstalt, Braunschweig, Germany
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6.2 Setup and field configurations at the Mainz MAC-E filter

Remark on high-voltage stability and precision of measurement

The high-precision equipment listed above was used at the Mainz spectrometer for tests of the
precision high-voltage divider, the condensed krypton calibration source (CKrS) and the rubi-
dium-krypton source (RbKrS). Compared to the ppm-level stability and precision requirements
regarding the retardation potential of the KATRIN main spectrometer, the requirements for the
Penning trap experiments described in this chapter are modest. In principle, the potentials ap-
plied to the backplate and to the spectrometer do not need to be known to a precision better than
about 5-107°. However, the voltage stability as well as the absolute calibration does play a role
for the photoelectron studies presented in chapter 7, for which the same high-voltage equipment
was used.
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6 Experimental tests of a method to empty the Penning trap between pre- and main spectrometer

=T HVelectrode

(plate)

dl

HV supply: HV divider: digital voltmeter:
Kniirr-Heinzinger Julie Research Labs Fluke 8508A
PNC5 30000-5 KV-50

HYV distribution box

electrode system

of spectrometer

dl

HV supply: HV divider: digital voltmeter:
Eu.G. KATRIN HV divider Fluke 8508A
HCN 140M 35000
Figure 6.12: Schematic diagram: HV supply and measurement chain for the disc-shaped HV electrode
used as a mockup of the pre-spectrometer (upper panel) and for the spectrometer (lower panel). In both
cases the high voltage was scaled down to arange < 10V by a voltage divider and measured with a precision

digital voltmeter. Only one voltmeter was necessary since the Fluke 8508A possesses two inputs (front and
rear).
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6.3 First measurement phase: proof of principle

6.3 First measurement phase: proof of principle

The first measurement phase in 2007 showed that in the modified experimental setup at the
Mainz spectrometer using the backplate on high voltage a deep Penning trap is indeed created,
which manifests itself in an increase and destabilization of the detected background rate (section
6.3.1). Furthermore, it was possible to establish a positive influence of the wire scanner motion on
the count rate (sections 6.3.2 and 6.3.3). Different modes of the wire scanner action were tested.
The results can therefore be regarded as a proof of principle for the wire scanner mechanism.

6.3.1 Increased background rate caused by backplate on high voltage

Before describing more detailed investigations of the wire scanner and its influence, some general
characteristics of the trapping system formed by the backplate and the spectrometer shall be
pointed out. The most important one is the experimental finding that indeed strong discharges
can be initiated in such a system, indicating that a trap has been filled. Without the regulating
influence of the wire scanner, frequent and violent bursts in count rate were observed that often
led to an automatic shutdown of the detector power supply due to an excess current.

Figure 6.13 shows a comparison of the count rate and the energy distribution measured for

e the background from the spectrometer only (spectrometer on high voltate, backplate at
zero potential: figs. 6.13(a) and 6.13(b)), and for

¢ an increased background with both spectrometer and backplate on negative high voltage
(but Uplate = —18600V & Uspec + 2V slightly more positive, such that no direct transmission
of electrons through the spectrometer is expected: figs. 6.13(c) and 6.13(d)).

In both cases, the wire scanner was turned out of the flux tube by applying a constant current.
The fact that with the plate on high voltage the count rate is significantly larger than when no
voltage is applied to it indicates that a trap has been filled which leads to an increased detection
rate. In addition, the observed strong fluctuations of the count rate support this interpretation.
While only the typical spectrometer background consisting of a small number of 18.6 keV elec-
trons is visible in figure 6.13(b), the additional background caused by the backplate leads to a
pronounced pile-up effect due to the short time differences between successive events (the tim-
ing resolution of the DAQ system is about 50 us). Therefore, electron peaks at twice and even
three times the nominal electron energy (around 37 and 56 keV, respectively) become visible in
figure 6.13(d), which correspond to 2 and 3 coincident electrons counted as one event. A possible
explanation for this enhanced background rate with the plate on more positive high voltage than
the spectrometer is discussed in section 6.4.1 (see p. 194).

6.3.2 Characteristics of the Penning effect without extra filling of the trap

One specific series of measurements was dedicated to an investigation of the background level of
electrons from the plate with a potential Upjate more positive than the filter potential Ugpec of the
spectrometer:

Uplate = —15000.41V

(6.6)

This potential difference of the order of 10 V means the trap is rather symmetric, with about the
same electric potential at both sides. Even if the slight radial depression of the retardation po-
tential in the analyzing plane of the spectrometer (about 0.375V at Uy = —18kV, see figure 6.9)
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Figure 6.13: Count rate without and with high voltage on the backplate. In both cases the wire scanner was
switched to one wall by applying a constant current; no extra feeding mechanism of the trap was active. (a)
and (b): Backplate at zero potential leads to a count rate of about 0.7 i after the noise cut, corresponding to
the background originating from the spectrometer. (c) and (d): Count rate evolution and energy spectrum
for a 300 s measurement with the plate potential about 2 V more positive than that of the spectrometer.
Strong fluctuations of the count rate on top of a generally elevated level of 25 to 35 % are visible. (Note the
difference in the ordinate scale for (a) and (c).)

or measurement uncertainties of the relative voltage between spectrometer and plate are consid-
ered, one would expect that with these settings the bulk of electrons starting from the backplate
will not be able to pass the retardation barrier directly. However, if the energy distribution of elec-
trons starting from the plate possesses a pronounced tail towards higher energies (E 2 12.5€V),
some electrons would be able to pass the electrostatic filter without contributing to the filling of
the trap between the two negative potentials.

No additional electrons were injected (filament on the plate and UV light source both switched
off). The residual gas pressure inside the spectrometer vessel was pspec = 1.2- 1079 mbar.!> The
magnetic field settings are summarized in table 6.4.

The wire scanner was driven by a sine wave (function generator Tektronix FG 502) with the fre-

15With the spectrometer vessel sealed by closed valves at both ends, the pressure was about an order of magnitude
lower. Both the additional vacuum chamber housing backplate and wire scanner as well as the detector chamber
had a considerably worse residual gas pressure with ppjae & 5.5- 10~ mbar and pgec ~ 2.5- 1078 mbar, respectively.
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6.3 First measurement phase: proof of principle

Table 6.4: Magnetic field configuration for the measurement of the influence of the scanner frequency on
the count rate.

magnet current [A] |

s.c. solenoids A and B 50
aux. water-cooled coil 100

aircoils1/2/3/4 -19/-8.8/—-19/+5
AE _ 1
(= % = 25000

xy-compensation coil 1 55
Xy-compensation coil2 20

quency being tuned in several steps from zero (scanner not moving at all) to 0.9 Hz. For the inter-
pretation of the results it is important to note that the output frequency of the function generator
corresponds to half the frequency of the actual wire scanner motion since the wire performs one
forward and one backward sweep per period.

Table 6.5 gives an overview of the counts!® measured in the 15keV peak region (i.e., summed over
ADCI channels no. 181 — 343) within a period of 600s. Faster repetition rates of the scanner
motion lead to significantly decreased count rates. In turn, the highest count rates are measured
for a stopped wire scanner which is driven out of the beam range by applying a dc current. Figure
6.14 illustrates this dependency.

Figures 6.15 to 6.17 show the time structure of the 600 s runs.!” Comparing the energy spectra for
the “burst state” and the “quiet state” (see figure 6.18), one finds that the burst mainly increases
the count rate within the signal window around 15keV, but also produces some entries at higher
channel numbers.

Summary of observations
The following list presents results and conclusions from the measurements described above.

e The count rate is highest when the wire is driven completely out of the beam by a constant
current. Similarly high rates occur when the wire is not provided with any current, that is,
it is placed at an undefined position close to the axis.

e The number of total counts in the single-electron background peak decreases with increas-
ing wire scanner frequency.

e The observed number of bursts as well as their duration and amplitude decrease with rising

wire scanner frequency. A sine wave frequency of f = 0.5Hz or 0.9 Hz seems to be suitable
to remove the bursts efficiently, whereas at 0.3 Hz some are still visible.

¢ Between bursts the count rate drops to a constant value of about 2 — 8 % (above noise). This
“background rate” is independent of the scanning frequency of the wire.

e The time between two successive bursts seems to be of the order of 20 — 100s. The flare
duration usually appears to be smaller than 5—10s, but can be as long as ~ 30—40s in total,

16The numbers are meant to provide a rough estimate of the influence of the wire scanner only. In order to obtain
more precise values of the count rate, the events showing up in the higher-order peaks (compare figure 6.13(d))
would have to be considered, as well, which was not done here.

7Due to a combination of dead time effects and a conversion process in the data analysis and processing chain, the
differential times recorded for single events do not add up to a total measurement time of 600 s, but a little less than
that.
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6 Experimental tests of a method to empty the Penning trap between pre- and main spectrometer

Table 6.5: Sum of counts in the 15 keV peak (channels 181 —343) as a function of the frequency of the wire
scanner motion. No artificial filling mechanism was employed.

run # output frequency of count rate in peak || comments
function generator [Hz] per 600 s
bg058 0 4700+69 wire to wall with dc current (1st
measurement)
bg063 0 3335+58 wire to wall with dc current (2nd
measurement)
bg059 0.15 2454 £50
bg062 0.30 180242
bg060 0.50 1725+42
bg061 0.90 1585+40
bg064 0 2182+£47 no current applied: undefined posi-
tion
bg065 0 4489+ 67 no current applied: undefined posi-
tion
5000 — ‘ : : : : ‘
count rate vs. wire scanner frequency H*—
%, bg058
4500 - |
4000 |- wire scanner off |
§ and kept out of beam by dc current
o
8 3500 [ f
5 £ bgo63
o
£ 3000 - n
=)
g bg059
© 2500 | s -
2000 - bg062 T
£ xbgoeo bg061
1500 ! ‘ ! ‘ ! ‘ ! ‘ ! X
0 0.2 0.4 0.6 0.8 1

output frequency of function generator [Hz]

Figure 6.14: Counts in background peak at 15 keV as a function of the frequency of the wire scanner mo-
tion. The difference in counts observed in the first (bg058) and second (bg063) measurement with dc
current can be explained by frequent bursts in the count rate, see time spectra in figures 6.15 and 6.16.

disregarding the fact that longer bursts usually exhibit a considerable sub-structure.

Thus, the underlying idea of the wire scanner has been demonstrated to work successfully by
these first measurements. As expected, the action of the scanner helps to remove bursts in the
count rate which are probably associated with the filling of the Penning trap. However, even un-
der the influence of the sweeping motion the residual background rate is elevated with respect to
the usual level without the plate on high voltage. This indicates that there is a continuous flow
of electrons which is not related to the more irregular surges in the rate caused by the trap. The
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6.3 First measurement phase: proof of principle

increase of the rate during bursts is typically of the order of 10 — 200% when the wire scanner is
either inactive or used with a slow sine motion only. For medium frequencies of the sine wave
(about 0.15—0.5Hz) it amounts to about 5 —60 % In contrast, the continuous or “pedestal” back-
ground exhibits a rate of2—8 é It could be due to normal (not trapped) secondary electrons from
the plate caused by cosmic rays or environmental gamma radiation. Remarkably, the pedestal
background rate detected in this set of measurements is thus lower than the one observed with a
smaller potential difference |Uspec| —|Uplate| & 2V in the run shown in figure 6.13(c). This might be
a sign of higher-energetic electrons from the plate leaking through the energy filter at very small
differences of the electric potentials of plate and spectrometer.

Remark on electronic noise induced by the wire scanner in the rectangular mode

A strong noise signal was detected during operation of the wire scanner with rectangular pulses.
Part of the noise was still present when the valve between wire scanner and the spectrometer
was closed. Therefore, it was concluded that the signal was produced to a large extent by the fast
switching of the bipolar operational amplifier, with the current leads acting as antennae. Another
source of excess noise could be related to the electric contact between the current loop and the
walls of the surrounding bellow. Due to these problems the rectangular mode of the wire scanner
was seldom used in the first measurement phase. In the subsequent phases, coaxial cables were
used which provide better screening. Furthermore, the electric contact between the wire and the
casing was avoided by a Kapton lining of the surrounding metal walls. Both measures helped to
remove the initial problems, and the rectangular mode of operation was frequently used in the
second and third phases in 2008.
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Figure 6.15: Count rate for varying sweeping speeds of the wire scanner (part 1): wire scanner removed
from the beam by a dc current (top panel, run bg058), wire scanner driven by sinusoidals with frequencies
f = 0.15Hz (central panel, run bg059) and f = 0.3Hz (bottom panel, run bg062). (Note the changing
ordinate scale.) To cut out detector noise, events in all ADC channels below channel 180 (compare figure
6.18) have been discarded.
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bg060: wire scanner active, sine wave, f =0.5 Hz

22
20
18
16

counts per second

0 PR S W NN S S R S | I | IS o | ' N T S S N NS ST
400 500 600

total meas. time [s]

bg061: wire scanner active, sine wave, f =0.9 Hz
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Figure 6.16: Count rate for varying sweeping speeds of the wire scanner (part 2): wire scanner driven by
sinusoidals with frequencies f = 0.5Hz (top panel, run bg060) and f = 0.9Hz (center panel, run bg061),
wire scanner removed from the beam by a dc current (bottom panel, run bg063). To cut out detector noise,
events in all ADC channels below channel 180 (compare figure 6.18) have been discarded.
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bg064: wire scanner without current (undef. position)
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bg065: wire scanner without current (undef. position)
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Figure 6.17: Count rate for runs bg064 and bg065 with the wire scanner stopped at an undefined position
close to the center of the beam (see figure 6.3(a)) without any driving current. To cut out detector noise,
events in all ADC channels below channel 180 (compare figure 6.18) have been discarded. Two successive
runs of 600s each were recorded in order to investigate the time scale of the variability. The ‘bursts’ are
similar to the ones observed when the wire is driven out of the beam by a constant current and appear
with a time constant of some minutes.
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Figure 6.18: Energy distribution: comparison between quiet (left panel) and burst state (right panel). The
two plots in the top row were generated for run “bg058”, the ones in the bottom row for “bg063”. In each,
a period without bursts and an equally long one with strong bursts was selected. The number of events
(evaluated in the energy window between channel number 180 and 350) is printed onto each histogram.
The burst mode generates a large number of additional entries in the single-electron background peak and
in the “multiple electron region” at channel numbers larger than 350.
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6 Experimental tests of a method to empty the Penning trap between pre- and main spectrometer

6.3.3 Characteristics of the Penning effect with injection of photoelectrons

A new set of measurements similar to those described in the previous section was carried out,
but this time additional electrons were injected into the trap by using the UV LED to create pho-
toelectrons at the surface of the backplate. A pulse width of 7 = 12 us and a pulsing frequency
of fLep = 1kHz of the LED were employed. The magnetic field settings were the same as for the
previous measurements (compare table 6.4). Again, direct transmission of electrons from the
backplate through the spectrometer was prohibited by the high voltage settings:

Uplate = —14988.88V
R~ Uspec + 9.05V.

(6.7)

Figures 6.19 and 6.20 present the evolution of the count rate over a measurement time of 100s
each for different operational modes of the wire scanner, analogous to the results shown in figures
6.15 to 6.17 for the measurement with “natural” feeding of the trap only.

Like in the previous measurements, the influence of the wire scanner in the sine mode results in a
significant reduction of the overall rate (compare overview in table 6.6). There are several marked
differences to the case without artificial injection of photoelectrons:

e No particularly strong bursts are observed. They rather stand back against an overall in-
crease in the count rate due to the additional filling of the trap with photoelectrons created
with the UV LED.

e Moreover, the wire scanner motion is seen as a direct modulation of the count rate, which
was not the case at the much lower count rate in the previous investigations. When the
scanner is driven out of the sensitive volume by applying a dc current, the rate exhibits a
high degree of fluctuation (figure 6.20) . The average rate of (1.1—1.4)-103 % (see table 6.6) is
about a factor of 200 higher than with the UV LED switched off. Interestingly, this average
count rate roughly corresponds to the filling rate obtained with the UV LED (compare the
remarks further below), but the peak rates observed are higher than the filling rate.

e This time, the current-free wire, which is stopped at a position close to the center of the
beam, results in the lowest count rate of all runs. It is significantly smaller than in the case
of the sine wave operation. This important observation will be picked up again in the final
discussion (section 6.5).

The latter observation could be explained by the lack of reproducibility of the position of the wire
scanner after the current is switched off. As can be seen in figure 6.3(a), the wire scanner model
used in this first phase of the experiments had a rather flexible shape. Due to a deformation of
the springs, in some cases it settled into a position tilted by a few degrees with respect to the
beam axis. However, it was noticed that this “off position” changed during long-term operation of
the scanner. Therefore, it is possible that the “off position” of the wire in the measurements with
injection of photoelectrons was closer to the central beam axis — and the effect on the count rate
thus more pronounced - than in the measurement with the UV LED switched off.

By using pulsed photoelectrons it was also possible to further investigate the question whether
the majority of the events seen at the detector stems from trapped electrons or those passing the
spectrometer directly by virtue of a small surplus energy with respect to the filter setting. Figure
6.21 shows the timing differences between successive events for two measurements, (a) with the
wire scanner operated in a slow sinewave mode (f = 0.1 Hz) and (b) with the wire scanner driven
out of the beam by applying a constant current. In both cases, the distribution of arrival time
differences shows no correlation to the timing of the UV pulses. It is fundamentally different from
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6.3 First measurement phase: proof of principle

Table 6.6: Sum of counts in the 15 keV peak (channels 181 —343) as a function of the frequency of the wire
scanner motion. Photoelectrons were artificially filled into the trap by using the pulsed UV LED with a
repetition rate of 1 kHz and a pulse width of 12 us.

run # output frequency of counts in peak || comment
function generator [Hz] per 100 s

dio10 0.1 43150208

diol1 0.5 8483 £92

dio16 0 1108494333 wire to wall with dc current (1st mea-
surement)

dio17 0 142568+ 378 wire to wall with dc current (2nd mea-
surement)

dioo9 0 747 +27 no current applied: undefined position
close to the center of the beam

the case of directly transmitted electrons which is presented in figure 6.22(b), and its shape rather
resembles that of a pure noise spectrum (figure 6.22(a)).

It is difficult to determine the rate of photoelectrons feeding the trap. A simple estimate can be
obtained by setting the filter energy threshold of the spectrometer lower than the maximum ki-
netic energy achievable for a photoelectron starting from the backplate: g Uspec < g Uplate- Figure
6.23 shows a series of measurements where the potentials to the plate and the spectrometer were
successively applied. The first plot, figure 6.23(a), represents the pure detector noise over a short
measurement interval of 100s. The corresponding spectrum of time differences, which was al-
ready presented in figure 6.22, demonstrates that no significant amount of UV light reaches the
detector: if the measurement of photoelectrons were contaminated with UV photons, a series of
peaks corresponding to the repetition rate of the UV LED should show up in the time differences.
Even with the plate elevated to a potential of Upjate = —15kV (figure 6.23(b)), only a very small
amount of photoelectrons is detected due to the fact that they pass the spectrometer (Uspec = 0)
with huge surplus energies. These cause strong losses resulting from non-adiabatic effects (com-
pare the detailed discussion in [Thii07]). Figures 6.23(c) and 6.23(d), finally, show that a large
number of photoelectrons is indeed detected when Upaee is set to a potential 150V more negative
than Uspec. The energy spectrum exhibits multiple peaks, since the timing resolution is not suf-
ficient to separate all events. Therefore, some of the electrons appear at two, three, or even four
times the energy corresponding to the potential setting of the plate. The rate (above noise) aver-
ages at about 1.1-103 %, which means that a mean value of slightly more than one photoelectron
per UV light pulse reaches the detector.!® This number needs to be corrected for the multiplicity
of the events showing up in the higher-order peaks: To obtain the rate shown in figure 6.23(d)
each detected event was counted as one electron, but in fact all events in the second peak should
be counted twice, those in the third peak have a weight of three etc. Applying this correction raises
the average rate from 1.1-103 % to about 1.4-103 %, which can be assumed as the mean filling rate
of photoelectrons injected into the trap when the retardation potential inside the spectrometer
does not permit a direct passage of the electrons. It is important to note that this value of the
filling rate is lower than the maximum rate detected during the trapping measurements (figure
6.20): among the highly fluctuating values, rates up to (3.5—4)-103 é (without taking into account
the weight of the multiple peaks). Again, this observation gives evidence for a accumulation (and

18For further discussion of the photoelectron spectra exhibiting multiple peaks see chapter 7.
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6 Experimental tests of a method to empty the Penning trap between pre- and main spectrometer

possibly also multiplication) of electrons inside the Penning trap, although in this case no strong
discharges were observed.

In summary, the wire scanner proved to be a valuable instrument to counteract increased back-
ground rates which were shown to be related to trapping effects. A residual rate stemming from
other sources could not be influenced by the scanner. Moreover, a reproducible and reliable
method of filling the trap by photoelectron production off the backplate electrode was estab-
lished.

Although the mechanical construction of the scanning wire used in this first phase of measure-
ments was operated many hours a day over a period of several weeks, some deficits of the setup
were revealed (e. g, lack of mechanical stiffness of the wire, noise problems in the rectangular
mode of operation). Therefore, it was decided to resume the measurements after these initial
problems were fixed. To achieve this aim, a redesign of the concept of the wire scanner was nec-
essary. The results obtained with the modified setup in the second and third measurement phases
are given in the next section.
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Figure 6.19: Count rate (after noise cut) for varying sweeping speeds of the wire scanner, with UV pho-
toelectrons as filling mechanism (runs di009, di010 and di0O11). Voltage setting: Upare = —14988.88V =~
Uspec +9.05V. The maxima and minima of the count rate observed for f =0.1Hz and 0.5Hz correspond to
the outer and inner position of the wire, respectively.
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di0l16: wire scanner moved to one side with dc current
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di017: wire scanner moved to opposite side with dc current

(2]

2400
S
2350
0

c
3300
(&S]

250

200

150

-4

100

50

10 20 30 40 50 60 70 80 90 100
total meas. time [s]

O

Figure 6.20: Count rate (after noise cut) with UV photoelectrons as filling mechanism in runs di016 and
di017. Voltage setting: Uplate = —14988.88V ~ Uspec +9.05V. The wire scanner was moved out of the beam
with a dc current (first to one side for 100 s of measurement, then to the opposite side). High count rates
of the order of 1-103 % t03.5-10% % were observed. The timing of the events is not correlated to the time of
UV emission at the LED (see figure 6.21).
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(b) run di016: wire scanner kept out of the beam with a dc current

Figure 6.21: The spectrum of timing differences between successive events (after the noise cut) does not
show a clear peak at the time difference between two pulses of the UV LED, as it is seen when the spectrom-
eter is in transmission (figure 6.22(b)). This confirms that at Upjate & Uspec +9.05V photoelectrons from the
backplate do not pass through the spectrometer directly (as it would be expected for Upj.e more negative
than Uspec). The electrons rather seem to get trapped and thus lose their timing correlation to the UV LED
pulses.
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di003 (bin width 1.75 ms)
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Figure 6.22: Time difference between successive events for runs di003 and di005. (a) Noise signal with-
out any voltage applied to either spectrometer or backplate. Measurement time 100 s, UV LED settings
f=1kHz, 7 =12 us. No peak at the expected time difference At = 1 ms corresponding to the kHz pulsing
of the UV photons is seen. (b) In comparison, the photoelectron signal with a fully transmitting spec-
trometer (|Uspec| & |Uplate| — 150V) shows a pronounced peak at Af = 1ms. Peaks at integer multiples of
At (e. g, at 2ms and 3ms) are also present, but they are strongly suppressed. In addition to the total rate
shown in figure 6.23(d), this further supports the estimate that in this measurement the average number
of photoelectrons detected per UV light pulse is close to one.
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Figure 6.23: Irradiation of the backplate with pulsed UV light (pulse width 7 =12 us, repetition rate 1kHz).
(a) Noise signal without any voltage applied either to the backplate electrode or to the spectrometer. No
significant photon signal from the UV LED can be seen (compare figure 6.22(a)). (b) Only the plate was
supplied with high voltage. Therefore, electrons entering the spectrometer with energies of ~ 15keV see
no retardation potential at all and suffer large transmission losses due to non-adiabaticity. (c) At Uspec =
—14.85kV and Upae = —15kV, electrons pass the filter with only about 150eV of excess kinetic energy.
Therefore, transmission losses are smaller than in (b). (d) The mean rate of photoelectrons reaching the
detector corresponding to the settings in (c) is ~ 1.1-10° % This indicates that, on average, a little more
than one photoelectron per UV light pulse is detected.
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6 Experimental tests of a method to empty the Penning trap between pre- and main spectrometer

6.4 Second and third measurement phases: ignition and
specific quenching of Penning discharges

After the first successful tests in 2007, the investigations were continued with a modified wire
scanner device in 2008.1% The aim was

1. to gather more systematic information on the relation between the discharges, which were
frequently observed under varying conditions already in the 2007 phase, and the action of
the wire scanner, and

2. to establish a fully and reliably working wire scanner prototype.

6.4.1 Observations from the second measurement phase

During this phase, the residual gas pressure inside the spectrometer vessel was about pspec
(5—7)-10~mbar. Typical values for the backplate vacuum chamber and the detector chamber
Were Ppackplate ¥ 4.5+ 1079 mbar and pgec ~ 1.8- 1078 mbar, respectively.

The electric potential difference between backplate and spectrometer was of the order of a few
hundred volts, which corresponds to the nominal setting of pre- and main spectrometer during
neutrino mass runs at KATRIN. Thus, the potential difference was much larger than the one used
in the measurements described in sections 6.3.2 and 6.3.3. The spectrometer was set to high en-
ergy resolution,% = m (AE =0.96eV at E = 18.6keV), The xy-correction coils were operated
at the current setting Icomp.1 = 20A, Icomp.2 = 0, since at these settings the count rate of photo-

electrons from the backplate was maximal.

Unfortunately, the trigger of the wire scanner motion was not logged during this series of mea-
surements.?%

The following list contains some of the observations that were made during this phase. In view
of the large number of individual measurements, some of which were done to check the repro-
ducibility of earlier runs, not all of them can be treated in detail here. Therefore, a description of
the runs that are being referred to in the following can be found in appendix D.

o Strong discharges were seen when all of the following conditions were met:

— asymmetric trap potentials with the backplate some hundred volts more positive than
the spectrometer potential, typically Upjate = Uspec +0.5kV

- injection of photoelectrons into the trap, and

— wire scanner active in rectangular mode, with about one sweep every 10 seconds.

The discharge usually starts after several minutes of constantly low count rate with a small
increase which can be influenced by the wire scanner motion. However, the intensity of the
discharge rises further, and the rectangular mode of the wire scanner is no longer sufficient
to suppress it (compare figures 6.24 and 6.25). This state is typically reached on a time scale
of about 15 to 25 minutes into the measurement (depending also on the history of previous
measurements, in particular on that of the wire scanner operation).

e Due to practical reasons most of the runs were limited to 30 minutes of measurement time.
In some cases the discharge would not start during this time, which indicates that the time
scale of the discharge could be longer than 30 minutes.

9Regarding the changes made to the experimental setup, please refer to the overview given in section 6.2.2.
20The correlation between wire scanner motion in rectangular mode and decrease in count rate can, however, clearly
be seen in a measurement from phase III shown in figure 6.30.
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6.4 Second and third measurement phases: ignition and specific quenching of Penning discharges

o There are several ways of reacting to a starting discharge:

a) Stop the filling mechanism by switching off the UV LED and in addition turn the rect-
angular wire scanner motion with large intervals into a fast sine wave motion with a
slow crossing of the beam. The discharge subsides and the count rate stabilizes to the
pre-discharge level after some minutes (see runs di018 and di019 in figures 6.24 and
6.25).

b) Switch to a more efficient wire scanner motion, i. e., a fast sine wave, without turning
off the UV LED. This was done for example in run di062 (not pictured, but see ap-
pendix D for a description), where the fast sine wave scanning motion was sufficient
to prevent a detector shutdown and stabilize the count rate despite the continued
feeding of the trap.?! Remarkably, keeping the rectangular motion of the wire scanner
and merely increasing its frequency (e. g., from 0.1 Hz to 1 Hz) did not help to suppress
or extinguish discharges.

c) Neither stop the filling mechanism nor switch the wire scanner to a more efficient
sweeping motion. In such cases a dramatic surge in the count rate usually resulted in a
safety shutdown of the detector, following a shutdown of both plate and spectrometer
high voltages due to the intervention of an interlock system?? of the power supplies
(see for example run di064, appendix D).

e In particular, some runs were carried out without additional filling of the trap with pho-
toelectrons, during which the discharge did not ignite. Possibly the time constants were
too long to be observed in half an hour of measurement. In addition, the number of mea-
surements was limited and thus the smallness of the sample does not permit to draw well-
founded conclusions.

¢ In several attempts, no runs were found where a significant discharge would start while the
wire scanner was active in sine mode (for example run di029, appendix D). This indicates
that the wire scanner in sine mode prevents discharges from occurring, or at least increases
their ignition time scale.

e The question whether the trap was filled with charged particles at all was investigated by
abruptly lowering the potential barrier on the spectrometer some time after the artificial
filling mechanism by photoelectron injection (UV LED) was turned off (see run di066, fig-
ure 6.26). The count rate instantly rises and stays at an elevated level for several minutes.
The motion of the wire scanner is clearly seen as a modulation of the count rate, which indi-
cates that the excess counts are indeed related to the region between the backplate and the
scanner. Nevertheless, the long time constant of the slow decay of the rate is remarkable:
even 5 minutes after emptying the trap through the spectrometer, the rate is still at an ele-
vated level of about (15—20) é It is possible that the discharge in the trap ignites only when
the potential at the plate is more positive than that of the spectrometer, but once ignited, it
is stable even with Upjae more negative than Uspec. The energy spectrum in figure 6.26(b)
exhibits multiple peaks up to very high orders. This structure might be caused by positive
ions which stem from ionizing processes of the trapped electrons. The ions impinging on
the backplate can liberate many electrons per impact.

21Further examples of similar runs, although done without using artificial methods of filling electrons into the trap,
are documented among the measurements of the third phase below.

22The pressure gauge at the spectrometer vessel provides two trigger outputs which can be used as an interlock signal.
The interlock is triggered as soon as a certain pre-set pressure limit is exceeded. Usually, these triggers were set to
pressure levels of pgpec, uigi = 6.5 - 107 mbar for the plate high-voltage supply and pspec, rigz2 = 9.5 - 10~ mbar for the
spectrometer high-voltage supply.
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6 Experimental tests of a method to empty the Penning trap between pre- and main spectrometer

Possible explanation of the electron signal seen with Uy, more positive than Ugpe.

If the backplate is placed at an electric potential which is several hundred volts more positive than
the retardation potential of the spectrometer, as in the measurements described in this section,
the observed electron signal is not self-explanatory. It cannot be caused by simple transmission
of electrons starting at the plate to the detector, as these clearly lack the energy necessary to pass
the analyzing plane of the MAC-E filter. For the same reason, they also cannot come directly from
the trapping region. A possible explanation is that positive ions created in the discharge inside
the trap can enter the spectrometer, where they may generate a signal of secondary electrons at
the detector in two ways:

1. They undergo ionizing collisions with the residual gas, and part of the secondary electrons
move on towards the detector.

2. They hit a cathode surface and there induce the emission of secondary electrons.

In both cases, however, the rate of detected electrons is expected to be significantly smaller than
the production rate of positive ions: In the first scenario, the collision rate is small due to the
good vacuum conditions. In the second case, the transfer of electrons from the cathode surfaces
towards the detector must take place perpendicularly to the magnetic field lines and is thus sup-
pressed by the magnetic screening effect discussed before.

The wire electrodes installed at the Mainz spectrometer might prove useful in deciding which of
the two processes dominates. In case the ion impact on the electrodes gives the larger contribu-
tion, a significant reduction due to a negative screening potential on the wires should be seen.
The first process, on the other hand, is not affected by the grid potential.

Likewise, the signal from the first mechanism should increase if a magnetic field configuration
with magnetic field lines directly linking parts of the electrodes with the detector is chosen. En-
hancing the second type of process by increasing the residual gas pressure is more ambiguous,
because it will also cause a stronger discharge apart from increasing the collision rate of ions and
gas molecules inside the spectrometer.

Due to time constraints, however, such tests could not be carried out in the scope of the measure-
ments described in this chapter.
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(b) close-up on the start of the discharge
Figure 6.24: Run di018: discharge ignition due to the Penning effect with wire scanner in rectangular mo-
tion (about one sweep every 10 seconds). (a) Evolution of count rate during the full measurement interval

of 30 minutes. (b) Influence of the rectangular sweeps of the wire scanner at an early stage of the ignition.
The main part of the discharge in this run is shown in figure 6.25(a).
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Figure 6.25: Runs di018 and di019: evolution and specific quenching of discharges in two successive runs.
In both cases the positive influence of the rectangular sweeps of the wire scanner is seen during the first
moments of the starting discharge, but each decrease in count rate is of limited duration. Between two
sweeps of the wire the count rate quickly recovers and eventually rises to even higher levels. The discharge
is quenched successfully only by switching the wire scanner to a smoother and faster sine wave motion.
In these two cases the artificial feeding mechanism was turned off simultaneously, which can have con-
tributed to the quenching. However, the positive effect was also seen in other measurements (e. g., run
di062, appendix D) where the feeding mechanism was not turned off.
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Figure 6.26: Run di066: release of trapped particles through the spectrometer. (a) The run was started
with Upjate = —17.5kV = Ugpec +0.5kV and the trap was fed by photoelectron production with the UV LED.
The wire scanner was active in rectangular pulse mode, with one sweep every 10 s. At fpeas = 14705, the
UV LED was switched off. Up to this point, no discharge occurred. At teas = 15105, the potential on the
plate was quickly ramped to a more negative value than that of the spectrometer (Upjaie = —18.11kV). The
prompt increase in count rate to over 300% indicates the release of a large number of particles from the
trap that had not been able to pass the potential barrier inside the spectrometer before. After t = 1510s,
the influence of the wire scanner is visible as a modulation of the count rate. (b) The energy spectrum for
t > 15105 exhibits a broad structure with multiple peaks up to high orders, which may be due to positive
ions hitting the backplate electrode.
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6 Experimental tests of a method to empty the Penning trap between pre- and main spectrometer

6.4.2 Results of the third measurement phase

The measurements were resumed after minor modifications of the wire scanner. In contrast to the
second measurement phase the investigations were done without feeding any electrons into the
trap from artificial sources. Like in phase II, asymmetric trap potentials with the backplate voltage
a few hundred volts more positive than that of the spectrometer were used. The spectrometer
was set to an intermediate energy resolution of A—EE = ﬁ (AE =1.55eV at E =18.6kV). In the
meantime, the detector position had been altered and therefore new current settings for the xy-
correction coils were used: Icomp.1 = 40A, and Icomp.2 = 22A. The residual gas pressure in the
spectrometer vessel was higher than in the previous measurement phase (pspec S 1- 109 mbar),
owing to the fact that the peripheral systems (backplate vacuum chamber and detector chamber)

had been opened without properly baking them afterwards.

Discharge behavior with wire scanner in rectangular or sinewave mode

The potentials were set as follows: Upjate = —17.538kV, Uspec = —17.893kV = Uplate — 0.355kV.
Runs with a typical duration of the order of 10 minutes were carried out in order to check the
time-variation of the count rate, particularly with respect to the occurrence of discharges and a
potential influence of the wire scanner motion. In several runs, the wire scanner was operated
first with rectangular pulses, i. e., crossing the beam quickly and resting outside of the beam for a
certain time span determined by the frequency setting of the function generator.??

Figure 6.27 presents the count rate as a function of measurement time for run “sc033” starting
with a rectangular wire scanner motion of f = 0.3Hz. Over the first 4 minutes the count rate is
stable at a few counts per second (above noise). During that time the energy spectrum resembles
that of normal spectrometer background (figure 6.28). However, at about #yeqas = 245s the count
rate starts to rise significantly. The close-up in figure 6.29 shows that the wire scanner motion
(indicated in the figure by markers for each trigger signal) cuts down on the count rate with every
sweep, but the effect is not a lasting one. About 19s after the first notable increase above back-
ground level (i. e., at tieas & 264 ), the count rate reaches 9-103 é in between two wire sweeps. The
peak is reached at tpeqas & 2705 (figure 6.30).24 It appears that the rate would keep on increasing
and could no longer be controlled by a wire scanner moving in rectangular pulses. Therefore, the
scanner motion was switched to sine operation, at first with the same frequency as the rectangu-
lar pulse before, and shortly afterwards to f = 0.5Hz. This way, the wire motion is smoothed out
in time and it is able to disturb the trapping conditions with a longer duty cycle. The timeline of
the three successive intervals of wire scanner settings is listed in table 6.7. Around fmeas ~ 3505, a
low count rate level similar to that at the start of measurement is reached, and the run is stopped
after a total time of 520s.

In an earlier run (“sc032”, not depicted here) the discharge showed a very similar behavior; it
started about 140s into the run while the scanner was moving with a 0.3 Hz rectangular motion,

ZDue to a mishap, the second channel of the arbitrary function generator AFG 3102 was broken halfway through the
second measurement phase, and therefore the older model FG 502 had to be used to drive the wire scanner for the
investigations discussed below. The frequency setting of the FG 502 in the low-frequency range is not as accurate as
that of the AFG 3102, such that for example a setpoint of f = 0.3 Hz corresponded rather to one full cycle completed
in two seconds (0.5Hz). This bears little relevance for the outcome of the measurements, but should be kept in
mind when interpreting the results.

24The measured rate of 7 ~ 1.5- 10* é needs to be corrected for dead time effects: there is some truncation of the true
rate N due to the limited data rate of the DAQ system. Assuming the rate is uniform over a short period of time
around the peak value, a dead time of 74 ~ 50 us leads to a significant correction and the true rate can be estimated

7 1.5-10% 1

A =4n.
1-ntq  1-1.5-10*1-50us

as being four times the measured value: N =
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and was completely extinguished by fast sine wave sweeping motions (ffunc.gen. ~ 0.5Hz), just as
in the case shown in figure 6.30.
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Figure 6.27: Run sc033: count rate during the complete 520 s run (after noise cut). After a quiet initial
period with count rates of the order of few counts per second, during which the wire scanner is active
in rectangular mode, a strong discharge starts at fneas ~ 245s. The build-up of the discharge during the
interval [245s, 2655s] is documented in figure 6.29; the interval [2505s, 320s] is presented in figure 6.30. The
increase of count rate is stopped and even turned into a decrease after the wire scanner is switched into
sine mode at ¢ &~ 272s (compare table 6.7).
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Figure 6.28: Run sc033: energy spectrum before onset of discharge. The 18keV background peak contains
about 200 counts for 234 seconds of measurement.
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6 Experimental tests of a method to empty the Penning trap between pre- and main spectrometer

Table 6.7: Overview of different measurement intervals in run sc033.

meas. time interval | wire scanner motion | label in fig. 6.30

0-272s rectangular, f~0.3Hz (@
272s-277s sine wave, f ~0.3Hz (b)
277 s—end of run sine wave, f ~0.5Hz (©
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Figure 6.29: Run sc033: build-up of the count rate at the start of the discharge (bin width 0.05s). The trigger
signal for the rectangular pulse driving the wire scanner motion is indicated by red markers (). Each
trigger signal stands for a sweep of the wire in one direction; the backward sweeps are located inbetween
two trigger signals and are therefore not shown here.
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Figure 6.30: Run sc033: influence of wire scanner motion on count rate (after noise cut). The labels (a), (b)
and (c) mark intervals with different wire scanner settings, see table 6.7.

Discharge behavior with wire scanner removed from the beam by a constant current

Figure 6.31 shows a measurement where the wire was kept out of the beam from the start by
applying a constant current of I = 5.5A. High voltage settings were the same as in the mea-
surements documented in the previous paragraph. After only about 6.5s, the count rate started
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Figure 6.31: Run sc034: build-up of discharge without intervention of the wire scanner. After a quick rise
of the count rate to about 1.6-10* % (limited by the data rate accepted by the DAQ system) the detector was
automatically shut down at fyeas & 9.755.
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6 Experimental tests of a method to empty the Penning trap between pre- and main spectrometer

to increase dramatically, reaching a level of about 1.6 - 104§ (uncorrected for dead time) within
approximately 3s. The detector was then automatically shut down for safety reasons. Without
wire scanner, the behavior was thus fundamentally different from the previous case (runs “sc032”
and “sc033”) where the wire scanner motion showed a clearly stabilizing effect. Not only was the
discharge not halted or even stopped at a certain point, but the time scale of the onset of the dis-
charge was significantly shorter than with the wire scanner active. This last observation might be
related to the measurement history: the system had been used for a series of successive discharge
tests previous to run “sc034”. However, drawing definitive conclusions from these observations is
difficult, owing to the circumstance that (due to time constraints) this last experiment in partic-
ular could not be repeated within the same series of measurements after shutdown and recovery
of the detector.

Test of a stationary pin as electron catcher

While the scanning wire was removed from the setup during a maintenance period between mea-
surement phases II and III, a stationary wire was inserted in its place (see figure 6.32).

This was meant as a test [Bon08] to see whether an
immobile wire would be sufficient to stabilize the
measurement conditions by virtue of the magne-
tron drift of trapped electrons (compare discus-
sion in section 6.5) for two other projects, namely
the study of pulsed photoelectron production pre-
sented in chapter 7, and an investigation of the
correlation between atmospheric muons crossing
the backplate and background electrons seen on
the detector [Arl09]. A positive effect of the pin on
the experimental conditions was observed, as the
occurrence of bursts in the background count rate
was significantly reduced (in amplitude as well as
in frequency). Under the conditions discussed in
section 6.3.3 the immobile wire scanner stopped
at the center of the beam provided the largest sup-
pression of the count rate variations (with addi-
tional filling the trap with photoelectrons). These Figure 6.32: Stationary wire (no scanning mech-
preliminary findings, which are based on a smaller anism provided) tested between the second and
sample of measurements than the studies regard-  third wire scanner measurement phase at Mainz.
ing the movable wire scanner, is certainly encouraging with respect to further, more comprehen-
sive studies.

Results of the second and third measurement phases

In conclusion, the second and third measurement phases have revealed more specific details re-
garding the influence of the wire scanner action on the ignition of Penning discharges in the sys-
tem. It has been successfully shown that the operation of the wire scanner is suitable to prevent
or significantly delay the onset of discharges, and to quench them after they already were initi-
ated. However, the wire needs to spend a significant amount of time close to the center of the
beam, which can for example be achieved by choosing a fast sine wave operation (i. e., f =0.5Hz
or higher). In the extreme case, the electron catcher may possibly also be implemented as an
immobile wire. In contrast, driving the scanner by rectangular pulses of for example a 10 second
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6.5 Discussion of results and application to KATRIN

time interval is in general not sufficient to prevent the eventual initiation of a discharge, at least
under the experimental conditions of the test setup at the Mainz spectrometer with a residual gas
pressure in the 10~° mbar region.

6.5 Discussion of results and application to KATRIN

The Penning trap between the two KATRIN spectrometers and the build-up of Penning-type dis-
charges are indeed a problem regarding the background level seen at the detector. This assess-
ment is founded on theoretical arguments supported by detailed computer simulations [Ess04,
Gli08] as well as on experience gained at early stages of the Troitsk experiment which had a sim-
ilar configuration using a pre- and a main spectrometer.

One option to avoid increased background due to this Penning trap consists in operating the
pre-spectrometer at zero or very low negative electric potential®®, thereby essentially removing
the trapping conditions between the two spectrometers. From the point of view of neutrino
mass sensitivity, switching off the high voltage of the pre-spectrometer does not pose a severe
problem since the precision electron energy spectroscopy is achieved solely by the main spec-
trometer. However, this option does not represent an ideal solution, as the functionality of the
pre-spectrometer as a coarse energy filter rejecting the largest part of the 3-electrons, which was
intended to suppress background due to ionizing collisions inside the main spectrometer, would
be lost.?6

A different approach, which was already proposed in 2003/2004 [Ess04] but could be experimen-
tally tested only now, is to face the trapping conditions and to prevent their harmful effects by
actively removing stored particles from the trap before the ignition of a Penning discharge can
lead to a serious increase of the background rate. The concept of an “electron catcher” in the
form of a movable wire installed inside the beam line was realized and successfully tested in this
work in a Penning trap environment comparable to that in the KATRIN experiment.

At the test setup using the Mainz MAC-E filter as a main spectrometer and an additional high-
voltage electrode inside an adjacent vacuum chamber as a pre-spectrometer mockup, the igni-
tion of Penning-type discharges was observed under various conditions. The trapping character-
istics were found to depend on the amount of electrons being injected into the Penning trap, but
frequently discharges also occurred without employing any extra feeding mechanism.

Several successive prototype versions of a scanning electron catcher compatible with operation
in an ultrahigh-vacuum environment and in strong magnetic fields were developed, with gradual
refinements of the concept with every step. The latest versions have been operated reliably dur-
ing long-term tests at the Mainz spectrometer, and thereby the operational principle based on a
current loop in a magnetic field moved across the beam by virtue of the Lorentz force is approved
for the intended application.

In particular, the following experimental findings allowed to establish a proof of principle of the
proposed electron catcher:

1. The moving wire helps to reduce the background which arises from the Penning trap. The
suppression factor of bursts in the count rate and of small discharges depends on the type
of motion of the wire and on the frequency with which it passes the center of the beam.

%This is indeed how the problem was eventually solved at the Troitsk experiment.

26Recent calculations by E Gliick [Glii08] indicate that the background component caused by the large unfiltered flux
of 3-electrons entering the main spectrometer if the pre-spectrometer potential is turned off is of no major con-
cern.
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6 Experimental tests of a method to empty the Penning trap between pre- and main spectrometer

2. Asinusoidal motion of the wire scanner can prevent or significantly delay discharges inside

the trap.

If the wire is driven by a rectangular motion of a frequency of the order of 1/10s to 1/s, it
can dampen discharges in their initial phase, but not prevent strong ignitions.

. Once a discharge has ignited, it can be extinguished by switching on the wire scanner with

a fast sine wave motion of a frequency of the order of 1/s.

Positioning the wire in the center of the beam reduces the probability of bursts or dis-
charges to occur.

Since the test setup at Mainz differs in some aspects from that of the final KATRIN beam line,
a transfer of specific results, like for example ignition time scales and optimal swiping speeds
and intervals of the wire scanner, is difficult. The most important differences are listed in the
following.

e The Mainz spectrometer offers very good vacuum conditions in the 10719 mbar region, but

due to peripheral systems which were used for the test measurements the pressure was
usually increased to a few times 1079 mbar. In the KATRIN spectrometer section, however,
the residual gas pressure will be about two orders of magnitude lower. Since the mean time
between ionization events, Tionization, iS inversely proportional to the residual gas pressure,
the discharge behavior observed at Mainz cannot be directly compared to that expected at
KATRIN. This affects the ignition time scale as well as the strength of discharges.

The differences in the electromagnetic field configuration were already mentioned in sec-
tion 6.2.1. The most prominent discrepancy is related to the planar high-voltage plate,
which covers the cross section of the transported magnetic flux and is oriented perpen-
dicularly to the magnetic field lines. The influence of the feedback mechanism related to
an amplification of charge carriers due to the impact of positive ions on the plate will not
be present in the KATRIN configuration.

Furthermore, the feeding rates due to atmospheric muons or environmental radioactivity
at KATRIN will also be different from those at the test setup.

In addition, the magnetron time scale®’ Tmagnetron Characteristic of the Mainz setup is ex-
pected to be different from that in the KATRIN setup. The ratio of the magnetron time
scale to the ionization time scale is of fundamental importance for the efficient collection
of trapped charges on an immobile pin: Without the capability of scanning the wire across
the beam profile, the only possibility to extract the stored electrons from the trap is for them
to hit the wire by virtue of the magnetron rotation, which takes many cycles of the axial mo-
tion of the trapped particle to complete one turn. The build-up of an ionization chain and
a discharge can only be avoided if for all trapped particles the ionization probability along
this integrated path of many axial oscillations is small enough. This can be expressed as

Tmagnetron

<1 (6.8)

Tionization

Indeed, simulations [Glii08, Glii09b] show that for the test setup at Mainz 7 magnetron iS typi-
cally one or even two orders of magnitude lower than that obtained for the trapping region
between the two KATRIN spectrometers:

T magnetron, Mainz ~° 1us, T magnetron, KATRIN ~ 20—200us (6.9)

27T magnetron 18 defined here as the time needed for a trapped electron to perform a full rotation around the axis due to
the magnetron drift motion. An expression for the magnetron drift velocity is given in eq. (2.45).
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6.5 Discussion of results and application to KATRIN

At KATRIN, with a residual gas pressure of p = 10~ mbar, the mean time between ioniz-
ing collisions is of the order of one minute. Therefore, the relation (6.8) should be fulfilled.
Considering the higher pressure level of the test setup at Mainz mentioned above, one ob-
tains a ratio of Tmagnetron/Tionization Which is of roughly the same order as in the KATRIN
case (due to an approximate cancellation of the two similar factors in the nominator and
denominator in the relation 6.8).

Despite these dissimilarities, it is still possible to give a recommendation for a “discharge pre-
vention device” for KATRIN based on the experience from the test measurements. The two men-
tioned options of a stationary pin and a movable wire shall be discussed.

a)

b)

Stationary pin

In view of the technical effort needed to provide a well-defined motion of the scanner in
an ultrahigh vacuum environment and considering the large number of cycles a scanning
wire would have to perform reliably during the full five years of datataking planned for the
KATRIN experiment, the installation of a stationary wire seems an attractive alternative.

For this option to be realizable within KATRIN, a manipulator system allowing to insert and
to fully withdraw the pin from the beam is necessary. During the time the pin is inserted
the data of the detector pixels “shadowed” by the stationary pin have to be discarded in
order to avoid a contamination of the signal with scattered electrons, which forms one of
the disadvantages of this concept. B-electrons see an effective width of the stationary pin
which corresponds to the pin diameter plus two times the cyclotron radius, thus at least 13
out of 148 detector pixels would be affected (yielding a loss fraction of 9 %).

Moreover, it remains to be clarified whether all trapped particles exhibit a magnetron drift
motion satisfying the relation (6.8). It is still possible that some electrons with particular
starting conditions do not undergo a significant magnetron drift at all and would therefore
not be efficiently eliminated by a stationary pin. Therefore, although preliminary exper-
imental studies at Mainz look promising, further detailed investigations are necessary in
order to confirm the usability of this alternative concept of an electron catcher for the trap-
ping section between the two KATRIN spectrometers.?8

Movable (scanning) wire

In contrast to the case of the stationary pin, the magnetron motion is not a limiting factor
for the functioning of the wire scanner, as the latter actively collects the trapped electrons
across the full flux tube instead of passively waiting for them to hit the wire. For the movable
wire, the requirement in eq. (6.8) can be reformulated as

Afout < Tionization, (6.10)

where Atyy: denotes the time span the wire spends outside of the flux tube, i. e., during
which it does not remove electrons from the trap.

The wire scanner can also be moved out of the beam permanently, if necessary, by applying
a constant current. Therefore, it would permit an unhindered transport of the full flux of
B -electrons. The disturbance caused by a periodic scanning motion of the wire can prob-
ably be kept at a tolerable level: The excellent vacuum conditions at KATRIN presumably
allow to reduce the sweeps of the wire from a frequency of typically 0(1/s) (experimentally
determined at the Mainz setup with inferior vacuum conditions) to ¢(1/100s)— &(1/10s).
However, it is not possible to give a concise estimate of the required scanning frequencies

Z8Further insight and experience may be gained through the installation of a grid of stationary wires, which is planned
for the KATRIN pre-spectrometer [Gl{i09b].
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6 Experimental tests of a method to empty the Penning trap between pre- and main spectrometer

without a robust knowledge of the actual filling rate of the trap between the two KATRIN
spectrometers (compare the discussion in section 5.4.2). Suitable scanning frequencies will
have to be determined experimentally at the completed KATRIN setup.

A scanning electron catcher has the advantage that the loss of usable data is not defined
by geometry alone, but for the case of the good vacuum conditions at KATRIN (Tjonization =
O(1min)) probably more by the duty factor of the scanning. For example, a one-second
sweep across the beam every 100 seconds corresponds only to a loss of 1 % of the data.??

Considering these arguments, it can be concluded that with the scanning wire tested at Mainz the
prototype of a “discharge prevention device” suitable for the use at KATRIN has been developed.
The stationary pin might be a viable option, but until its effectiveness is ultimately established the
scanning wire provides a proven solution. Lastly, it should be mentioned that the wire scanner
stopped at its central position may also act as a stationary pin. However, this option requires a
reliable and precise method to bring the wire to the center of the beam in a controlled manner,
which proved to be difficult for the first prototypes tested at Mainz, but was already improved on
with the more advanced versions.

29Within the slow scanning motion, one could even consider to accept those electrons which pass outside of the
“shadow” of the wire scanner.
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7 Tests of a UV LED-based photoelectron
source

In addition to the testing of the scanning wire mechanism to empty the trap between the two
KATRIN spectrometers, the measurement time at the Mainz MAC-E filter was used to investigate
a novel method of fast-pulsed production of photoelectrons with a narrow energy distribution.
Experimental studies showed that it is even possible to select particular starting angle intervals of
the electrons by choosing a particular segmented photocathode geometry and a specific config-
uration of the electric and magnetic fields surrounding the electron source.

Section 7.1 presents arguments why such a photoelectron source would greatly facilitate the ini-
tial test measurements and calibration runs of the KATRIN main spectrometer after its commis-
sioning. In particular, the possibility to operate and characterize the MAC-E filter in a time-of-
flight measurement mode is highly promising.

Section 7.2 briefly discusses the options of light sources suitable to produce the short and well-
defined pulses of ultraviolet light necessary to realize the proposed photoelectron gun with the
abovementioned characteristics. A motivation for using light emitting diodes in the UV range
is given. These LEDs were employed in test measurements described in the two subsequent sec-
tions. The superior timing properties of the photoelectron pulses and the narrow energy smearing
are demonstrated in section 7.3, where an integrated energy scan and a high-resolution time-of-
flight spectrum measured with he Mainz MAC-E filter are presented. Section 7.4 introduces a
prototype concept of a pulsed photoelectron gun offering the additional feature of angular selec-
tivity and presents first experimental results yielding a successful proof of principle.

Finally, section 7.5 reviews what has been achieved so far and outlines further improvements of
the concept of an angular-defined pulsed photoelectron gun envisioned for future studies.

7.1 Motivation

Important measurements to characterize the electromagnetic properties of the main spectrome-
ter have to be carried out [Wei07] after the installation of the vital components and before the start
of the neutrino mass measurements. The main required components are listed in the following:

e The vacuum vessel of the main spectrometer has already been installed in the dedicated
spectrometer hall at the KATRIN site in November 2006. Among other tests, a complete
bakeout cycle and a check of the ultrahigh vacuum capability of the vessel as well as a first
high-voltage test were performed. After the implementation of the mounting rails, the ves-
sel will be ready for the installation of the inner electrode system, which is planned to start
in spring 2009.

¢ Two superconducting magnets will be needed for the EMD test measurements. In the de-
fault configuration, the existing magnets of the pre-spectrometer will be used, since the
pinch magnet and the detector magnet are expected to be available at only a later time.
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7 Tests of a UV LED-based photoelectron source

o The air coil systems (low-field coils to tune the field homogeneity and the energy resolution
of the main spectrometer and the Earth field compensation system) are required for the
tests, as well as

¢ asegmented electron detector. While the 64-pixel PIN diode presently installed at the pre-
spectrometer could be employed for first tests of the functioning of the individual com-
ponents, the complex 148-pixel detector system which will be used for the neutrino mass
measurements is needed for the calibration runs: As discussed in section 4.2.1, the trans-
mission function of the main spectrometer must be determined for each pixel of the de-
tector, which corresponds to a specific segment of the cross section of the flux tube in the
analyzing plane.

o Furthermore, an electron source fulfilling several requirements is essential:

— It should deliver stable and sufficiently high rates of electrons.

— The energy spread of the electrons has to be small compared to the energy resolution
A Egpec of the main spectrometer (A Esoyrce & 0.2 — 0.3 €V).

— Since simulations for the electromagnetic design of the main spectrometer show that
electrons with large transversal kinetic energies in the outer regions of the flux tube are
most critical with respect to the transmission condition, the electron source should be
able to provide electrons with large starting angles.

- A two-dimensional positioning system is required in order to scan the full area of the
flux tube.

A fully automated control (and monitoring) of all the components as well as a data acquisition
system connected to a database are needed as well.

Due to the considerable maintenance and running costs, extensive calibration measurements
are not only time consuming but also rather expensive. Therefore, it is essential to minimize the
time needed for commissioning and calibration runs. Electron sources capable of delivering high
count rates for the test of the transmission function are one idea to speed up the measurements.
In this case, the limiting factor is the rate sustainable by the electron detector and the data ac-
quisition system. However, it is also possible to increase the amount of information that can be
drawn from a single measurement by using the non-integrating time-of-flight operational mode
of the MAC-E filter, which was originally proposed and tested in a pilot study at the Mainz neu-
trino mass experiment [Bon99].

7.1.1 Time-of-flight simulations for the KATRIN main spectrometer

Time-of-flight simulations for the KATRIN main spectrometer were carried out using the micro-
scopic trajectory routine described in section 4.3.3. The time needed for an electron with a given
starting kinetic energy Ein,start = (E|)start + (E L )start to pass the MAC-E filter is expected to be a
monotonous function of the starting angle Oy, and of the radius rgart:

o The angle 6.4 defines the ratio of longitudinal and transversal kinetic energy. For a fixed
value of the total kinetic energy the electrons with larger starting angles will have a lower
longitudinal velocity component v in the long drift region of high electric potential inside
the MAC-E filter and hence need a longer time of flight as compared to low-angle electrons.

o The radius rgqrt influences the path length of the electron through the spectrometer. Due
to the curvature of the outer magnetic field lines, electrons passing along the border of the
flux tube have to cover a larger distance and their time of flight is thus longer than that of
electrons which travel on the axis of the spectrometer.
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e In addition, both rstre and Osare (via the cyclotron radius gcyc, to be discussed below) de-
termine at which radial position ran, the electrons pass the analyzing plane, i. e., which
analysis potential they see, since Uapa(7) # const. (compare figure 4.24(a)).

This is confirmed by the simulation results presented in figure 7.1. On-axis electrons with sur-
plus energies of about 4eV and maximum starting angle Ogax = 60° take about 1.8 us longer
to travel the distance of 24m from the entrance to the exit of the spectrometer than electrons
which are emitted parallel to the magnetic field lines (figure 7.1(a)). For various starting radii
T < Tstart, max = 37 mm similar results were found. These are summarized in figure 7.1(b). With the
expected timing resolution of the KATRIN final plane detector of Atgetector & 1001s it should thus
be feasible to distinguish electrons belonging to different starting angle intervals (in a radial seg-
ment with finite size) with the time-of-flight method. Using a calibration source with isotropic
emission and well-known energy distribution (like the condensed krypton source [Ost09]) in a
chopped mode by pulsing the applied electric potential would allow to record the angular infor-
mation of the electrons due to their time of flight and thus to measure a full transmission function
pixel by pixel without the need to step the retardation potential. This would clearly help to speed
up the calibration procedure considerably, and further investigations should be conducted to
work out the details of this promising method.
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Figure 7.1: (a) Relationship between axial (z) position along a trajectory and the time of flight elapsed since
the start if the trajectory for different starting angles 6.,y between 0° and the maximum accepted starting
angle Ogiart,max = 60° at a given surplus energy of Exinstart — q Uret &~ 4€V. The slope of the curves reflects
the fact that the electron velocity is largest in the entrance and exit regions, and much lower in the long
central part where the retardation is strongest. As an example, the plot shows the results of simulations
for electrons started on-axis. The shapes of the curves for starting radii 7 7 0 look similar; these are
therefore not included here. Instead, (b) illustrates the evolution of the total time of flight needed for a full
passage of the main spectrometer as a function of both starting radius rgye and starting angle g,y for a

fixed surplus energy.
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7.1.2 Details of the transmission function and proposal of an enhanced
time-of-flight mode

The time-of-flight analysis proposed by the authors of reference [Bon99] assumes the distribution
of the retardation potential to be flat in axial direction, i. e., U(z) = const. = Uy, in a drift region
with length L and zero outside of this region. Hence, v is also assumed to be constant over most
of the distance along z. According to figure 7.1(a), this approximation is generally justified for a
typical MAC-E filter with a steep gradient of the electric potential in the endcap regions. The drift
time is dominated by the long central part where the retardation potential is close to its maximum
and v is at its minimum. The time needed to pass the spectrometer can thus be approximated!
by

L L
tL= = (7.1)

Vll,ana ,/2E||,ana/m’

where v)ana and Ej ana denote the velocity and longitudinal kinetic energy of the electrons close
to the analyzing plane, respectively. This simplifies the formal treatment of the problem; however,
all information on the actual evolution of the potential U(z) along the trajectory of the electron is
lost on principle.

It is possible to go one step further and extend the concept to a so-called second order time-of-
flight mode of the MAC-E filter [Wei07, Val07, Wei08]. The correlation between the time of flight
and the longitudinal kinetic energy, which is largely determined by the electric retardation poten-
tial along the flight path of the particle, will lead to small deviations from eq. (7.1) and thus can
be exploited to measure the integrated electric potential along the trajectory. Once the nominal
time of flight for a given setting of the high voltages is known (either by experiment or through
simulations, or ideally both), precision time-of-flight measurements for different starting angles
and radial positions (i. e., for different trajectories) can serve as an uncomplicated diagnostic tool
of the properties of the spectrometer. An example is illustrated in figure 7.2, in which the approx-
imation of eq. (7.1) holds for the default situation (solid line), but not for the hypothetical faulty
setting (dashed line).

|U(2)| . _ _
Figure 7.2: Sketch of electric potential

along a magnetic field line inside a MAC-
E filter: The solid curve shows the nom-
inal evolution of U(z), while the dashed
line represents a faulty setting. Since in
both cases the maximum retardation oc-
curs at the same axial position (in partic-
ular, at the same minimum magnetic field
Bnin), they would yield identical widths of
the transmission function and thus be in-
distinguishable in standard tests.

Zentrance

Likewise, this enhanced time-of-flight method may be used to disentangle various effects which
might influence the measured transmission function in a similar way. For example, a broad-
ened (or otherwise deformed) measured transmission function might arise from a convolution of
the nominal (sharp and narrow) transmission function with an energy smearing of a calibration
source (compare figure 7.3). Since the energy distributions of the calibration sources are known

11t is sufficient to illustrate the relevant arguments in the non-relativistic limit, as a full relativistic treatment would
only yield minor corrections.
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Figure 7.3: Schematic drawing: broadening and smearing of the transmission function due to an energy
spread at the electron source.

to a certain level (but not with ultimate precision), a part of the intrinsic energy spread might
remain undetected. On the other hand, a similar observed shape of the transmission function
may as well be caused by other influences which are not related to the electron source, but rather
to the properties of the spectrometer. As an example, figure 7.4 shows the broadened transmis-
sion function? resulting from the effect of too early retardation of the electrons inside the main
spectrometer, which was introduced in section 4.2.2. The simulated transmission function was
obtained by calculating various electron trajectories with starting angles equispaced in cos 6 to
find the minimum amount of starting kinetic energy Eii, needed to pass the analyzing plane. It
is interesting to study in what way time-of-flight measurements might help to disentangle the
two classes of distortions of the transmission function. To this end, time-of-flight simulations for
electrons with and without early retardation were carried out. As displayed in figure 7.5(a), the ef-
fect caused by an exaggerated sag of the wires in the inner layer (compare section 4.5.1) amounts
to a dip in the longitudinal kinetic energy of 6 E| ~ 10eV. Therefore, the influence on the time
of flight through the main spectrometer is also huge: for the deformed potential distribution, the
simulated time of flight from the entrance to the exit solenoid is about 15.7 us shorter than that
for undisturbed transmission (see figure 7.5(b)). Although in both cases the minimum surplus
energy reached is similar (below 10meV), the early retardation leads to a reacceleration of the
electron seen as an increase of the longitudinal kinetic energy at z 2 —3.8m. Even though this
demonstrative example uses an unrealistically large amount of 6 Ej;, the time-of-flight method
should in principle be sensitive to much more subtle effects. The simulations indicate that a dis-
tinction between a scenario similar to that in figure 7.3 and early retardation as shown in figure
7.5 on the basis of time-of-flight measurements may be feasible.

Related to the trajectory simulations to study the transmission function, further interesting de-

2Instead of the normalized transmission function T(E,qU,), the unnormalized expression 1 — cos(6t) (compare
egs. (2.27) and (2.28) in section 2.2) is plotted as a function of the kinetic energy Ey, of the electrons. The magnetic
field settings in the KATRIN reference design of 2007,

Bpinen = 6T and
Bspec, entrance = — Bstart = 4.5T,

(7.2)

yield the following value of the maximum accepted polar angle for electrons starting inside the entrance solenoid:

0. =arcsin M—BS‘”‘) = 60°
start,max ( Bpinch (73)

= 1 — 05 Ostart,max = 05.
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Figure 7.4: Comparison between simulated transmission function and analytical shape for a single value
of the starting radius (7start = 30mm). The red curve denotes the analytic shape of the transmission func-
tion (energy resolution AE = 0.93eV) without too early retardation. The simulation data (blue) obtained
from microscopic trajectory calculations exhibit a broadening with respect to the nominal shape of the
transmission function. It can be explained (green curve) by taking into account the slightly higher mag-
netic field at the location of the minimum in the longitudinal kinetic energy (figure 7.5). The error bars
attached to the simulation data reflect the uncertainty due to the influence of different azimuthal angles
(figure 7.6).

tails regarding the influence of the inhomogeneity of the retardation potential AUgyp,(r) should
be mentioned, which were not considered before. Two interrelated ones are illustrated in the
following:

a) Gyrating motion with cyclotron radius gy (figure 7.6(a)): in particular in the weak mag-
netic field at the analyzing plane, the electrons probe an extended region with varying re-
tardation potential.

b) In addition to the polar angle 8 which defines the ratio Ej/E,, the azimuthal angle ¢ also
influences the radial position at which the electron passes the energy filter. The enveloping
curve of the electron impact points on the analyzing plane for all angles ¢ covers an area
with a diameter of 49y (figure 7.6(b)).

For the electrode configuration of the main spectrometer chosen for this example, both effects are
particularly pronounced because this version of the simulation model does not include compen-
sative structures to reduce the inhomogeneity of the analyzing potential. Hence, AUgapa(1r)~ 2.5V
was quite large. The gradient in the outer regions of the flux tube is largest, with a change in the
electric potential of ~ 2V over the last 0.5m. The following estimate shows that this can lead to a
noticeable variation of the retardation potential along a cyclotron loop of the electron.

For a given amount of energy E, in the cyclotron component of the motion and a given magnetic
field strength B, the cyclotron radius gy can be estimated by

VEkeV] _ EiTkeV]

B[Gauss] m B[mT] 74

Qcyc~ 1m-

Thus, for an electron passing the analyzing plane of the main spectrometer at Bana ~ 0.3 mT with a
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Figure 7.5: Evolution of longitudinal kinetic energy (a) and time of flight (b) for simulated electron trajec-
tories with and without too early retardation. For the same starting conditions (high starting angle, path
along the outer border of the magnetic flux tube), the electron reaches the exit of the main spectrometer
about 15.7 us earlier in the scenario with too early retardation (solid line) as compared to the case without
too early retardation (dashed line). This can be explained as follows: Both electron trajectories were simu-
lated with a small amount of surplus energy that barely allows them to pass the analyzing plane (E; ~ 5meV
at z = 0). With too early retardation this requires a higher starting kinetic energy of the electron as for the
default case, which translates in an overall shorter time of flight.

maximum transversal kinetic energy corresponding to the energy resolution, (E] )ana,max = AE =
0.93 eV, the cyclotron radius is
Ocycana ~0.01m, (7.5)

and the variation of the retardation potential across a length of 4oy at the outer border of the
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7.1 Motivation

flux tube amounts to about 160mV. The effect of this variation on the transmission function
of the main spectrometer should be further investigated. In the case of the study presented in
figure 7.5, the uncertainty in the energy needed for transmission caused by disregarding different
angles ¢ is reflected in the error bars of the simulated data. As demonstrated in figure 7.7 , the
inhomogeneity of Uana can even lead to a ¢-dependent violation of the transmission condition
for electrons with very low surplus energies, which are most strongly affected by the variations of
the retardation potential.

In contrast to the polar angle 8, there is no way of controlling (or even restricting) the azimuthal
emission angle ¢ in a calibration electron source. Furthermore, the relation between gt and
(Pana 1S non-trivial and unknown, which makes it difficult to exploit the connection between @gart
and the time of flight determined by the calculations. Nevertheless, the simulation results are
useful in two ways:

a) In combination with the calculations presented in figure 7.1 they allow to set a coarse scale
for the timing resolution of the detection system required for time-of-flight measurements
at the KATRIN main spectrometer. In view of the simulation studies a precision of the tim-
ing information in the range of about 100 ns seems to be a reasonable specification.

b) The strong influence of the uncontrollable phase angle on the transmission of low-energy
electrons, which are of greatest interest for KATRIN, supports the arguments for compen-
sating measures to increase the homogeneity of Uana(7) (compare section 4.6).

In conclusion, the simulation studies presented in this section underline the potential of time-
of-flight studies at the KATRIN main spectrometer as a sensitive probe of subtle transmission
variations. In order to carry out such time-of-flight measurements, electron sources with fast
pulsing capabilities are required. The next sections explore the attractive possibility of realizing
such a source on the basis of photoelectron production.

y
140cyc
analyzing plane
20¢yc
(a) cyclotron orbit (b) point-to-circle mapping

Figure 7.6: Cyclotron motion and point-to-circle mapping. Depending on the amount of cyclotron energy
E, = sin®0 - Eqy, and the azimuthal angle ¢, a starting point (7start, Zstart) is mapped onto an extended
circular area with diameter 4oy at the analyzing plane.
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7 Tests of a UV LED-based photoelectron source

Figure 7.7: Influence of the cyclotron motion on transmission properties of the main spectrometer. Elec-
tron trajectories at the outermost border of the transmitted flux tube were simulated with a fixed starting
kinetic energy of Einstart = 18583.32¢€V, a polar angle of Oy, = 53.13° with respect to the magnetic field
lines and varying azimuthal angles (i. e., phases) between @t =0° and g = 160°. (a) The longitudinal
kinetic energy close to the analyzing plane is influenced by the local variations of the retardation potential
probed by the different angles ¢. Some electrons are even reflected (i. e., their longitudinal kinetic energy
is used up completely: E = 0) shortly before reaching the analyzing plane. (b) The differences in the lon-
gitudinal kinetic energy of the order of 2 100meV at the analyzing plane translate into differences in the
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time of flight of up to 3.5 us at the exit of the main spectrometer (z =12m).
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7.2 Suitable light sources for fast-pulsed photoelectron production

7.2 Suitable light sources for fast-pulsed photoelectron
production

Before discussing possible technical realizations of a fast-pulsed photoelectron gun, it is expedi-
ent to compile a list of requirements regarding a suitable light source. The following points are
essential:

1. The spectral width AA of the emitted light should be sufficiently small in order to provide
quasi-monoenergetic photoelectrons (after acceleration to qUsource & Ephotoel. & 18keV:
AEphotoel. < AEspec, for example AEphotoel./Ephotoel. ~1079).

2. The light source should be capable of emitting short pulses with small rise and fall times in
order to yield well-defined intervals Atg, .. of photoelectron production. According to the
simulations presented in the previous section, the pulse width 7 should be of the order of

100ns or below.

3. To achieve good statistics even at comparatively low photoelectron yields, high repetition
rates f are necessary, for example in the range of a few kHz. The resulting duty cycles which
are to be sustained by the light source, also in long-term operation, are of the order of

1
f1=10"=-10""5s=0.1%. (7.6)
S

4. A smoothly variable intensity over a relatively wide range is also desirable.

For electrons to be liberated from the surface of the cathode through the photoelectric effect, the
photon energy Ephoton is required to exceed the work function @ of the cathode material:

e_ = —
Ekin,start - EPhOtOD @
o
> Ephoton zo for Ekin, start >0. 7.7

If ® and Ephoton are chosen such that only photons from the high-energy part of the distribution
can cause photoemission, the energy spread of the photoelectrons will be reduced accordingly.
Since measured work function values of most elements are centered around 3.5 eV with a spread-
ing of about £1.5eV ([H6179], cited in [Zan88], and compare table 7.1), this requirement restricts
the suitable light sources to the regime of ultraviolet (short: UV) light for most available photo-
cathode materials. As an example, a photon energy of E = 5eV corresponds to a wavelength of
A= % ~ 248 nm. Only a few elements possess work functions accessible via visible light, e. g. cae-
sium with ®cs = 2.14eV [Wea81]. However, the utilization of such materials is often unfavorable
from the technical point of view, for example due to considerations regarding vacuum compati-
bility, workability of the material, or stability of the work function against spatial inhomogeneities
and temporal variations (oxidation when exposed to air).

Commercially available UV light sources like deuterium lamps or Xe/HgXe arc lamps are com-
monly used for standard applications in photoelectron production. They provide high stability
and intensity, but usually their emission covers a wide spectrum of wavelengths between 160 nm
and 450 — 2000nm (which would thus have to be restricted by filters), and short pulsing is not
readily achievable. In recent years, narrow-band laser devices operating at wavelengths down to
> 220nm were developed?. With output power levels of typically < 100 — 200 mW, they offer rep-
etition rates of only about 0 — 20 Hz and pulse lengths in excess of 20 — 120 us. Thus, they are not
suitable for the use in a fast-pulsed photoelectron source. Q-switched laser systems delivering

SHeAg- and HeCu-lasers provide output wavelengths of Ayeag = 224.3nm and Agecy = 248.6 nm, respectively [Pho07].
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7 Tests of a UV LED-based photoelectron source

Table 7.1: Work function values for selected metals gathered from various references, as listed in the last
column. Some references do not give error bars for the measurements. There are notable differences
in the values obtained by photoelectric or contact potential measurements, as well as between different
crystalline orientations of monocrystals and for polycrystalline samples. The discrepancy between the
work function of gold obtained with the contact potential difference method (1 and 2) is attributed [Hub66]
to a contamination of the gold sample with mercury in those experiments using mercury diffusion pumps.

| No. | material (cryst. direction) | method / remarks | ® [eV] reference |
1 | Au contact potential diff. 5.221+0.05 [Hub66]
2 | Au contact potential diff. 4.83+£0.02 [And59]
3 | Au (polycryst.) photoelectric 5.1+0.1 [Eas70]
4 | Au (100) photoelectric 5.47 [Wea81]
5 | Au(110) photoelectric 5.37 [Wea81]
6 Au (111) photoelectric 5.31 [Wea8l1]
7 | Au after exposure to air 4.2 [Sav95]
8 | Ag(110) photoelectric 4.14+0.04 [Che82]
9 | Ag(100) photoelectric 4.22+0.04 [Che82]
10 | Ag(111) photoelectric 4.4610.02 [Che82]
11 | Ag (polycryst.) photoelectric 4.0+0.15 [Eas70]
12 | Cu (polycryst.) photoelectric 4.65+0.05 [Eas70]
13 | Cu (100) photoelectric 4.59 [Wea81]
14 | Cu(110) photoelectric 4.48 [Wea81]
15 | Cu(111) photoelectric 4.94 [Wea81]
16 | Cu(112) photoelectric 4.53 [Wea81]
17 | Cr (polycryst.) photoelectric 4.5+£0.15 [Eas70]
18 | Fe (polycryst.) photoelectric 4.54+0.15 [Eas70]
19 | Ni (polycryst.) photoelectric 5.1540.1 [Eas70]
20 | stainless steel 4.44+0.2 [Pic92a]
1.4429 DIN, 316LN AISI/SAE
21 | stainless steel photoelectric 4.75 [Wal99]
302 AISI/SAE clean surface
22 | stainless steel photoelectric 4.35-4.55 [Wal99]
302 AISI/SAE varying grades of oxygen contamination

short pulses of ~ 10ns duration operate at higher wavelengths of about 355nm [Coh07]. It is also
possible to use frequency-multiplying modules in combination with standard-technology lasers
at higher wavelengths, for example a frequency-quadrupled Nd:YAG laser (output wavelength
Agey = i -1064nm = 266 nm), however with standard repetition rates of 0(10Hz). Aside from the
low rates, such (high-power) laser systems are disfavored because they are rather expensive, im-
mobile and require particular safety installations in the laboratory.

By contrast, light emitting diodes (LEDs) operating in the deep-UV domain are advantageous due
to their versatility and ease of use, albeit offering only a fraction of the optical output power as well
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7.2 Suitable light sources for fast-pulsed photoelectron production

as inferior spectral and beam profile characteristics compared to laser systems. LEDs in this spec-
tral range are still under development, and first devices have only become commercially available
in the last few years.# Suitable materials for deep-ultraviolet emission in the range between about
A =230nm and 280 nm are alloys like AlGaN and InAlGaN [Hir02]. Wavelengths down to 247 nm
at a pulsed output power of < 10mW have been achieved [Bil05, Den07]. The major advantage
of such LEDs resides in the possibility to easily achieve short pulses ( 7 < 25ns with rise times of
a few ns only, see for example [Gas05, Sha03]) at high repetition rates of the order of 1 — 10kHz.
The pulse width and rate as well as the light intensity can be tuned easily by controlling the signal
shape and the amplitude of the driving voltage (i. e., of the forward current).

The emission of UV LEDs is not strictly monochromatic. Table 7.2 summarizes the spectral data
of the LEDs employed in this work, and further technical details can be found in appendix C.2.
The full width of the emission at a central wavelength of Acentral = 265nm is about AA = 36nm,
which corresponds to an energy spread of AEphoton = 0.62€V (see table 7.2). The usable energy
range is slightly reduced by the abovementioned cutoff at the low-energy end of the interval due
to the work function of the photocathode material, e. g., for stainless steel: Ephoton = Pstainless steel =
(4.4+0.2)eV [Pic92a]. However, the remaining energy interval still has a width of about 0.5eV. If
the full width at half maximum (FWHM) instead of the total width is used to determine the upper
limit of the photon energy range (compare table 7.2) and the lower bound is determined by the
work function, the energy spread after cutoff reduces to about 0.41eV.5

Table 7.2: Wavelength range and corresponding photon energies covered by UV light emitting diodes of
type T9B25C and T9B26C, based on spectra measured with a grating spectrograph (figure C.3).

LED type TIB25C TIB26C
Alnm] El[eV] | A[nm] E[eV]
lower limit 245 5.06 252 4.92
central value 257 4.82 265 4.68
upper limit 276 4.49 288 4.30

full width 31 0.57 36 0.62
FWHM 13.8 0.26 15.3 0.27

Considering the overall characteristics, UV LEDs stand out as ideal light sources for fast-pulsed
photoelectron production. Of the abovementioned options they represent the only class of light
sources which “out of the box” fulfill all points of the list of requirements. Yet, although their qual-
ities look promising on paper, they need to be verified experimentally. Since UV LEDs of the types
T9B26C [Seo06a] (and later also T9B25C [Seo06b]) were already used to provide photoelectrons
for the studies of the wire scanner mechanism (chapter 6), it was straightforward to carry out fur-
ther tests regarding timing properties and energy distribution of the photoelectrons, which are
presented in the next section.

“The prospects of possible applications comprise different fields, such as (bio-)medical applications, chemical pro-
cessing, high-density optical storage, etc.

5These considerations only take into account the intrinsic energy spread due to the light emission spectrum, but not
other influences like the uncertainty and possible inhomogeneities of the work function values.
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7 Tests of a UV LED-based photoelectron source

7.3 Pulsed photoelectron production from a stainless steel
cathode

The following sections report on investigations of photoelectron pulses carried out at the Mainz
MAC-E filter. Parts of the equipment installed for the Penning trap studies described in chapter 6
were reused for these measurements. The essential piece is a simple photoelectron source con-
sisting of a UV LED illuminating the stainless steel plate that served as a high-voltage electrode
for tests of the wire scanner (figure 6.11). Section 7.3.1 presents several measurements demon-
strating that these LEDs qualify as light sources for a fast-pulsed photoelectron gun which can be
used for the MAC-E-ToF mode. In particular, the possibility to produce single or few photoelec-
trons per pulse at high repetition rates was studied, which allows to achieve sufficient statistics
while keeping the pile-up ratio low.

With this photoelectron emitter an integrated energy spectrum (section 7.3.2) and a time-of-flight
spectrum (section 7.3.3) of photoelectrons created in short pulses were measured.

7.3.1 Timing properties, photoelectron yield and photoelectron multiplicities

Figure 7.8 shows a typical energy spectrum taken with the Flash-ADC system at a given surplus
energy setting of the photoelectrons. A structure of clearly separated and equidistant multiple
peaks is visible above the noise band. They indicate a pile-up effect where two or more electrons
of the energy Ey = qUsource = 18keV each are detected simultaneously, i. e., within the timing
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Figure 7.8: Energy distribution at a fixed setting of kinetic surplus energy of the photoelectrons (here:
q Usurplus = G(Usource — Uspec) = 57 €V). Operating parameters of the UV LED: repetition rate figp = 1kHz,
pulse width T =200ns, voltage setting at the function generator Uy = 10V.
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7.3 Pulsed photoelectron production from a stainless steel cathode

resolution of the data acquisition and analysis chain.® This pile-up gives rise to events appearing
at integer multiples n > 0 of Ej.

One aim of the test measurements was to study the timing characteristics, especially in view of the
number of coincidently detected electrons. The probability P(n) to find n coincident electrons
was determined as a function of pulse width 7 for fixed operational voltage Urgp and repetition
rate figp. In addition, the dependence of the detected photoelectron rate on the UV light intensity
was studied by varying Uy gp in the range between 5.8V and 7.6V at constant 7 and figp.

The spectrometer was set to a constant retardation potential of Uspec = —17.966kV at an energy
resolution of AE =1.5eV, and the photocathode was supplied with a slightly more negative volt-
age of Usource = Uspec —15.7V so that the created photoelectrons could be transmitted with a mod-
erate surplus energy. The auxiliary water-cooled coil was turned off, and the xy-compensation
coils were powered by currents of Icomp.1 =32A and Icomp.2 = 40A, respectively.

The magnetic field strength was Bget &~ 0.34T at the location of the detector and Bsoyrce ~ 0.02T
at the source. At these settings the transported magnetic flux covered an area of about 10 cm? on
the photocathode (see table 6.2), which is significantly larger than the area actually illuminated
by the UV LED (~ 2cm?). It can therefore be assumed that for a careful alignment of the UV LED
all photoelectrons were imaged onto the detector.

During this measurement, the Flash-ADC system was operated with a sampling length of 214 =
16384 channels per buffer and a sampling rate of fsampling = 100MHz, i. e, the width of each
channel is 10ns. One buffer therefore covers a measurement time of

toutter = 214 - 10ns = 163.84 us. (7.8)

Since in this measurement the UV LED delivered one photoelectron pulse per millisecond (figp =
1kHz, T < tpuffer), One buffer started after the trigger signal only contained one photoelectron
pulse.

If Npeaks is the number of peaks visible in the spectrum, Nengies, » is the number of entries in the
peak with order n (n =1, ..., Npeax) and Npufters is the number of recorded Flash-ADC-buffers, the
total number of photoelectrons detected per UV light pulse is given by

N, peaks

- - Nentries, n)- (7.9)
Npuffers Npuffers ; ( entries n)

Nelectrons _ 1

A
Nelectrons/pulse =

Dependence of photoelectron count rate on the pulse width of the UV LED

The photoelectron count rate was measured for varying widths of the UV light pulses. Starting
with a large pulse width of T =40us at figpp = 1kHz, the count rate of photoelectrons arriving at
the detector was high; therefore, a medium operating voltage Ui gp = 6.6V was chosen. A step-
wise reduction of the pulse width led to a linear decrease in the count rate (see figure 7.9(a)).
Pulse widths of several 10 us resulted in an average of 10 to 40 photoelectrons per UV light pulse,
whereas at T =5 us, the number of photoelectrons detected per pulse averaged at about 2.6. Go-
ing to even shorter pulses, the intensity of the UV light was increased by raising the operating
voltage from 6.6V to 7.6V (see figure 7.9(b)). The relation between pulse length and count rate
was still fairly linear, albeit with a different slope. The irregularity seen at T = 100ns stems from a
repositioning of the UV LED, which resulted in a shift of the irradiated spot on the photocathode.

61t was determined in [Str09] that 68.3% of the signals occurring with a time difference of At = (760 £ 20)ns were
counted as separate events.
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7 Tests of a UV LED-based photoelectron source

This sensitivity of the count rate with regard to the point of incidence of the UV light on the elec-
trode can be explained by taking into account that not the full surface of the disc is imaged onto
the detector (compare table 6.2). A significant misalignment of the LED can thus result in a loss
of photoelectrons.

Figure 7.10 presents the number of single photoelectrons per pulse relative to the total photo-
electron yield per pulse as a function of 7. This ratio contains information on the pile-up effect.
Using the notation introduced in eq. (7.9), the ratio &gngle is obtained by counting the entries in
the first peak and dividing this number (Nenries,1 /pulse) by the weighted sum of the entries in all
peaks (Nelectrons/pulse):

Nentries,l/plﬂse

N, electrons/ plﬂse

entries, 1

~ .
Znielaks (1 - Nentries,n)

One particular advantage of the UV LEDs consists in the possibility to achieve sufficiently high
count rates while keeping the pile-up low by choosing an appropriate pulse width and intensity
of the UV light. This is an important feature, as for the second-order time-of-flight mode a high
ratio &gingle is an essential prerequisite. For small duty cycles (7 figp < 1) the total count rate Ryot
integrated over many pulses can be estimated as

Esingle
(7.10)

Riotal & fLED : Nelectrons/plﬂse- (7.11)

Within certain limits, the total detection rate can be scaled by varying the duty cycle via the repe-
tition rate figp at constant T and Upgp without changing the pile-up ratio.

Examples of UV LED settings and the corresponding values of &sigle are compiled in table 7.3. For
a pulse width of 7 = 200ns at a high LED voltage, a total count rate of about 700 photoelectrons
per second was detected, with about half of these contained in the single-electron peak. Using
very short pulses, e. g, 7 =40ns, even a single-electron ratio &single 0f 1 can be reached.

Figure 7.11(a) presents the measured probability to detect n = 1, ..., 10 coincident photoelec-
trons for varying pulse widths 7. With increasing v (between 7 = 40ns and 7 = 1000ns) the
average multiplicity is shifted towards higher values of n. The measured probabilities P(n) are in
reasonable agreement with Poisson statistics (figure 7.11(b)).

Table 7.3: Ratio &ingle and mean total detection rate Ry, achievable for various settings of the UV LED.

| | T=40ns T=200ns T=20us
Esingle 1 0.50+0.01  0.36940.002
Nelectrons/pulse | 0.049+0.003 0.711+0.010 17.08+0.05
Urrp [V] 7.6 7.6 6.6
Jiep [kHz] 1 1 1
Riotal [1/8] 50 700 17000
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Figure 7.9: Dependence of the photoelectron count rate on the pulse width 7 of the UV light. Pulse widths
between Tin = 40ns and Tma = 40 us were investigated. For small pulse widths 7 < 1 us (gray-shaded

area) a higher intensity of the UV light was used: the driving voltage was set to Uigp = 7.6V instead of
Uep = 6.6V for larger pulse widths. The repetition frequency of the LED was figp = 1kHz.
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Figure 7.10: Relative fraction of single photoelectrons detected per pulse as a function of the pulse width
7 of the UV light. Pulse widths between 7 i, = 40ns and 7y = 40 us were investigated. For small pulse
widths (gray-shaded area, T <1 us) a higher intensity of the UV light was used: the driving voltage was set
to Upgp = 7.6V instead of Upgp = 6.6V for larger pulse widths. The repetition frequency of the LED was
fiep = 1kHz. The largest relative fraction of single photoelectrons per pulse compared to the total number
of photoelectrons per pulse is obtained at the smallest values of 7.
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Figure 7.11: Measured multiplicity distributions for various pulse widths (a) and comparison with calcu-
lated distributions according to Poisson statistics (b).
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7 Tests of a UV LED-based photoelectron source

Dependence of photoelectron count rate on the driving voltage of the UV LED

In order to tune the detected rate of photoelectrons, it is also possible to vary the intensity of the
light emitted by the LED by changing the operating voltage, while keeping the other operational

parameters (f and 7) constant.

The optical power output of a LED increases with the for-
ward current Iy, which is given by

Uarc — ULeD
r=—"""p—"

(7.12)
for the driving circuit of the LED depicted in figure 7.12.
The relation is approximately (although not strictly) lin-
ear (a typical diagram for the UV LEDs employed in this
measurement is included in figure C.1 in the appendix).

Figure 7.13 presents the measured number of photoelec-
trons per pulse for various voltage settings Uygp at fixed
pulse width 7 = 40 us and repetition rate figp = 1kHz.
For low operating voltages about 1 photoelectron per light
pulse is detected on average, whereas at higher operating

ULeo g
R 7

AL @)

UAFG
m— ®

Figure 7.12: Driving circuit of the UV
LED. A series resistor R protects the
diode against thermal damage due to
excess currents. In most of the measure-
ments, R =90 was used.

voltages several tens of photoelectrons per pulse reach the detector.
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Figure 7.13: Dependence of the photoelectron count rate on the operating voltage in the range between
Uigp = 5.8V and 6.6V (further measurement points up to Upgp = 7.6V are not included in the graph).
Measurement with fixed pulse width T = 40 us and repetition rate figp = 1kHz at a surplus energy of

q(Usource - Uspec) A 15.7€eV.
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7.3 Pulsed photoelectron production from a stainless steel cathode

Overview of the results

In summary, the investigations of the timing properties of photoelectron pulses generated with a
fast-pulsed UV LED demonstrate the following key qualities:

1. The operating parameters f, T and U of the UV LED in pulsed mode can be varied over a
wide range, turning the LED-based photoelectron source into a multipurpose device.”

2. Photoelectron rates of several 10* % have been achieved. This would allow to carry out cal-
ibration measurements of the transmission function at the main spectrometer in the nor-
mal mode (i. e., without the additional time-of-flight option), where high electron rates are
necessary.

3. The emission time interval Az; .. of the photoelectrons, which can be controlled by tuning
the pulse width 7 of the LED, is sufficiently well defined for the purpose of using this elec-
tron source in a pulsed time-of-flight measurement. In particular, the UV LEDs used in the

measurements can deliver pulses which fulfill the following requirements:

o AtS . < ToF
The photoelectron pulses are short compared to the overall time of flight (ToF) through
the spectrometer. This holds for the Mainz MAC-E filter with ToF values of a few us or
below (see section 7.3.3), and thus necessarily also for the much longer KATRIN main

spectrometer with ToF values of up to several 10 us (compare sections 7.1.1 and 7.1.2).
o At . < 6ToF

emis
The photoelectron pulses are also short compared to the expected differences in the
time of flight (6ToF) which are intended to be resolved in the second-order MAC-
E-ToF mode introduced in section 7.1.2 (compare simulations for the KATRIN main

spectrometer, figures 7.5 and 7.7(b)).
o Atf . < AtDAQ,analysis

emis ~

The pulse widths are comparable to the timing resolution Afpaq, analysis Of the DAQ
system and the data analysis methods (for further details see reference [Str09]).

Furthermore, Afpaq, analysis i required to be smaller than ToF and 6 ToFE.8

It is possible to choose f, T and U such that only — or at least predominantly — single pho-
toelectrons per pulse are obtained (figure 7.10(b)), although the overall detection rate of
photoelectrons in this case may be low (figure 7.9(b)). This high fraction &gjngle is impor-
tant to take full advantage of the good timing resolution of a fast DAQ system in the ToF
measurement mode.

"Aside from fast pulsing with duty cycles of the order of 10~°—10-2 as mostly used in the experimental work described
in this thesis, high duty cycles (e. g, 50%) or continuous operation are possible, as well. In any application, attention
should be devoted to the maximum thermal load sustainable by the LED, and the forward current should be limited
according to the duty factor (compare datasheets [Seo06b, Seo06a]).

8For the test measurements at Mainz Afpaq,analysis Was determined to be about 60ns (gaussian width o of the mea-
sured distribution).
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7.3.2 Energy scan of photoelectrons at 18 keV

In further measurements the energy distribution of the photoelectrons was investigated. To ob-
tain the energy spectrum, the photocathode was set to Usource = —18.0kV and the retardation po-
tential of the spectrometer was varied between Uspec = Usource — 4V and approximately Usource +
410V. The following settings of the UV LED were used: rate f = 1kHz, pulse width T =200ns, driv-
ing voltage U gp = 7.6 V. The energy scan contains about 30 points with a measurement time of
about 10—12s each (the exact value was determined by counting the number of recorded buffers,
which was typically of the order of Npygrers < 10000). Two principal methods of analysis can be
applied to these data:

a) evaluation of the total number of photoelectrons detected (per UV light pulse) as a function
of the surplus energy Esurplus = §(Usource — Uspec) (integrated energy spectrum, presented in
this section),

b) determination of the mean time of flight of the photoelectrons as a function of the surplus
energy (time-of-flight spectrum, see next section 7.3.3).

The integrated energy spectrum shall be discussed first.

One channel of the Flash-ADC was used to record the pre-amplified signals of the electron de-
tector. In the analysis software, these signals were later digitally filtered and differentiated. The
peaks in the differentiated data were fitted. Subsequently, energy and timing information were
extracted from the parameters of the fit.%

Figure 7.8 contains an energy spectrum resulting from the analysis of the processed pre-amplifier
pulses for one measurement point. For each of these individual spectra, the ROOT!? PeakSearch
algorithm was employed to find the position of the peaks (triangle symbols ¥ in figure 7.8). They
were first fitted one by one with a function consisting of an exponential rise convolved with a
Gaussian (red curves). After that, pairs of two adjacent peaks were fitted together in order to
find the position of the minimum separating them (blue curves). This way the limits E/. and
E] . for the summation of events in the peak of order n were determined. In case of overlapping
peaks, the peak positions at higher orders were extrapolated from the position and width of the
first peaks.!! A means to control the quality of the peak analysis is to plot the position of the peak
maxima determined by the fit as a function of peak order. Such a plot is shown in figure 7.14.

With this information from the fitting procedure the number of detected photoelectrons per pulse
was determined according to eq. (7.9). This quantity is plotted as a function of surplus energy in
figure 7.15. Due to the high-pass character of the MAC-E filter, the spectrum is an integrated one,
i. e, all electrons with energies E| > qUspec can pass the electrostatic filter.

In the following the uncertainties of the energy determination and electron counting method
shall be discussed.

o Uncertainty of the surplus energy determination
Two major contributions are expected:
a) High-voltage stability and relative calibration.

The error bars for the surplus energy values Esurplus = §(Usource — Uspec) shown in fig-
ure 7.15 only reflect the short-term stability of the two voltages Usource and Ugpec dur-
ing the scan, which was monitored with a high-stability precision voltmeter. A further
systematic uncertainty, however, arises from the fact that the divider ratios of the two

9A comprehensive overview of the signal processing and analysis chain is given in [Arl09, Str09].
10ROOT: An Object Oriented Data Analysis Framework [ROOT]
HSee [Str09] for further details.
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Figure 7.14: Multiple peaks in energy spectrum: linear relation between peak position and peak order.
A linear fit of the data with the function f(x) = a + bx yields the fit parameters a = 0.46£0.17 and b =
8.70£0.11.

high-voltage dividers are only known to a limited accuracy, which affects the deter-
mination of the two voltages relative to each other. This uncertainty is not included
in the graph, but should be regarded as a constant offset to the value of the surplus
energy of a magnitude of A Egyrpius ~ 1.1€V. The shift is dominated by the uncertainty
of the JRL divider ratio (compare table 6.3).

b) Work function values.

The kinetic energy of the electrons analyzed by the electrostatic filter is influenced by
the difference ®source — Pspec 0f the work functions of source and spectrometer (com-
pare, for example, the extensive discussion in [Ost09]). Although both the photocath-
ode and the retardation electrodes of the spectrometer consist of stainless steel, it
is plausible that their respective work functions are not exactly the same (different
grades of material were used, and further effects due to the machining and a potential
oxygen contamination of the surfaces are expected). It is difficult to determine the size
of the contribution, yet a shift of the order of a few 100meV seems to be a reasonable
assumption.!?

A combination of these two contributions may well explain the shifted onset of the trans-
mission observed in the measurement (fig. 7.15(b)). The transmission edge, where elec-
trons start to pass the electrostatic filter, is located at a surplus energy of q(Usource — Uspec) &
1.5eV. This observation is consistent with the slightly larger values found in the measure-
ments with the fiber-coupled photoelectron gun described in section 7.4, where different
photocathode materials were used. However, it cannot be excluded that further uncertain-
ties play a role which have up to now remained undetected.

12Measured values of @gintess steet found in the literature vary over a range between 4.35eV and 4.75¢eV (cf. table 7.1).
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Figure 7.15: (a) Integrated energy spectrum of photoelectrons at Usoyrce = —18kV. (b) Close-up on low
surplus energies. A fit assuming a gaussian energy spread O energy 0f the photoelectrons with a vanishing
starting angle distribution (solid line) and the expected analytical transmission curve for an isotropically
emitting, but monoenergetic photoelectron source at a spectrometer energy resolution of AEgpec = 1.5V
(dashed line) are included. The former yields a good agreement with the data for Oenergy =0.21€V.

o Uncertainty of the number of detected photoelectrons per UV pulse

The total uncertainty of the number of photoelectrons per UV pulse is obtained by quadrat-
ically adding the statistical and systematical uncertainties:

Ttot =4/ Ogae + Oy (7.13)
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with the statistical uncertainty

AN, electrons Vv N electrons

Tgtat = = (7.14)
o Nbufters Nbufters

and the systematical uncertainty due to the analysis method of the peaks given by

Npeaks
1 p
O syst = : Z (n - ANentries, n)z- (7.15)
Nbuffers =1

The latter uncertainty arises from the method of determining the total number of photo-
electrons according to eq. (7.9). For example, the choice of binning of the photoelectron
energy slightly influences the number of entries attributed to each of the multiple peaks in
the energy spectrum (see figure 7.8). This gives individual uncertainties A Nepiries, n, Which
need to be taken into account according to their weight 7. In the case of the measurement
presented in figure 7.15, a typical value of the systematic error is 120 counts divided by
Nhousters, While the statistical error is usually slightly lower (but of the same order).

Interpretation of the integrated energy spectrum

Figure 7.15 shows that, for the given operational parameters of the UV LED, at full transmission
(qUsource = qUspec) the total rate of detected photoelectrons averages at about 0.8 per pulse. A
considerable fluctuation of the count rate is observed, in particular at low surplus energies around
Esurplus & 2 — 3eV. A further burst occurs at Egyrplus &~ 80€V. During the measurement, the wire
scanner was installed, but inactive. This means that the wire was located close to — yet probably
not exactly at — the center of the beam line. It is likely that minor, short-lived discharges from
the Penning trap discussed in chapter 6 played a significant role. The fluctuating count rate is
reminiscent of the behavior observed during the wire scanner test measurements (compare sec-
tion 6.3.2). It is also possible that the “bump” at low surplus energies is an indication of formerly
stored electrons spilling out of the Penning trap as soon as the energy barrier formed by the re-
tardation potential is lowered (this fits the direction of the energy scan seen in figure 7.15, which
was performed starting from Usource — Uspec > 0 and proceeding towards Usource — Uspec < 0.) In
future measurements it would be worthwhile to check for this effect by reversing the direction of
the energy scan.

In order to interpret the observed width of the rise in the integrated energy spectrum from zero
to 0.8 photoelectrons per pulse, the individual contributions due to the transmission function of
the spectrometer and the energy spread associated with the process of photoelectron production
must be disentangled. Two general scenarios have to be distinguished:

1. The angular distribution of the photoelectrons fills up the entire forward solid angle and the
spectral width is thus expected to reflect the full spectrometer energy resolution AEspec =
1.5eV used for the measurement. In this case the measured width, which is indeed compa-
rable to this value of A Espec = 1.5€V, would leave no room for any additional spread in the
work function @ or a finite width of the photon energy Ephoton. Considering the arguments
presented in section 7.2, this case representing a “perfectly monoenergetic” photoelectron
source is unlikely.

2. In the alternative scenario, the angular distribution of the photoelectrons is confined to
small angles. Hence, the transmission function of the spectrometer only gives a minor con-
tribution to the observed spectral width, which in this case is determined by the inhomo-
geneity of the work function of the photocathode, the spread of the photon energy (FWHM
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7 Tests of a UV LED-based photoelectron source

= 0.27eV for the 265 nm LED), potential energy losses of the electrons inside the photo-
cathode and by the ripple of the high-voltage power supplies (¢(100 mV)).

Due to the immediate and strong forward acceleration in the high electric field at the cathode, it
is expected that the photoelectrons gain only a small amount of transverse energy as compared
to the longitudinal component. Therefore, they can obtain only small starting angles

(E 1 )start, max 0.5eV
0 =arctan | 4 [—="""= | ~arctan V ~0.3°, 7.16
start, max ( E|| 18keV ( )

assuming a maximum initial transversal energy of (E | )start, max & 0.5 eV (estimated from the work
function and photon energy values given in tables 7.1 and 7.2). Consequently, the angular distri-
bution reached inside the strong magnetic field does not encompass the full forward solid angle!3,
thus ruling out the first of the two abovementioned cases.

The two scenarios are compared in figure 7.15(b), from which it can be seen that the theoreti-
cal curve for the case of isotropic emission without intrinsic energy spread of the photoelectrons
(dashed line) does not match the measured data, while the model with mono-angular emission
along the normal of the photocathode (8 = 0°) and a small energy spread (solid line) is in good
agreement with the measurement. Fitting the measured data in the range between Usoyrce —
Uspec = —8V and 4V with a complementary Gauss error function erfc (thus respecting the in-
tegrating character of the MAC-E filter) with the fit parameters

a amplitude,

Oenergy  gaussian width,

Eq position, and
b background (offset)
yields
T energy = (0.207£0.017) eV. (7.17)

The fit result allows to set an upper limit on the width of the energy smearing of
Oenergy < 0.24eV (95% C.L.), (7.18)

which corresponds to a full width at half maximum of AE [y < 0.57eV.

13Based on the estimated upper limit of starting angles Osar, max Obtained in eq. (7.16), the adiabatic transformation
when going from the weak magnetic field By« ~ 0.02T at the location of the photocathode to the high mag-
netic field Bpagnet ~ 6T inside the entrance solenoid of the spectrometer can only produce a maximum angle of

Ormagnet, max = arcsin (sin Ostart, max - 1/ Bmagnet/ Bstan) ~ 5°, which is indeed far from filling the full forward solid angle.
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7.3 Pulsed photoelectron production from a stainless steel cathode

7.3.3 Time-of-flight measurement of photoelectrons at 18 keV

Taking advantage of the good timing resolution of the Flash-ADC data acquisition system, the
time of flight (ToF) for photoelectrons passing the retardation filter at different surplus energies
was determined analyzing data from the same measurement that was used to obtain the inte-
grated energy spectrum.

The start signal for the ToF measurement was provided by the trigger output of the function gen-
erator powering the UV LED. After being processed by a gate and delay unit and a spectroscopy
amplifier, this control signal was recorded on the second channel of the Flash-ADC card. The
starting point was then determined by the zero point of the bipolar control signal.

To obtain the ToF spectrum, a histogram of the arrival times was generated for each measurement
point and the mean of the distribution was determined. Some examples are shown in figure 7.16.
Atlarge surplus energies above the filter threshold the distribution can be described by a Gaussian
(figure 7.16(a)), since for small pulse widths of the UVLED (7 < 250—300ns) the systematic effects
introduced by the timing resolution of the measurement method dominate (compare [Str09]). For
small surplus energies, however, the arrival time distribution exhibits additional features related
to physical origins rather than to systematic effects. A broadening of the distribution and a tail
towards higher arrival times (see figure 7.16(b)) are observed for decreasing surplus energy. They
are to a large extent caused by the spread of the photoelectron energies, which is mainly due to
two effects. First, as seen in section 7.2, the light from the UV LED is not strictly monochromatic.
Second, the work function of the cathode material is not spatially uniform. The extended spot of
UV light on the surface of the photocathode therefore encompasses local inhomogeneities, and
photoelectrons with slightly varying energies are generated.

Figure 7.17 shows the full width at half maximum (FWHM) of the arrival time distribution as a
function of Egyrplus. Between surplus energies of about 410eV and 15 eV, the width remains con-
stant and the shape of the curve is essentially Gaussian. For lower surplus energies, however, the
spread in the kinetic energy translates into a spread of the arrival times of more than a microsec-
ond.

Figure 7.18(a) presents the time-of-flight spectrum for photoelectrons over a wide range of sur-
plus energies. Electrons with Egyrpius &~ 410€V reach the detector about 220ns after the UV light
pulse irradiated the photocathode, whereas electrons with small energies of Egyrpius ~ 1.7 €V ar-
rive after a mean time of flight of about 4 us.

The absolute scale of the time of flight was fixed using calculated values, which are also included
in the plot. These allow to correct for a systematic offset due to processing and propagation times,
which partly shifted the uncorrected values into the unphysical negative range (compare for ex-
ample 7.16(a)). The time of flight for electrons starting with a specific kinetic energy Eyin, was
calculated by numerical integration according to the relation

Zstop dZ
Larrival — start = f (_); (7.19)
2 vz

start

where dz is a line element along the z axis, and the velocity v of the particle is given by

1
v(z)=cpf(z) = 6”1_}’2(2)

1 1
=c 1——226 1- 5 (7.20)
Ekin(z)+1 CI(Usource_U(Z))+1
m002 m062
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(a) The arrival time distribution obtained for large surplus energies, like for example
16.6 eV, can be described by a Gaussian function (here: mean ¢, = (—68.1+0.9) ns and
standard deviation o =(62.0£0.7) ns).
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(b) The arrival time distribution for smaller surplus energies, for example 2.3 eV and 2.1 eV, can no longer be fitted
with a simple Gaussian function. With decreasing surplus energy, the distribution broadens and develops a tail
towards larger arrival times.

Figure 7.16: Arrival time distribution of photoelectrons at different surplus energies.

The axial distribution of the electric potential, U(z), is calculated using a detailed computer mo-
del of the electrode configuration. In the relations (7.19) and (7.20) it is assumed that the velocity
of the electron is parallel to the magnetic field lines and thus defined by the gain of the kinetic en-
ergy Eyin in the electric potential U(z). This assumption reflects the expectation discussed in the
previous section that the photoelectrons are emitted from the cathode with a negligible amount
of transverse energy (compare eq. (7.16)).

As can be seen in figure 7.18(a), calculated time-of-flight values and measured data are in good
agreement over a range of 400V.

However, discrepancies between the theoretical curve for a single value of Eyin = q Usource and the
experimental data become visible when considering the smallest surplus energies in detail (figure
7.18(b)). These point to the finite energy distribution of the photoelectrons, which has so far
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Figure 7.17: FWHM of arrival time distribution of photoelectrons at different surplus energies. At high
surplus energies the width is constant at about FWHM ~ 180 ns (for comparison: the start time ¢, of the
photoelectrons has an uncertainty corresponding to the width of the UV light pulse: AtS ..~ 7 =200ns).

been neglected in the calculation. It can be incorporated in form of a gaussian distribution of the
starting kinetic energies with a width O epergy (three different calculation results are shown along
with the monoenergetic model in figure 7.18(b)). A spread of the starting energies of O energy &
0.2 —0.25eV is suitable to describe the measured time-of-flight data, which is in good agreement
with the earlier results obtained from the integrated energy spectrum (eq. (7.18)).

Figure 7.19 illustrates that the ToF spectrum (x) contains additional information where the nor-
mal transmission curve () has reached its saturation (at medium and large surplus energies), or
hides away small details in the rising part (at low surplus energies).
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Figure 7.18: Time-of-flight spectrum of photoelectrons measured with the Mainz MAC-E filter at an energy
resolution of AE = 1.5eV. Short UV light pulses (duration: 200ns, repetition rate: 1kHz) were used for pho-
toelectron production off a planar cathode which was placed at an electric potential of —18.0kV. (a) Com-
parison between the measured mean values of the arrival time distribution (¢) and simulation results (solid
red line) over a wide range of surplus energies. (b) Close-up on the region of small surplus energies. At the
largest time-of-flight values, corrections due to an energy smearing of the photoelectrons become relevant.
Several calculations for varying widths of a gaussian broadening of the surplus energy are shown. A good
agreement between data and calculation is achieved for a broadening around T epergy = 0.20 — 0.25€V.
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UV LED: pulse width 200 ns, repetition rate 1 kHz, Uxpg 10.0 V
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Figure 7.19: Comparison of integrated energy spectrum and time-of-flight (ToF) spectrum of photoelec-
trons, obtained with different analyses of the same measurement data. Surpassing the integrating quality
of the energy scan, the ToF spectrum allows to draw further information from the measurement: it shows
an evolution even in regions of medium and high surplus energies (Usource — Uspec < —3 V) where the inte-
grated scan remains essentially flat.
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7.4 Prototype studies of a pulsed photoelectron source with
angular selectivity

In order to motivate the idea of an angular-defined photoelectron source introduced in this sec-
tion, it is helpful to first consider the photoelectron gun installed at the present stand-alone setup
of the KATRIN pre-spectrometer (compare figure 5.8), which is used for measurements to test the
electromagnetic design. Figure 7.20 illustrates the basic principle of the device. A rounded quartz
tip of about @2mm is coated with a thin film of gold. The tip is placed on negative high voltage
and surrounded by a hemispherical casing (also on high voltage) which helps to shape the elec-
tric field. A broadband deuterium lamp illuminates the gold film from the backside through the
UV-transparent quartz substrate, such that photoelectrons are created at the front of the tip and
are accelerated into the pre-spectrometer after passing a focusing ground electrode.

(a) schematic drawing of the electron gun setup (b) photograph of a gold-plated quartz tip

Figure 7.20: Electron gun for tests of the KATRIN pre-spectrometer. The technical drawing in (a) outlines
the central parts of the device: (1) the UV light source, (2) a shutter system allowing to select varying aper-
ture diameters or to block the UV light, (3) the ceramics insulator holding the quartz tip covered with a
thin gold layer (see photograph in (b)) which is attached to a hemispherical guard electrode, and (4) the
annular ground electrode acting as a beam collimator before the electrons enter the spectrometer magnet
(not depicted here).

Theoretical and experimental studies of the transmissive emission of photoelectrons from gold
thin films are abundant in the literature (see, for example, [Jia98] and references therein). The
angular distribution of photoelectrons from backside-illuminated, planar thin films made of gold
was investigated in reference [Pei01]. The authors found experimentally that the angular emission
spectrum is described quite well by a theoretical curve derived from a three-step model'* and can
be approximated by a simple cosine function for incident photon energies Ephoton 0nly slightly
higher than the work function ¢ of the metal film.

However, microscopic trajectory calculations carried out in order to better understand the emis-
sion characteristics of the pre-spectrometer electron gun showed that for a suitable configura-
tion of electric and magnetic fields the angular emission profile at the surface of the metal film

14Tn this model, originally conceived by Berglund and Spicer [Ber64a, Ber64b] and treated in several articles in the
compendium [Scha03], the process of photoemission is decomposed into three stages: 1) optical excitation of elec-
trons within the metal, 2) scattering inside the solid and propagation to the surface, and 3) release of the electron
into the vacuum. In this simplified approach, the electron excitation energy E; inside the solid and the work func-
tion ® together with the electron angle ¢ prior to emission are sufficient to derive the angle 8 under which the
electron will be ejected with respect to the surface normal: cos?§ = cos? ¢ + sin® ¢ %. According to [Pei01], the
angular distribution is obtained by integrating over all excitation energies up to the vacuum level.
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becomes irrelevant.!> Instead, the location of the emitting spot on the surface of the tip — more
precisely: the radial distance of the point of photoemission with respect to the symmetry axis of
the tip — defines the angle 6 and thus the relative amount of transversal kinetic energy at the start
of the trajectory.

The salient points are that the electric and magnetic fields at the location of the tip must be non-
parallel, and that the strength of the magnetic field Begun at the tip is low compared to the maxi-
mum magnetic field Bnax. The third prerequisite is that a strong electrostatic acceleration of the
electrons takes place in the early phase of the motion, which can be realized by a round photo-
cathode tip on high voltage to achieve a suitable shape and strength of the electric field. In this
case, the motion will be non-adiabatic at the start of the trajectory, and therefore the transforma-
tion relation according to eq. (2.22) is not valid in the initial phase.

In the specific case of the pre-spectrometer, the electron gun is placed at a distance of about 1.3m
from the center of the entrance solenoid. The magnetic field at the tip is thus small, since only
the fringe fields of the superconducting solenoids contribute:

1
Begun ~ m Bsolenoid (7.21)

(with Bmax = Bsolenoid)-

In the local environment of the tip, the magnetic field can be assumed to be quasi-homogeneous,
whereas the electric field lines diverge radially due to the hemispherical shape of the tip (see figure
7.21).

r shaft of
gold-plated quartz tip

/
I'=Tstartmax] -~ -~~~ -~~~ ~- -~~~ ~-~-~-- NQQ

B (locally homogeneous)

Figure 7.21: Sketch illustrating the relation between starting angle and radial position on the tip of the
electron gun.

Independently of the angle 6 between the electron momentum and the magnetic field lines at
the start of the trajectory, the electrons gain a certain amount of initial transversal kinetic energy
by non-adiabatic acceleration in the strong electric field. In the early phase of the motion, they
follow the electric field lines rather than the magnetic field lines. After a very short distance the
electrons leave the region of strongest acceleration. The magnetic field then takes over and sub-
sequently the electrons are guided adiabatically along the magnetic field lines. Due to the specific
geometry of the fields, those electrons starting at a larger radial distance from the tip will “attach”
to the magnetic field lines with a larger angle Z(B, p) than those emitted close to the axis, where E
and B are essentially parallel. As they travel from the low magnetic field into a region with higher

15These calculations were carried out in cooperation with K. Hugenberg and are presented in detail in her diploma
thesis [Hug08].
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7 Tests of a UV LED-based photoelectron source

magnetic field strength, the initial amount of transversal kinetic energy is amplified according
to eq. (2.22), which has regained its validity in the advanced stages of the electron trajectory.
Hence, by virtue of the magnetic gradient force (eq. (2.19)), the angle 8 is increased. In view of
the large ratio Bsolenoid/ Begun, €ven very small starting angles Osearc — and therefore small starting
radii rgeart — are sufficient to yield large angles Osolenoid at the center of the entrance solenoid of the
pre-spectrometer.

This is seen in the simulation results [Hug08] presented in figure 7.22. Electrons originating from
a very small region restricted to Tsiart < Tstart,max ~ 160 um reach large angles up to splenoid S 90°.
All electrons starting at larger radii on the tip are magnetically reflected before entering the pre-
spectrometer. Variations of the starting kinetic energy of the electrons, which are determined by
the difference between the maximum photon energy delivered by the deuterium lamp (Ephoton S
6.7eV) and the work function of the gold film (@414 ~ 5€V), have only little influence on the re-
sults.
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Figure 7.22: Angular emission characteristics of the pre-spectrometer electron gun as a function of the
starting radius (both figures taken from [Hug08]). Osolenoia denotes the angle Z(B, p) in the high magnetic
field inside the pre-spectrometer entrance solenoid. Oslencia = 90° is the critical value of the angle with
regard to reflection due to the magnetic mirror effect. (a) Dependence of Osoienoid On the radial position
of the starting point along the contour of the tip of the electron gun. Four discrete values of the starting
energy E, between 0 and 1.5eV were used. The simulation was carried out for typical values of magnetic
field (Bsolenoid = 0.283T) and electric potential (Uegun = —1kV) employed during initial test measurements
to determine the transmission function of the pre-spectrometer. (b) Starting positions of calculated elec-
tron trajectories (red crosses) marked on top of a close-up on the tip geometry (blue line). Only electrons
originating from the encircled region reach the entrance magnet; all others are magnetically reflected.
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7.4.1 Mechanical construction of the fiber-coupled photoelectron gun

The principle of non-adiabatic acceleration explained above can be exploited to conceive an
angular-defined photoelectron gun. The basic idea is to selectively illuminate small areas on a
metal tip in order to generate localized photoemission of electrons from discrete spots (ri’flner <
r < rk ) which correspond to discrete intervals of angles (Hlﬁwer <0< Hlfpper). Here, k de-
notes the index of the individual spots of photoemission. The relative width of such an interval
[Hllgwer, Hlfpper] depends on the spatial extent of the irradiated area, whereas the central angle in
each interval is determined by the position of the spot. For a first experimental test of a proto-
type, it would be sufficient to arrange for a small number of distinct emission areas. However, for

amore elaborate device a large number of closely packed emission regions should be envisioned.

Figure 7.23 compares two different methods to achieve spatially confined photoemission, which
are based on reflective versus transmissive illumination of a metal surface. In the following, these
two possibilities will be evaluated with regard to their application in a simple prototype setup.

In the first case, a beam of UV light with a small cross section is directed from the side onto
the bulk-metal surface. The beam needs to be focused to a spot with a diameter of the order
of 20 — 100 um on the tip in order to arrange for a small number of separate spots on the small
available area. Obviously, a better angular resolution can be achieved for smaller spot sizes. Fur-
thermore, the required precision for the positioning of the spot on the tip is of the order of 10 um.
Reproducible positioning to selected coordinates is also an issue. UV laser systems of an ap-
propriate wavelength might fulfill these requirements. Considering the experimental constraints
(among others, the limited space, the ultrahigh vacuum environment and the necessary precau-
tions associated with the operation of a UV laser), the technical implementation of such a micro-
focus system seems rather challenging.

The second method uses UV-transparent optical fibers to guide the UV light from the source
through drills in the bulk metal to the tip. The ends of the fibers are cut and polished to match
the local shape of the tip, and subsequently are covered with a thin metal film (for example by
vapor coating). In this case the diameter of the light-guiding core of the fiber and the minimum
possible spacing of the fibers determines the size and position of the illuminated spots on the
tip. Since the fibers are fixed, reproducible measurements should be easier to achieve than in
the aforementioned solution. Either a separate LED for each fiber could be used or a single LED
might supply all fibers sequentially by means of some “multiplexing” unit.

For the purpose of a simple proof of principle, the second method seemed to be most suitable.
A prototype of an electron gun offering at least rudimentary angular selectivity was built and
tested at the Mainz MAC-E filter. The same vacuum chamber that housed the wire scanner and
the disc-shaped extra electrode in the measurements described in chapter 6 was employed as a
container for the new photoelectron gun. Figure 7.24 shows photographs of the prototype setup.
It comprises the following basic components:

o A photocathode tip. The geometry was modelled on that of the pre-spectrometer electron
gun, but since the backside illumination made the need for quartz glass obsolete, the new
tip was made of aluminium. To connect the tip with the flange of the vacuum chamber its
support structure is equipped with a 30 kV insulator and a high-voltage feedthrough.

¢ A hemispherical casing and an annular ground electrode provide additional shaping of the
electric field.

e Three UV-transparent fibers are embedded into the metal tip. Step-index UV fibers with a
core diameter of 98 um and an outer diameter of 245 um supplied by the company j-fiber
GmbH were chosen [Leo08]. The ends of the fibers were coated with thin metal films (see
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Figure 7.23: Two options of illuminating the photocathode in an angular-selective electron gun with a ball-
shaped metal tip. (a) A small spot on the surface of the bulk metal is irradiated by a well-collimated beam,
for example using a micro-focused UV laser. (b) UV-transparent optical fibers are employed to guide the
light through the bulk-metal electrode. The fibers are cut and polished at the surface of the tip. Their ends
are coated with a thin metal film, which is illuminated from the backside.

table 7.4). Silver and copper were used in successive measurement periods. The work func-
tion of both materials is lower than the photon energy supplied by the UV LEDs (compare
tables 7.1 and 7.2: ®ag polyeryst. = (4.0 £0.15) eV and Pcy, polycryst. = (4.65+0.05) eV, both val-
ues according to [Eas70]). In addition, they can be easily applied in well-defined quantities
by the vaporization method. Since silver rapidly oxidizes when exposed to air and its work
function is thus expected to change in a rather undefined manner, it is difficult to determine
the energy of the photoelectrons. One way to avoid this problem is to handle and transport
the film and the assembled electron gun setup in an enclosure filled with inert gas. Another
possibility is to use a different cathode material, for example copper, which is much less
sensitive to this problem.!® Two opposite side faces of the aluminium tip (“shafts”, compare
sketch of the tip geometry in fig. 7.21) were coated with gold and chromium films, respec-
tively. This opened up the possibility to compare the photoelectron spectra measured with
the fibers with a spectrum of undefined angular emission by irradiating the shafts of the tip
through the windows of the vacuum chamber.

e A single UV LED was mounted on a positioning device (micrometer screw) to allow the
selective illumination of specific fibers. The by now well-characterized LEDs of the types
T9B26C (central wavelength Acentral = 265nm) and T9IB25C (Acentral = 255nm) were em-
ployed. In order to facilitate the interfacing of the LED emission with the optical fiber, these
LEDs are equipped with a simple ball lens. Nevertheless, the manual coupling of the UV
light beam into the fiber is rather difficult and clearly forms one of the disadvantages of the
method. According to manufacturers, the radial extent of the focal region achievable with
the ball lens is about 1.5—2mm at a typical focal length of 15—20mm [SET08]. Considering
that the core diameter of the fiber is about 20 times smaller than the width of the focused

16Regarding stability against oxidation, gold would be the obvious choice. However, the work function of a polycrys-
talline gold film seems to have only a marginal overlap with the photon energy obtainable with the UV LEDs (com-
pare table 7.2). Therefore, gold was only applied to one of the side shafts of the tip, and not to the fibers. Indeed, no
conclusive photoelectron signal from the gold surface was observed (compare remark at the end of section 7.4.2).

243



7 Tests of a UV LED-based photoelectron source

~ micrometer screw

\

insulator

ground electrode

(a) (©)

Figure 7.24: Prototype of a fiber-coupled photoelectron gun. The photographs show (a) the assembled
setup with support structure, (b) a close-up on the tip, and (c) the photoelectron gun mounted at the
Mainz spectrometer.

beam at its minimum extent, the losses due to the mismatch are large. In general, it would
be desirable to find a better way of matching the UV LED and the fiber in order to maximize
the light yield at the tip.!”

Technical drawings with further details regarding the construction are included in appendix B.4.

Table 7.5 and figures 7.25 and 7.26 illustrate the positioning and mounting of the three equidistant
fibers. Unfortunately, the outermost fiber (# 3, see fig. 7.26) broke already before the electron gun
could be tested at Mainz. Therefore, only one inner and one outer fiber could be used for the
measurements. The centers of the two working fibers are placed 80 um and 170 um relative to
the symmetry axis of the tip, respectively. This rather large spacing is due to the thickness of the
fibers. Because of the large diameter of both coating and core of the fibers, only a very crude
angular resolution of the source can be expected. In addition to the position of the emitting spots

7Commercial solutions to this problem of light collection and coupling into a fiber are available.
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Table 7.4: Materials used for vapor-metalization of the fibers and shafts of the tip in the electron gun setup.
(All work function values according to [Eas70].)

| || 15t meas. period | 2nd meas. period |

material covering fibers || Ag, ®=(4.0£0.15)eV | Cu, ®=(4.65£0.05)eV

(might be oxidized)
quantity [ug/cm?] 30—-35 20-30
material on shafts of tip Cr, =(4.5£0.15)eV

Au, ®=(5.1+0.1)eV

Table 7.5: Fiber-coupled photoelectron gun: radial parameters of fiber positions. All positions are mea-
sured relative to the center of the @2.8mm aluminium tip (compare figures 7.25 and 7.26). The mechan-
ical preparation of the tip allows a positioning accuracy of about +20 um (construction tolerance), which
determines the uncertainty to be applied to all values listed in the table. The outermost fiber # 3 could not
be used, therefore the relevant parameters of fibers # 1 and # 2 are highlighted in bold font.

fiber #1 #2 #3
comment ‘outer fiber’ ‘inner fiber’ broken (not used)
center of fiber 170 um 80 um 330um
innermost position covered by core 121 pum 31 um 281 um
outermost position covered by core 219 um 129 ym 379 um

on the tip, the uncertainty of the positioning of the entire electron gun with respect to the central
axis of the spectrometer is critical for the success of the measurement. The mounting structures
holding the tip are mechanically stiff, but nevertheless a small deviation of the assembled system
from its ideal position cannot be completely avoided.

The simulations of the pre-spectrometer electron gun presented in figure 7.22 can only be used

to obtain a rough estimate of the angular emission of the two fibers, since the configuration of

electric and magnetic fields at the test setup in Mainz is different from that used in the simulation.

The magnetic field ratio used for the prototype measurements of the fiber-coupled electron gun
is

Begun N 0.03T L

Bsolenoia 6T 200

and an acceleration voltage of —18kV was applied. In order to achieve a detailed understand-
ing of the experimental results, a new set of simulations is thus necessary, which is presently in
preparation in the scope of the diploma thesis of H. Hein [Hei09]. The observation of different
shapes of the transmission curve for the inner and the outer fiber could already be considered as
an experimental hint that the principle idea works.

) (7.22)
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(a) cross section of the fibers after polishing (b) transmission of visual light after vapor deposition

Figure 7.25: Photographs of fiber feedthroughs in the tip of the photoelectron gun prototype, as viewed
through an optical microscope. (a) The fiber consists of three layers: the silica core (illuminated), the
cladding (dark) and the outer coating (greenish color). In total, the fiber diameter amounts to about
245um. The fibers are mounted closely spaced in diamond-shaped holes and fixed with glue. During
polishing, some small pieces at the edge of the fiber have come off, but the central surface remains flat and
smooth enough to avoid field emission due to microtips. (b) Transmission test of the fibers with visible
light, after polishing and vapor-metalization of the fiber ends. The fiber cores are 98 um in diameter, and
their centers are 250 um apart. (Pictures by H. Baumeister and W. Hassenmeier.)

|
~ 80:um
<

#3 #2 #1
diamond-shaped hole

O fiber (outer diameter 245 ym)

Figure 7.26: Sketch: tip of the fiber-coupled electron gun. The cross section of the tip is shown, including
the outlines of the three fibers implanted closely spaced into the bulk of the tip. The fibers are glued into
diamond-shaped openings. The center of fiber #2 is offset by (80+20) um with respect to the center of the
tip, and fibers # 1 and# 3 are placed symmetrically around fiber # 2. During tests of the setup before ship-
ment to Mainz, fiber # 3 was broken and could no longer be used. In the description of the measurements
below, fibers # 1 and # 2 will be labelled ‘outer fiber’ and ‘inner fiber’, respectively.

246



7.4 Prototype studies of a pulsed photoelectron source with angular selectivity

7.4.2 Measurement of integrated energy spectra: comparison between outer
and inner fiber

Both for silver and copper as metal plating on the tips of the fibers photoelectrons from transmis-
sive irradiation with UV light from the UV LEDs were successfully detected. The Mainz MAC-E
filter allowed to measure high-resolution energy spectra of the photoelectrons. Typical experi-
mental settings and vacuum conditions!® for the spectroscopy runs are listed in table 7.6. Figure
7.27 shows two energy scans for each of the two functioning fibers. The high voltage of the elec-
tron gun was set to Usource = —18053V and the spectrometer voltage was ramped in steps from
Usource — 10V to Uspurce +15V.

The results of the five runs presented in this section (2 - 2 runs with fibers, one for the chromium
layer at the shaft) are confirmed by a large number of further measurements under varying exper-
imental conditions, which are however not included here. For example, spectroscopy measure-
ments were carried out using silver instead of copper as a metal coating material, with varying
resolution settings of the spectrometer and with the two available LEDs of different central wave-
lengths.

Table 7.6: Settings and parameters for the energy scans with the fiber-coupled photoelectron gun.

spectrometer resolution AE=1.5eVat E=18keV

pressure levels Pspec = 1.0- 108 mbar
Pegun = 2.5-10~" mbar
Pdetector = 2.6 - 108 mbar

water-cooled auxiliary coil — ITaux. coil = 100A

xy-compensation coils Icomp.1 =30A, Icomp.2 =22A
wire scanner moved out of the beam by constant current, Iy =3.5A
UV LED pulse width 7 =10us

repetition rate f =2kHz

voltage setting at function generator Uarg =6V (7V)

During the first scan with the outer fiber (run egunsc38), a strong discharge occurred, which was
probably related to the fact that the wire scanner was inactive and switched out of the beam by
a dc current. As a consequence, the high voltage on the electron gun was automatically shut
down upon reaching the current limit of the power supply. The measurement was repeated (run
egunsc39) after resetting the high voltage supply. Both runs are included in figure 7.27; however,
all points after the onset of the discharge are left out in run egunsc38 (therefore, the measurement
points at higher surplus energies are missing).

A measurement interval of 30s for each step of the spectrometer voltage was chosen for the inner
fiber, whereas the interval had to be doubled to 60s per step for the outer fiber, which exhibited
a significantly lower detection rate of photoelectrons. In addition, the voltage setting of the LED
was increased from Uppg = 6V (inner fiber) to 7V (outer fiber). In figure 7.27 all count rates are

18With the electron gun installed, the residual gas pressure in the setup was significantly higher than during the wire
scanner measurements. This is partly due to the fact that, by the end of the second measurement phase, the system
had been opened already several times without proper baking. Before the particular measurement described here,
the pumps had only been running for a relatively short time and the overall pressure levels were still falling. In
addition, the prototype setup of the electron gun was not suitable to achieve good ultrahigh vacuum conditions,
for example because the fibers were fixed to the tip using glue.
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Figure 7.27: Measurement of integrated electron energy spectra with the prototype of an angular-selective
photoelectron gun. The two scans using the inner fiber (+, x) exhibit a marked difference in the shape
of the integrated energy spectrum as compared to the two scans for the outer fiber (x, 00). The width of
the measured transmission curves is slightly larger than the nominal energy resolution A Ep. of the spec-
trometer, which is indicated in (b) for comparison. The labels “0°” and “90°” mark the surplus energies
at which electrons with minimum and maximum angle starting from an isotropically emitting source are
expected to be able to pass the MAC-E filter. (Caution: the angular scale is not linear in 8, but rather in
cos(0)). Therise in the transmission curves measured for the inner fiber is significantly steeper than for the
outer fiber, which yields a proof of principle confirming the idea of selecting particular intervals of starting
angles.
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Figure 7.28: Comparison of integrated electron energy spectra for photoelectrons from chromium (shaft
of the tip, 255 nm LED %) and copper (two fibers, + and x, 265 nm LED).

approximately normalized to match the region of high surplus energies of the first scan, egunsc36.
The following scaling factors were applied:

egunsc36 egunsc37 egunsc38 egunsc39
x 1 x 0.97 x 2.28 x 2.60

The marked difference in the count rates between the two fibers might be attributed to the fact
that the coupling of the UV light into the fibers was done manually using the micrometer screw
(compare figure 7.24). Thus, it is possible that the efficiency of the coupling was higher in the
case of the inner fiber. However, a similar suppression of the rate for the outer fiber was observed
in all measurements, and it could not be amended by many attempts to adjust the optical link.
Therefore, the reduced rate rather seems to be due to other effects:

a) The lower photoelectron yield might originate from a lower transfer efficiency of the outer
fiber as compared to the inner fiber. Possible reasons are a higher reflectance at the en-
trance of the fiber or a larger attenuation factor during transfer to the tip.

b) The lower count rate of photoelectrons at the detector could be related to the magnetic re-
flection of electrons with high starting angles, which is expected to effect the outer fiberin a
much more pronounced way than the inner fiber. Taking the simulations presented in fig-
ure 7.22 as a guide, one would expect fewer electrons from the outer fiber to be transmitted
because of the larger starting radii (the values given in table 7.5 are to be compared with the
calculated spot of emission, which in the case of the simulations for the pre-spectrometer
had a radial extent of only 160 um). However, as stated before, new simulations adapted
to the particular geometry of the prototype electron gun used for these measurements are
necessary to confirm this interpretation.

The latter scenario fits in with the general observation that the shapes of the transmission curves
for the two fibers are indeed different. In particular, the initial rise in count rate when going from
lower to higher surplus energies is significantly steeper for the inner fiber as compared to the
outer fiber. In both cases the total width of the transmission curve is comparable to, but slightly
larger than, the energy resolution of the spectrometer. The individual angular distribution asso-
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ciated with each of the fibers as well as the common intrinsic energy spread of the photoelectrons
(determined in sections 7.3.2 and 7.3.3), are expected to contribute to the total width. A compari-
son with the integrated energy spectrum obtained for photoelectrons from the chromium-plated
shaft of the tip (figure 7.28), taken with the 255 nm LED with slightly higher photon energies,
shows that the shapes of the measured transmission curves for the outer fiber and the shaft are
similar. The spectrum of photoelectrons from chromium is slightly shifted with respect to all
spectra measured for photoelectrons from copper, which might be attributed to a combination
of the difference in the work functions and the photon energies. Notably, the count rate of the
chromium photoelectrons was much lower than in the measurements using the fibers; hence
the corresponding statistical uncertainty in the normalized spectrum is comparatively large. It is
noteworthy that the chromium photoelectron spectrum exhibits a number of burst-like rises in
the count rate which were not observed in the runs with the fibers.

A detailed analysis of the energy spectra obtained from the fibers still needs to be done (compare
[Hei09]). Using the estimate of the energy spread derived from the measurements with the planar
front-illuminated photocathode presented in the previous sections, it should be possible to de-
duce the actual intervals of angular emission for the two fibers. Likewise, future simulations may
help to understand the angular emission from the chromium surfaces.

Remarks on photoelectron production from a gold film

In the first measurement phase a photoelectron signal from the gold-coated shaft of the tip was
seen, which could however not be confirmed after the electron gun had been refurbished and
reinstalled for the second measurement period. A conclusive explanation for this has not yet
been found. It is suspected that aging effects of the UV LED might play a role. According to
recent updates of the LED specifications issued by the manufacturers, the guaranteed lifetime of
the UV LEDs - in particular in the deep-UV range — can be as low as about 150 hours [Las06].
Details on the effects of the aging process on the characteristics of the LEDs are unfortunately not
known, and they seem to be a topic of current research and development efforts. It can only be
speculated, therefore, that the intensity or even the wavelength of the emitted light might change
considerably (or be subject to fluctuations) when a UV diode approaches the end of its lifetime,
which could have led to the observed discrepancies.
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7.5 Evaluation of results and outlook

7.5.1 Summary of simulation studies for time-of-flight measurements at the
KATRIN main spectrometer and experimental tests of a fast-pulsed
photoelectron source at the Mainz spectrometer

Trajectory calculations show that part of the allowed starting conditions for electrons are criti-
cal with respect to fulfilling the transmission condition or causing harmful effects such as early
retardation. For example, as was seen in chapter 4, the radius at which the electrons cross the
analyzing plane is important. Those electrons passing along magnetic field lines at the outer
border of the flux tube are subject to local variations of the electrostatic potential caused by the
modular structure of the wire electrode. Furthermore, due to the radial potential depression the
retardation potential at the analyzing plane is more negative for large radii than on-axis. In order
to investigate key characteristics of the MAC-E filter, such as the broadening of the transmission
function due to radial inhomogeneities of the electrostatic retardation potential and the magnetic
field, an electron source with a two-dimensional manipulator system!? is necessary which allows
to cover the full extent of the transported magnetic flux tube by scanning a spatially well-confined
electron beam in small steps in both directions perpendicular to the symmetry axis z.

Likewise, electrons with high starting angles, which possess a large fraction of their kinetic energy
in the cyclotron component of the motion, need to be considered carefully. It would thus be
desirable to have a calibration electron source with the additional feature of angular selectivity,
which permits to specifically select electrons with large starting angles for detailed investigations
of their transmission behavior.

In order to check for all potentially harmful deviations of the real transmission function from
the analytical shape, some of which were identified in the course of this work (compare chapter
4), extensive calibration measurements will have to be carried out. The advantages of operating
the main spectrometer during parts of the test runs in a time-of-flight mode were pointed out in
section 7.1. Due to the about 20m long region with a strong negative electric potential inside the
KATRIN main spectrometer, electrons with low surplus energies need comparatively large flight
times of the order of several 10 us to pass it. However, the timing resolution necessary to perform
a detailed characterization of the MAC-E filter by measuring time-of-flight differences is of the
order of a few 100ns. This requirement has to be met by the calibration electron source, by the
detector electronics and by the data acquisition and analysis chain.

The experimental studies described in this chapter have successfully demonstrated that short-
pulsed photoelectron production fulfilling the abovementioned timing demands is feasible by
using commercially available light emitting diodes with emission in the deep-ultraviolet range
(sections 7.2 and 7.3). These LEDs deliver photon energies sufficient to liberate electrons from
the surface of various materials, for example from stainless steel, silver or copper. The major
advantage of this method is that fast pulsing can be achieved simply by an appropriate modu-
lation of the operating voltage Ui gp of the LED. The test measurements using a stainless steel
photocathode showed that usable photoelectron detection rates are achievable at pulse widths of
T1LED = 40ns and repetition rates of figp =1 — 10kHz. By choosing a suitable set of operating pa-
rameters Urgp, fLep and T1gp, the multiplicity of photoelectrons detected per pulse can be tuned,
and even single photoelectrons per pulse can be produced (section 7.3.1). Using light pulses of
200ns duration a high-resolution time-of-flight spectrum was measured (see section 7.3.3) which

19Such a scanning mechanism is in use at the pre-spectrometer electron gun and could possibly be applied to other
calibration sources, as well.
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exposes low-energy details of the photoelectron energy that are more difficult to discern in the
usual integrated energy scan (compare section 7.3.2). This successful measurement at the Mainz
spectrometer confirms that the proposed method is indeed suitable to provide electron pulses for
time-of-flight studies at a MAC-E filter.

It is even possible to use short photoelectron pulses in combination with an additional selec-
tion of restricted intervals of angular emission (section 7.4). Compared to the timing qualities,
however, this second feature of the photoelectron gun requires more technical consideration.
Different variants of a setup exploiting non-adiabatic acceleration in non-parallel electric and
magnetic fields are possible, one of which was realized in a prototype electron gun with discrete
spots of emission on a thin metal film illuminated from the back side through thin optical fibers.
Even though the test setup only consisted of two working fibers, a clear hint at different angular
emission profiles obtained from the two illuminated spots on the tip was seen: The two fibers ex-
hibit differing shapes of the integrated energy spectrum measured with the Mainz MAC-E filter.
The prototype tests thus yield a proof of principle of the method.

Table 7.7 contains a comparison of important characteristics of the condensed krypton calibra-
tion source (CKrS), which represents the standard calibration source for the electromagnetic de-
sign tests of the KATRIN main spectrometer, and a potential UV LED-based photoelectron source
that may be developed on the basis of the test measurements described in this work. The table
shows that these two sources have different properties which complement each other well. In
this compilation the fast pulsing is treated as a basic feature of the UV LED-based electron gun,
whereas the angular selectivity forms an additional option.

Some clear advantages of the CKrS are pointed out in the table: Firstly, the energy of the conver-
sion electrons is well-defined and highly stable. The Kz, line possesses a natural width (Lorentz
shape: I' = 2.7eV) which is larger than the energy resolution of the KATRIN main spectrometer,
but which on the other hand is well determined. Furthermore, the angular distribution of the con-
version electrons delivered by the CKrS is naturally a rather wide one: it resembles the isotropic
distribution obtained with the gaseous tritium source in the neutrino mass measurements, which
— as pointed out above - is of particular relevance in view of the large-angle electrons needed for
the tests of the electromagnetic design. Thus, the angular emission characteristics of the CKrS
contrasts with those of simple photoelectron sources?: It was demonstrated that the setup us-
ing a plane cathode disc only emits electrons at very small angles with respect to the normal
of the cathode, and simulations [Hug08] show that also the rounded tip employed at the pre-
spectrometer photoelectron gun delivers only a comparatively small relative number of electrons
atlarge angles. Therefore it is appealing to further develop the idea of the angular-defined photo-
electron gun presented in the previous sections, which represents the only one of the mentioned
concepts that in principle allows full control over the angular emission. However, judging from
the results of the first prototype tests of the fiber-based electron gun, it is clear that further con-
ceptual and experimental investigations are necessary in order to understand and control the
characteristic properties of this electron gun on a level that permits its use as a reliable calibra-
tion source for KATRIN. First ideas to improve and possibly simplify the concept are presented in
section 7.5.2.

Another advantage of conversion electron sources like the CKrS over photoelectron-based sources

20Tt is important to emphasize that the restricted angular emission of the simple photoelectron sources discussed
here is due to the fact that the electrons are created with low initial kinetic energy and thus must be accelerated by
applying a strong electric field quasi-parallel to the magnetic field, which leads to a preferential gain of longitudinal
instead of transverse energy. On the other hand, electrons from atomic/nuclear standards, such as the conversion
electrons from 83™Kr, are produced with multi-keV energies and hence do not need to be post-accelerated to the
same extent als the low-energy photoelectrons created by UV irradiation of metals.
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7.5 Evaluation of results and outlook

is the stability of the count rate which can be achieved and maintained both on short and long
time scales. Here, a fundamental problem exists on the side of the photoelectron sources be-
cause their strong negative accelerating potential necessarily forms a Penning trap together with
the retardation potential of the spectrometer and the intermediary magnetic field. Count rate
instabilities possibly related to this effect have been observed at the pre-spectrometer and in the
prototype test measurements presented in this work (compare section 7.4.2). This problem has
to be solved in view of an application as high-precision and high-stability electron sources.

For the purpose of time-of-flight studies, a source-related energy spread smaller than the spec-
trometer resolution is desirable. According to first test measurements the UV LED-based photo-
electron source looks promising in this regard: for the plane photocathode disc made of stainless
steel an energy distribution which can be described by a gaussian broadening of T energy < 0.24€V
was determined, with room for potential further improvements (e. g., better matching of photo-
cathode work function and photon energy of the UV light, better spatial and temporal stability of
the work function, etc.).

The aforementioned capability to easily achieve short photoelectron pulses at high repetition
rates, as well as the possibility to obtain single photoelectrons per pulse, are arguments in favor of
the photoelectron gun. The tests of the timing characteristics presented in section 7.3 encourage
an upgrade of the present pre-spectrometer electron gun by replacing the deuterium UV lamp
with a UV LED (provided that the photon energy is high enough to produce photoelectrons off a
gold film) in order to profit from the pulsing capability.

Although the krypton source can also be operated in a pulsed mode by applying a fast-chopped
bias voltage, this involves a somewhat larger technical effort. At the former Mainz neutrino mass
experiment, the feasibility of 2.5 us pulses with a rise/fall time of 200ns and a duty factor of 50%
was demonstrated [Bon99].2!

In summary, it seems to be worthwhile to further pursue both options of the CKrS conversion
electron source and photoelectron sources to be used for a calibration of the main spectrometer,
as they offer complementing characteristics which the KATRIN experiment could benefit from.

2IWith suitable high voltage switches, faster chopping (down to switching times of 2 50ns at 50% duty cycle [Sta09])
can be envisioned.
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7.5 Evaluation of results and outlook

7.5.2 Improvements envisioned for an upgraded design of an
angular-selective photoelectron gun

On the part of modeling, efforts to achieve a better understanding of the emission characteristics
of the fiber-coupled electron source by detailed computer simulations are under way [Hei09]. The
aim of these calculations is to obtain an optimized electromagnetic design for such a photoelec-
tron source with better angular definition (maybe even offering the possibility to select individual
angles). There are several ways in which the mechanical concept could be improved or simplified.
Some appealing strategies will be presented in the following.

Strategies to improve the present concept

Count rate and reliability of the optical coupling mechanism are listed among the technical as-
pects of the device that need to be improved on, in particular when viewed in the light of the
requirements for a potential application as a calibration source for the main spectrometer. Cal-
ibration measurements to determine the pixel-resolved transmission function of the main spec-
trometer and the energy loss function of the WGTS are time-consuming and therefore quite costly.
A high electron rate would largely facilitate such measurements.?? Since the original concept of
the prototype tested at Mainz was by far not optimized with respect to the count rate, a gain in
emittance is to be expected for an upgraded source. Potential points to improve on include the in-
tensity of the UV light source (using several LEDs instead of just one low-power device), efficiency
of light collection into the fiber, operation in a higher initial magnetic field to reduce the loss of
high-angle electrons due to the magnetic mirror effect, etc. Smaller fiber diameters could be used
(e. g, so-called “high power small core” (HPSC) fibers available with core diameters of down to 10
or 25um). In order to take full advantage of the compact core, however, the dimensions of the
outer cladding and coating layers would have to be reduced accordingly. On the other hand, a
smaller core diameter also implies a reduced transfer capacity of the fiber, i. e., the light yield at
the tip will be lower. Reaching the required positioning accuracy with the fiber-coupled solution
is difficult due to the large tolerances of the machining and preparation of the parts. Furthermore,
it is not easy to scale up the approach significantly beyond 3 - 5 separate angular intervals, since
a corresponding increase of the number of fibers would be required, which might pose technical
problems.

Options for alternative concepts

In view of the abovementioned difficulties to be overcome when attempting to improve the pre-
sent concept, it is reasonable to also explore other options. One such idea was recently proposed
by Ch. Weinheimer [Wei08]. Instead of the rounded tip holding several small fibers to create
localized emission regions with varying starting angles, it is also possible to use a simple planar
cathode surface and tune the amount of initial transverse kinetic energy by choosing a suitable
ratio of the accelerating electric field and the crossing magnetic field. In the KATRIN setup, both
the strength and the alignment of the magnetic field will be fixed (foremostly by the stray fields
of the strong superconducting magnets). The strong decrease of the magnetic field strength with
increasing distance from the high-field solenoids is in fact favorable for this concept, because a
large ratio of the field strengths Bmagnet/ Be—gun is required for the principle of this electron gun

22The efficiency of numerical techniques to perform the deconvolution of the response function to obtain the energy
loss function relies on good statistics, as can be seen from the discussion of simulated energy loss spectra in [Wol08].
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7 Tests of a UV LED-based photoelectron source
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Figure 7.29: Alternative concept of an angular-selective electron gun using a planar capacitor. The electric
field E between the two electrodes of the capacitor is tilted by an angle a # 0 relative to the direction
of the magnetic field B. The ratio E, / E) of transverse and longitudinal kinetic energy reached after the
acceleration is completed can be tuned by choosing appropriate electric potential differences between
the photocathode and the anode aperture (U;) and between the photocathode and the remote anode grid
(Up). The UV light is guided to the emitting spot of the photocathode by an optical fiber (not shown). An
enhanced version of this concept uses a staged capacitor with two apertures and three voltage differences
Uo , U1 and Uz.

to work.2®> The magnitude and the direction of the accelerating electric field in principle can be
varied in a simple capacitor setup using a solid cathode and an anode with an opening to let the
photoelectrons pass (see figure 7.29). A third electrode, included in the figure in the form of an
anode grid, defines the final kinetic energy of the electrons. In a real setup, the grounded vacuum
tube of the beam line may replace the anode grid. UV-transparent fibers offer sufficient flexibility
to transport the UV light from an external source to the cathode surface.

There are two basic ways of selecting specific values of the transverse energy (and thus specific
angles):

e The angle of rotation between the axis of the planar capacitor and the magnetic field is vari-
able. This is technically challenging, since a manipulator mechanism allowing finetuning
of the rotation angle in an ultrahigh vacuum environment is required.

¢ A fixed angle of rotation is implemented (for example, @ = 10° or 20°). In this case, the rela-
tive amount of transverse energy achievable at the onset of the adiabatic motion is selected
by choosing a suitable ratio of the accelerating voltages Uy and Uj.

Detailed simulation studies investigating a setup using a planar capacitor (figure 7.29) are pre-
sently under way [Hei09], with promising initial results. First experimental tests of the new con-
cept at the Mainz MAC-E filter are scheduled for spring 2009.

ZFirst simulations indicate that an amount of E; ~ 100 — 200eV in the initial (non-adiabatic) phase of the motion
can be reached. The additional energy in the transverse component necessary to fill the full forward solid angle (in
the high magnetic field at the center of the magnet) at electron energies of around 18.6keV has to be achieved by
adiabatic transformation due to the gradient of the magnetic field.
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8 Conclusions and outlook

After making its debut into physics almost 80 years ago as an unseen “ghost particle” postulated
by Pauli to solve an apparent paradox in the field of -radioactivity, the neutrino soon began to
occupy an area of research in its own right. Even today, with large efforts undertaken both in
the theoretical and experimental sections of neutrino physics, the neutrino has preserved parts
of its mysterious character, with many questions still to be answered. Among these, the absolute
scale of neutrino masses ranges as one of particular interest, since it bears considerable relevance
for particle physics, astrophysics, and cosmology. Although many indirect leads hint at a small,
but non-vanishing neutrino mass (in contrast to a long-standing belief), an indisputable posi-
tive detection of a neutrino mass signal by a laboratory experiment is still pending and eagerly
anticipated from many sides.

One method of direct neutrino mass determination consists in the precise study of the kinemat-
ics of weak decays, for example tritium -decay. Even a tiny non-zero neutrino mass will leave an
imprint on the shape of the -spectrum that is most pronounced in the high-energy part close to
the endpoint. However, this signal can only be detected with high-resolution electron spectrom-
eters which, at the same time, provide a very low background level. In the KATRIN experiment,
which is presently being set up at Forschungszentrum Karlsruhe, Germany, the technology of an
electrostatic retardation filter with magnetic adiabatic collimation (“MAC-E filter”) will be used.
This type of spectrometer allowed previous experiments at Mainz (Germany) and Troitsk (Russia)
to set an upper limit of m(v,) < 2 eV/c? [PDGO08]. In order to improve the sensitivity on m(v,)
by an order of magnitude with KATRIN [KAT04], a much more luminous windowless gaseous
tritium source and a very large main spectrometer (with a length of 23.3m and a diameter of
10m) achieving an energy resolution of 0.93 eV at electron energies around the tritium endpoint
of Ey ~ 18.6keV will be needed, among other requirements. To eliminate the bulk part of the
low-energy electrons, a smaller pre-spectrometer is included upstream of the main energy filter.

Considering that the influence of systematic uncertainties related to inelastic collisions between
B -particles and tritium molecules inside the source increases with the width Ey — E of the ana-
lyzing energy window below the endpoint, it is advisable to keep this interval as small as possible.
Unfortunately, the count rate drops approximately as (Eo — E)? when decreasing the size of the
analyzing interval. Thus, it is important to prevent the minute signal from being concealed by
background. Several potential background sources in the KATRIN setup have been identified,
which can in general be grouped into spectrometer-related and detector-related contributions.
The latter can be minimized by an appropriate design of the detector section, in particular by a
careful selection of materials, by implementing a passive as well as an active shielding system,
and lastly by shifting the region of interest to a more favorable energy range via post-acceleration
of the electrons. Detailed studies concerning the intrinsic detector background are presented in
[Schw04] and [Leb09].

In the first part of this thesis, various spectrometer-related background sources and methods for
their suppression were investigated. Experience obtained at the conceptually very similar neu-
trino mass experiments at Mainz and Troitsk shows that a major contribution is caused by sec-
ondary electrons created at the surface of the solid retardation electrodes by interactions of atmo-
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8 Conclusions and outlook

spheric muons or through environmental radioactivity. Moreover, a two-spectrometer system like
the one at KATRIN unavoidably forms a Penning trap for electrons. Such a trapping region was
found to give rise to a severe increase of background in the Troitsk setup, which also contained
two successive spectrometers. Likewise, Penning traps may exist inside a MAC-E filter, which in
the case of the KATRIN pre-spectrometer has led to the occurrence of strong discharges interfer-
ing with the test measurements. The following outlines the discussion of the abovementioned
topics in this work:

o Chapters 3 and 4 discuss the concept of background reduction in MAC-E filters by means
of an inner wire electrode placed on a negative electric potential with respect to the solid
electrodes. The design of a complex double-layer wire electrode for the KATRIN main spec-
trometer is worked out and optimized in several steps on the basis of detailed computer
simulations. The calculations also allow to give estimates for the tolerances to be met dur-
ing manufacturing, assembly and mounting of the electrode parts.

¢ A phenomenological introduction to different mechanisms of electric discharges in vacu-
um in connection with particle traps is given in chapter 5. The specific characteristics of
three major trapping regions in the KATRIN setup (entrance/exit regions both of the pre-
and main spectrometers as well as the section between the two MAC-E filters) are eluci-
dated. In particular, the conceptual design of a set of additional electrodes for the pre-
spectrometer to remedy the observed discharge problems is presented, and consequences
for the analogous design of the main spectrometer electrode system are pointed out. In
a general overview methods to counteract discharges are collected and evaluated in view
of their applicability to KATRIN, including a proposed active measure (compare [Ess04]) to
empty the Penning trap between the two KATRIN spectrometers by swiping a metallic wire
through the trapping region in periodic intervals. Experimental tests demonstrating the vi-
ability of this method were carried out in the scope of this work, and they are reported on
in chapter 6.

The second part of this work picks up another topic related to the properties of MAC-E filters.

To accomplish the projected gain in sensitivity on the observable m?(v,) of two orders of mag-
nitude with respect to KATRIN’s predecessor experiments, it is essential to achieve a detailed
understanding of the characteristics of the main spectrometer, and to control and reduce the
spectrometer-related systematic uncertainties. Among these, the transmission characteristics of
the main spectrometer are of particular importance. The transmission function has to be known
to high accuracy, as it enters into the analysis of the measured #-spectrum. The radial variation
of the electric potential and the magnetic field strength in the analyzing plane of the spectrome-
ter have a profound influence on the shape of the transmission function. They can be computed
from an approximative simulation model, but nevertheless a direct measurement of the trans-
mission function for each individual pixel of the KATRIN final plane detector is indispensable to
confirm the simulation results. To this end, quasi-monoenergetic and stable calibration sources
delivering electrons with energies around 18.6keV are required. Since from the point of view of
the electromagnetic design tests electrons with a large ratio of cyclotron energy over longitudinal
energy are of particular interest, the calibration sources should be able to provide electrons with
large angles. As a further prerequisite, the electron detection rate should be high enough to allow
a full calibration measurement in a limited period of time with sufficient statistics. The standard
calibration source for the main spectrometer, based on 17.8keV conversion electrons from 83™mKf,
fulfills these requirements.

e As described in chapter 7 of this work, it may be possible to obtain an alternative calibra-
tion source based on the creation of photoelectrons with light emitting diodes (LEDs) in
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the UV range illuminating a cathode on high voltage. Aside from delivering electrons with
a very narrow energy spread at appropriate count rates, such photoelectron sources have
the additional advantage of superior timing capabilities. The latter are essential for a pro-
posed time-of-flight operational mode of the MAC-E filter, which might significantly facili-
tate (and speed up) the calibration measurements at the KATRIN main spectrometer. Simu-
lations regarding time-of-flight values expected for various starting parameters of electrons
passing the main spectrometer are also presented in this chapter. These define the timing
requirements which both the calibration electron source and the detection and data acqui-
sition system should satisfy.

Lastly, chapter 7 also contains the basic principle as well as a successful first experimental
test of a UV LED-based photoelectron source with the additional feature of angular def-
inition, which might in further studies be developed into a powerful calibration tool for
KATRIN.

A summary of the results presented in the individual sections of this work is given in the following.

Design of a wire electrode system to reduce the secondary electron
background in the KATRIN main spectrometer

Screening wire electrodes have previously been built for the Mainz MAC-E filter and for the KA-
TRIN pre-spectrometer [Miil02, Fla04]. Both spectrometers are of comparable size (length ~4m,
diameter ~ 1 —2m), and thus the mechanical concept of the wire electrode systems is similar. At
Maingz, an overall! background suppression by a factor of about 10 was achieved when applying
typical screening potentials AU = Usliq — Ugriq of the order of 100 — 200V (compare section 3.2).
Conceivably, new challenges have to be met when transferring the concept to the KATRIN main
spectrometer with its inner diameter of 9.8m, its length of 23.3m and a 650 m? surface of solid
electrodes on high voltage to be screened by wires. The aim of maintaining a background level
01072 é) (or, if possible, even lower) with the large KATRIN main spectrometer calls for a very
small geometric coverage fyc, defined as the ratio of the wire diameter d over the wire spacing
s. In order to reconcile this demand with other, opposing requirements (for example the need
to keep the electric field strength at the surface of the wires low in order to avoid field emission
and the aim of achieving a large electrical screening factor S: see discussion in section 3.4), the
wire electrode for the KATRIN main spectrometer must be conceived as a double-layer system.
This solution with two separate screening voltages AU; and AU, also makes a novel mechanical
design necessary.

The first conceptual ideas of a wire electrode for the KATRIN main spectrometer were pinned
down in 2004 [Val04]. Since then, comprehensive computer-based design studies were carried
out in order to continually improve both the simulation model and the physical properties of the
electrode system. Leading contributions were elaborated in the scope of this thesis, in close col-
laboration with the diploma theses of K. Hugenberg [Hug08], S. Vocking [V6c08] and M. Zacher
[Zac09]. In the process, several stringent requirements regarding technical as well as physical as-
pects had to be respected, like for example high-voltage and ultrahigh vacuum compatibility, ho-
mogeneity of the electrostatic potential, avoidance of particle traps, transmission properties and
energy resolution of the spectrometer. Driven by the growing complexity of the computer model,
the simulation software had to be adapted and the development of new programs (E Gliick, S.
Vocking) was stimulated. The new software was in parts tested in the framework of this thesis.

1As seen in figure 3.4, the suppression factor can be larger for specific parts of the spectrometer and under certain
experimental conditions.
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The two layers of the wire electrode will be mounted on a large number of separate frames (“mod-
ules”) with two adjacent comb-like structures and spacer rods in between. In this work a com-
puter model incorporating the details of the combs (“teeth”) was generated. Important insight
on the relation between mechanical parameters of the electrode design (e. g., the width of axial
gaps between module rings) and the electrostatic properties — in particular regarding the inho-
mogeneity of the electric potential in the analyzing plane — was gained, and methods to amend
these problems were worked out. This way, an interplay between mechanical design and engi-
neering aspects on one side and the concerns of the electromagnetic design on the other side was
established.

Furthermore, the computer simulations also revealed that the electrostatic properties of the main
spectrometer are quite sensitive to mechanical tolerances related to the fabrication and prepara-
tion of electrode parts, as well as to the construction of the modules and to the accuracy of their
placement inside the vessel. Despite the fact that most of these effects lead to deviations from
the strictly rotational-symmetric computer model and therefore in principle cannot be modelled
accurately with the available tools and computational resources, it was possible to at least obtain
estimates on the required accuracy. An important point concerns the sag of wires under their
own weight, which is expected to produce the most pronounced effect for the wires close to the
analyzing plane. Simulation results show that the maximum allowed value for a deviation from
a straight line amounts to about 0.2mm. On the part of module assembly, this result necessi-
tates a careful adjustment and control of the mechanical wire tension. The same tolerance in
principle applies for the relative radial position of the two wire layers in the modules close to the
analyzing plane. This calls for high-precision cutting of the comb-like mounting structures and
for an equally accurate positioning of the holes for the fixing points of the wires. Likewise, the
quality assurance procedures must be capable of reliably resolving defects on this scale. Gener-
ally, these criteria can be relaxed when considering modules further away from the critical region
around the analyzing plane.

Once completed, the inner electrode system for the KATRIN main spectrometer will consist of
248 individual wire modules, plus several solid-metal parts (ground and “anti Penning trap” elec-
trodes). The manufacturing of the modules at the Institute of Nuclear Physics of Miinster Univer-
sity is ongoing, and presently about 60% of the modules have been assembled. The installation of
the wire electrode into the main spectrometer vessel is scheduled to start in spring 2009.

Investigation of background caused by Penning traps in the KATRIN setup

Modification of the electrode system of the pre-spectrometer

Test experiments carried out at the pre-spectrometer suffered from severe discharge problems, in
away that prohibited to use the sensitive electron detector (64-pixel PIN diode) foreseen for these
measurements. By computer simulations and a detailed experimental program it was possible to
trace back these problems to a deep Penning trap (AU ~ 5.2kV) located in the symmetric en-
trance and exit regions of the pre-spectrometer. In the course of this work a new set of additional
electrodes was designed which allows cut off most of the trapping volume. The computer simu-
lations showed that, in order to achieve the best suppression of the trap, the ground electrodes of
the pre-spectrometer had to be shortened, as well.

After the installation of the new electrodes, the strong discharges vanished, and measurements
with the electron detector are now feasible. Yet, some problems with increased background rates
above a certain critical magnetic field strength Bt & Bmax/2 persist, which may be related to
a recently discovered smaller Penning trap at the ground electrode [Fra09]. The background in-
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vestigations at the pre-spectrometer are still ongoing. The results bear particular relevance for
the design of a similar pair of “anti Penning trap” shielding electrodes for the main spectrometer,
which was worked out in [Hug08] and [Zac09].

Test of an electron catcher to empty the Penning trap between pre- and main spec-
trometer

The system of two successive spectrometers of MAC-E filter type included in the KATRIN beam
line was simulated by a test setup at the spectrometer of the former Mainz neutrino mass exper-
iment. The aim of this investigation was to examine the characteristics of the resulting Penning
trap for electrons and thereby to create a testbed for an active mechanism to empty the trap in
periodic intervals. Using different filling methods the behavior of the trap was studied under var-
ious conditions, yielding a marked increase in the background rate as well as frequent bursts and
even strong discharges associated with an increase of the pressure reading in the vacuum system.

A total of three measurement phases to test the influence of an “electron catcher” in the form of a
current loop moved across the trapping volume by virtue of the Lorentz force were carried out in
2007 and 2008. In each of the phases, modifications of the device were made to further improve
its mechanical properties. This process finally resulted in a stable prototype of the wire scanner
which was reliably operated under ultrahigh vacuum conditions in an environment very similar
to that in the real KATRIN setup.

The wire scanner proved capable of influencing the background rate observed at the test setup in
a positive way, with a notable dependence on the type and frequency of the motion performed by
the wire. While a rectangular motion was usually not sufficient to prevent the onset of discharges,
a sinusoidal motion with a frequency of the order of 1 Hz was found to significantly delay the on-
set of discharges or dampen and even extinguish them once they had been ignited. Under certain
conditions it was observed that the wire left immobile at the center of the beam would lead to
reduction of the count rate. This behavior may be explained by considering the magnetron drift
motion, which contributes to emptying the trap by making stored electrons hit the wire after a
certain number of axial oscillations. Whether such a stationary wire (or a pin covering at least the
radius of the transported magnetic flux tube) might be suitable for preventing discharges at KA-
TRIN remains to be clarified. Furthermore, the main disadvantage of the stationary wire, namely
the considerable loss of data due to the permanent “shadowing” of at least 9% of the detector
pixels, would have to be overcome (for example by withdrawing the pin from the beam to allow
certain undisturbed measurement intervals).

A direct transfer of the observations made at the test setup in Mainz — in particular those regard-
ing ignition time scales and swiping frequencies of the wire — to the KATRIN setup is not possible
because of several important differences (e. g, the residual gas pressure at Mainz was about two
orders of magnitude higher than that projected for KATRIN, and the test setup contained an addi-
tional feedback mechanism due to the high-voltage electrode linked by magnetic field lines with
the detector, which will not be present in the KATRIN experiment). Nevertheless, the positive
results from Mainz offer encouraging perspectives for a usage of the wire scanner mechanism at
KATRIN. The operational parameters (frequency and type of the scanner action) will need to be
found experimentally once the KATRIN setup is completed.
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8 Conclusions and outlook

Test of a UV LED-based fast-pulsed photoelectron source for time-of-flight
studies

Trajectory simulations were carried out in order to get a handle on the time-of-flight values to be
expected for the KATRIN main spectrometer (section 7.1.1) and in addition to possibly establish a
relationship between time-of-flight values and details of the transmission properties of the MAC-
E filter (section 7.1.2). Typical values for intermediate and low surplus electron energies are of the
order of several 10 us, but the aim of

1. running the spectrometer in a non-integrating bandpass mode (“first order MAC-E-ToF
mode”) and

2. performing diagnostics of spectrometer properties (“second order MAC-E-ToF mode”)

requires a timing resolution of the order of a few 100ns. Pulsing of an electron source can be
achieved either by chopping the bias potential or by switching the electron creation on and off.
The latter can be achieved for photoelectron production in a very simple manner by using mod-
ern UV LEDs (commercially available only since a few years) as light sources and by modulating
the LED operating voltage in an appropriate manner (e. g., with a function generator). These LEDs
emit in the deep-ultraviolet range (Acentral = 265nm and 255nm, respectively: photon energies
around Ephoton &~ 4.7 €V), which permits to use easily workable and ultra-high vacuum compati-
ble photocathode materials, such as stainless steel (work function ®@gtainjess steel ~ 4.4 €V).

Using the same experimental setup at the Mainz spectrometer as for the wire scanner test mea-
surements, the timing characteristics of such photoelectron pulses was studied. Short light pulses
of width 7 = 40ns to 7 = 40 us were created, resulting in a wide dynamic range of the detected
photoelectron rate between single photoelectrons per pulse and up to 5 photoelectrons per us
(section 7.3.1). Typically, pulse repetition rates of 1 — 10kHz were employed. Maximizing the frac-
tion &single Of single electrons per pulse is important to keep the pile-up ratio low, and it forms
an essential feature needed for the second order MAC-E-ToF mode. The measurements demon-
strated that it is indeed possible to achieve &gngle ~ 1 with such a UV LED-based photoelectron
source. The combination of the three operational parameters f (repetition frequency), T (pulse
width) and Urgp (driving voltage) of the LED, which can be chosen separately, allow this electron
source to reach a high degree of versatility.

The energy distribution of the photoelectrons was determined in two ways (sections 7.3.2 and
7.3.3), with both methods yielding consistent values of an energy smearing assumed to be of
gaussian shape.

a) From the fit in the integral energy spectrum an upper limit of the gaussian width was ob-
tained:

Tenergy <0.24€V  (95% C.L.), (8.1)

with a best-fit value of Oepergy = (0.21+0.02) eV. Herein, it was assumed that the photoelec-
trons are emitted from the cathode without picking up a significant amount of transversal
kinetic energy, which corresponds to the expectation for the case of strong electrostatic ac-
celeration in the forward direction and quasi-collinear electric and magnetic fields that was
realized in the test setup. The assumption of nearly mono-angular emission can be justified
by comparing the alternative case of monoenergetic, but isotropic electron emission with
the measured data, which strongly disfavors the latter case.

b) A similar value was found in an analysis of the time-of-flight spectrum also taken at the
Mainz MAC-E filter. The measured time-of-flight values are in very good agreement with
calculated values over a large range of surplus energies of the electrons with respect to the
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filter energy (Esurpius < 400€V). For the very lowest values (Esurpius < 4 €V) an energy spread
of gaussian width G energy ~ 0.20 — 0.25€V folded into the calculation was necessary to de-
scribe the measured data.

Although this narrow energy spread in itself makes such a photoelectron source an attractive op-
tion for the characterization of the KATRIN main spectrometer, it should be emphasized that
there seems to be room for further improvement of O epergy, for example by better matching the
work function of the photocathode and the photon energy of the LED and by reducing the high-
frequency noise of the retardation voltage.

Prototype studies of a photoelectron source with angular selectivity

In contrast to the aforementioned emission of photoelectrons from a plane cathode which is con-
fined to very small angles of emission, it is also possible to devise an electron source offering full
control of the angle. More explicitly, such a source permits to tune the ratio of transverse over
longitudinal energy up to the point where 8 < 90° inside the maximum magnetic field is reached.
This can be achieved by using a particular geometry of the photocathode and of the electric and
magnetic fields at the location of the source. In fact, the concept is especially suited for the ap-
plication at a MAC-E filter, since it expressly makes use of the adiabatic transformation E; — E|
when going from a weak magnetic field into a stronger one, which can be realized in a straight-
forward manner by placing the source in the stray field of an entrance solenoid of a MAC-E-type
spectrometer.

Based on earlier simulation results [Hug08] regarding the emission characteristics of the electron
gun used at the KATRIN pre-spectrometer, a prototype of such an angular-selective photoelec-
tron source was developed (section 7.4.1) and successfully tested at the Mainz spectrometer in
the course of this work (section 7.4.2). The basic concept consists of a locally homogeneous mag-
netic field and a hemispherical tip creating a radial electric field. The selective illumination of
small regions at different radii on the tip yields different starting angles of the photoelectrons
with respect to the magnetic field lines, thus defining the initial amount of transverse (or cy-
clotron) energy. Even though only two such emission spots with rather broad intervals of starting
angles were implemented in the prototype, clearly distinct shapes of the transmission curve for
the two cases were observed.

Since a scaling of the above concept to a larger number of emission regions with finer granularity
of the angular definition is not trivial, an alternative approach is presently under investigation
([Hei09], see section 7.5.2), with promising initial results. A first experimental verification of the
new concept at the Mainz MAC-E filter is envisaged for spring 2009.

By combining fast pulsing with angular selectivity a powerful calibration tool for KATRIN may
thus be obtained.
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A Electric screening factor of a
single-layer cylindrical wire electrode

In order to find a mathematical expression for the electric screening factor S — as defined by equa-
tions (3.4) and (3.5) — of a cylindrical electrode configuration consisting of a solid electrode and
a single-layer wire grid, it is helpful to first consider a planar electrode geometry.! In this model
a (solid) sheet electrode extends infinitely in the xz-plane at y = —I. The region with y < —[ is
filled with solid metal and therefore the electric field vanishes in this domain. A grid of equidis-
tant, parallel wires of diameter d with a spacing s in the x-direction is located at y = 0 (see figure
A.1).

Uett T

I =

Figure A.1: Schematic illustration: Influence of the wire grid on the electric potential U at large and small
distances for the case of a planar electrode system.

We assume that [ > s/2. The wires have infinite extent in the z-direction and are assumed to be
very thin (rd < s), such that the charge distribution of a wire can be approximated by a linear
charge density A. What is the resulting electric potential of this configuration at fieldpoints with
y > s/2, if a potential Ushee is applied to the sheet electrode and Ugiq 7 Usheet is applied to the
wire grid? The solution can be found by superimposing the potentials ¢sheet and ¢grig arising at
a given field point (x, y, z) from the charge distribution on the plate and on the wire, respectively.
The two components can be calculated separately:

o If the distance [ between grid and sheet is sufficiently large compared to the wire pitch
s, the surface charge density o on the sheet can be assumed to be constant. The electric
potential ¢gheer at a field point (x,y,z) due to a given charge density on the plate is then

IThe line of argument presented here follows that of reference [Glii05d].
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A Electric screening factor of a single-layer cylindrical wire electrode

only a function of y:
o
(psheet(,V) =C1—— |y + ll» (A.1)
289

with an arbitrary constant C; (SI units are employed throughout the text).

e The potential ¢giq due to the linear charge distribution on the large number of wires ex-
hibits a dependence both on x and on y. Due to the translational symmetry, it is invariant
in z-direction and can be shown [Blu94, Rea98, Glii05d] to take the following form:

_ A 21y 21X
Qgrid(x,y)=Co— neg In [2 (cosh ( S ) —Cos ( S ))] , (A.2)

where the second term in the square brackets reflects the periodic variation due to the in-
fluence of the wires. (C, is another constant.)

Using the decomposition cosh(k) = %(ek + e~k), one finds that the fluctuating term is
washed out at large distances due to an exponential damping with a characteristic length
s/(2m) that is solely determined by the spacing of the wires:

Pgrid(x,y) ocexp (—2%) cos (Zg) ) (A.3)

For example, for a pitch of s = 25mm the amplitude of the fluctuating term decays to half
of its maximum value at a distance of y;,» ~# 3mm, and to 1% at y1 /100 ~# 18 mm.

Neglecting the fluctuating term at sufficiently large distances from the grid (i.e., 27y /s >
1), the expression for the field at a remote point can be rewritten as

Alyl
ry~ Gy — 2 (A4)

A comparison of egs. (A.1) and (A.4) shows that the remote grid potential appears just like
that of a sheet electrode with an equivalent charge density o grid, equiv = A/S.

Combining egs. (A.1) and (A.2), the total potential ¢ resulting from the superposition of the po-
tentials of the metal sheet and the wire grid is obtained:

o A
¢(x,y)—C—2—EOIy+ll—mln [2f(x, )], (A.5)

with " ,
f(x,y)=cosh (g) —Cos (%) . (A.6)

The remaining unknown quantities, o, A and C, can be calculated by exploiting the boundary
conditions:

— The electric field in the region of solid metal (y < —1) is zero.

— The potential on the surface of the solid metal equals Ugpeet.

— The potential on the surface of the wires (i. e., for x2 + y2 = (d /2)?) is Ugrid.
One then finds:

A
g = —;,
CcC = U + Al and
= sheet 2805’ (A.7)
2 €0 S (Ugrid — Usheet) 1
! 1455 In ()
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With these ingredients the potential in points far from the grid (i. e., at 2ty /s > 1) can be ex-
pressed via the potentials Ugiq and Usheet:

far Usheet — Ugrid

total ~ Ugrid + S ( A. 8)
where S is given by
27l
S=1+——. A9)
sln (E)

The relations found above for a planar geometry can be applied in good approximation to a cylin-
drical electrode with large radius R > [, such that the curvature of the cylinder becomes locally
negligible. The screening factor obtained from computer simulations for various parameters d,
I, and s agrees with the analytical results on a level of a few percent (see, for example, reference
[Valo4] and compare table A.1). In one of these studies the simulated geometry consisted of a
solid outer cylinder of length L = 20m and radius R = 0.85m on ground potential (Uyessel = 0),
and an inner cylindrical wire electrode with radius R — [ = 0.80m and wire spacing s = 20 mm,
which was placed on a potential Ugiq = 100V. The computed effective potential Uest inside the
cylinder was used to determine a numerical screening factor according to the relation

Ugrid — Uyessel

) (A.10)
Ugrid = Ukt

Shumer =

which was compared to the value obtained from the analytical formula for planar electrodes (eq.

A.9). The relative deviation
o Sanalyt — Shumer

(A.11)
Sanalyt

becomes smaller for decreasing wire diameter d.

Figure A.2 shows the simulated radial dependence of the potential for the abovementioned exam-
ple of along cylinder. Inbetween the solid electrode and the grid the potential rises linearly. Only
at field points very close to the wire the linear behavior is distorted. When reaching the position
of a wire the potential becomes equal to Ugig = 100V. However, proceeding towards the center
of the cylinder the potential quickly reaches the value of the effective potential Uef; and remains
constant further on. According to eq. (A.9), the effective potential for fixed s and / depends on the
wire diameter d. This is seen in the graph; the larger the wire diameter, the smaller the difference
Ugrid — Ut

Table A.1: Analytical and numerical electric

| d /pm | 2000 200 20 screening factors for a long cylindrical electrode
Ueit [V] 92.744 81.463 72.526 setu.p .(tab.le adapted from [Val04]). The relative
deviation is of the order of a few percent, most of

Snumer 13.782  5.395 3.640 which can be attributed to the different geometry
Sanalyt 14.566 5.539 3.726 of cylindrical and planar electrodes (numerical in-

. fluences, such as finite discretization elements of

rel. deviation y | 5.4% 2.6% 23% the electrodes, are small compared to the devia-

tions).
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A Electric screening factor of a single-layer cylindrical wire electrode

100 - Uett = Ueg(d) for fixed s, [ and AU 8
B0 ETT T A §
S
= 60 | :
E L
]
3 I
40 | .
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d=2mm e
d=02mm = ----:
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0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85
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Figure A.2: Radial dependence of the electric potential for a long cylindrical screening electrode with vary-
ing wire diameter d (figure taken from [Val04]). The solid outer cylinder with radius R = 0.85m was on
ground potential, while the wire electrode with radius R — ! = 0.80m was put to a potential of 100V. The
spacing between the wires was s =20mm.

Electric field strength at the surface of the wire
With the prerequisites obtained above the electric field strength E;. at the surface of a wire in
the grid can be calculated:

A
Ewire Tde
0
Ugrid — Usheet i 1 (A12)
l d 1+ 77 In (%) '
—_——
(%)

In many cases the factor marked with (3 ) is close to 1 and can therefore be neglected. For exam-
ple, for a single-layer electrode with the parameters d = 0.2mm, s =25mm and / =200 mm, ()
takes the value 0.93.
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B Technical drawings

This appendix contains a set of construction drawings related to devices that are described in this
work:

¢ A new set of ground and additional shielding electrodes conceived for the purpose of re-
ducing the depth of the Penning trap present in the entrance and exit regions of the KATRIN
pre-spectrometer (B.1). The simulation work dedicated to finding an optimal electrode ge-
ometry is reported on in section 5.2.

e The disc-shaped stainless steel plate that was used to emulate the high voltage electrode
of the pre-spectrometer in the test setup at the Mainz spectrometer (section B.2). These
measurements were carried out in order to study the characteristics of the Penning trap
that is formed in the electromagnetic field configuration defined by the successive KATRIN
pre- and main spectrometers. They are described in chapter 6.

e A wire scanner (section B.3).

e The prototype of a fiber-coupled photoelectron source (section B.4).

B.1 Pre-spectrometer shielding electrode

Figure B.1 shows a detailed construction drawing for the newly introduced shielding electrodes
and the modified configuration of the ground electrodes for the KATRIN pre-spectrometer. The
drawing was provided by H. Hucker (Institut fiir Kernphysik, Forschungszentrum Karlsruhe). Note
that the new pair of ground electrodes now installed in the pre-spectrometer was constructed
from stainless steel rather than titanium, the material that was used for the previous set of ground
electrodes.
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B Technical drawings
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Figure B.1: CAD drawing of the modified ground electrode and additional shielding electrode for the pre-

spectrometer (H. Hucker, FZK).
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B.2 Disc-shaped high voltage electrode for Penning trap experiments at Mainz

B.2 Disc-shaped high voltage electrode for Penning trap
experiments at Mainz
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Figure B.2: High-voltage electrode for Penning trap experiments at Mainz (construction by H.-W. Ortjo-
hann, U. Miinster).
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B Technical drawings

B.3 Scanning wire device to disturb the trapping conditions of
charged particles
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Figure B.3: Holding structure of “wire scanner” device for Penning trap measurements at Mainz (H.-W.
Ortjohann, U. Miinster). Three different positions —left outer, middle, and right outer position — of the wire
are shown.
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B.3 Scanning wire device to disturb the trapping conditions of charged particles

Figure B.4: Wire scanner (in the currentless central position) together with the disc-shaped high-voltage
electrode (H.-W. Ortjohann, U. Miinster). The blue arrow indicates the direction towards the Mainz spec-

trometer.
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B Technical drawings

B.4 Prototype of a fiber-coupled photoelectron source
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Figure B.5: Technical drawing of the photoelectron source with UV light guided towards the tip at the bot-
tom by three optical fibers (H. Baumeister, U. Miinster). From top to bottom: LED holder and mechanical
gear allowing to couple the light into one of the three optical fibers, supporting rod, high-voltage insulator
and fiber feedthrough mounted on a CF 160 flange, the tip including the hemispherical housing just above
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the annular focusing electrode, which is suspended by a support structure. The fibers are not shown.
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B.4 Prototype of a fiber-coupled photoelectron source
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Figure B.6: Technical drawing of the tip of the photoelectron source with UV light guided towards the
photo-emissive spots by three optical fibers (H. Baumeister, U. Miinster). The drawing shows a detailed
close-up on the tip with the positions of the diamond-shaped holes into which the fibers are glued.
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C Technical data of the electron detector
and the UV LEDs used for
measurements at the Mainz MAC-E
filter

C.1 Silicion PIN diode Hamamatsu S3590-06

Table C.1 presents characteristics of the Hamamatsu Si PIN diode (type S3590-06). Two of these
diodes were employed as electron detectors in the measurements at the Mainz spectrometer
which are described in chapters 6 and 7 of this work. The first diode was used during all of the
2007 measurements; it was replaced by the second one in 2008.

Table C.1: Technical data of Si PIN diode S3590-06. All information according to the manufacturer’s data
sheet [HamO6].

manufacturer Hamamatsu Photonics, Solid State Division
type Si PIN photodiode, windowless

active volume 9mm X 9mm X 0.5mm

sensitivity to UV light ca. 10% at A =260nm

max. reverse voltage =150V

dark current 8nA (typ.), 30nA (max.) at \g =100V

recomm. operating temperature —20°C to +60°C
for better noise reduction the diode was usually
operated at lower temperatures (cooled with LNj)

C.2 UV LED 265 nm and 255 nm

Table C.2 summarizes technical data and operational parameters of deep ultraviolet light emitting
diodes (UV LEDs) of the types T9B25C and T9B26C which were used to produce photoelectrons
for test measurements at the Mainz MAC-E filter.

Figure C.1 presents the relative optical output power for the 265 nm LED as a function of the
forward current. In order to achieve a higher optical power output in the pulsed mode, the diodes
were operated with much larger forward currents (up to Ir ~ 100mA) during the measurements
at Mainz.

The wavelength characteristics of both LEDs — as published by the manufacturer — are shown in
figure C.2. A measurement extending to longer wavelengths, which was carried out by H. Hein
in the course of his diploma thesis, reveals a second group of peaks in the range of visible light
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C Technical data of the electron detector and the UV LEDs

(figure C.3). However, the emission in the visible band is strongly suppressed with respect to the
ultraviolet radiation. At the same forward current of Ir &~ 11.7mA the 265 nm LED has a higher
output power than the 255 nm LED.

Table C.2: Technical data of UV LEDs of the types T9B26C and T9B25C. All information according to the
manufacturer’s data sheets [Seo06a, Seo06b].

supplier Roithner Lasertechnik, Vienna/Austria
manufacturer Seoul Semiconductor Co., Ltd.
type T9B26C with balllens  T9B25C with ball lens
viewing angle 26, /» 10° 10°
emitted wavelength A (265+£10)nm A=(255+10)nm
spectrum half width AApgr  15nm 15nm
optical power output Popy 301 —400 uW 101 - 150 uW
dc forward current I 20mA 20mA
forward peak pulse current 100mA 100mA

(duty cycle 1%, frequency 1kHz)
forward voltage Ur 6.5V (typ.), 7.5V (max.) 7.3V (typ.), 7.8*V (max.)

(*: active cooling required)

operating temperature T —30°C to +50°C —-30°C to +50°C

fr= Y., [=9518
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et Figure C.1: Relative optical power
= 20 output of a UV LED of type
5 T9B26C as a function of the for-
é I //" ward current Iz (diagram taken
= 15 — from [Seo06a]). For continuous
- operation, currents up to 20mA
5 10 are recommended. However, up
z to five times larger currents were
;j used in pulsed operation for the
pg 05 / measurements at Mainz.
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C.2 UVLED 265 nm and 255 nm
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Figure C.2: Wavelength characteristics of the UV LEDs type T9B25C and T9B26C (taken from [Seo06b,
Seo06al). According to the manufacturer, the peak wavelengths of the diodes are Apea = (255+10)nm and
Apeak = (265 % 10)nm, respectively, with a spectrum half width of A4y =15nm.
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Figure C.3: Spectra of deep-UV LEDs of the types T9B25C (¢) and T9B26C (), recorded with a grating
spectrograph and a silicon PIN diode [Hei09]. In addition to the ultraviolet peak, a less intense emission
component of visible light is present in both spectra. The measured characteristics of the UV emission
(central wavelengths of Acentral ~# 257 nm and 265 nm, full width of the emission 31 nm and 36 nm, respec-
tively) generally comply with the specifications of the manufacturer.
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D Run descriptions from the second
measurement phase of testing a device
to empty the Penning trap between
pre- and main spectrometer

The list below contains a short summary of some of the runs conducted during the second mea-
surement phase (2008) at the test setup at Mainz (see section 6.4.1).

¢ Run bg004: background run
— Uplate = —17.5KV, Uspec = —18kV
UV LED off
wire scanner off (i. e, close to center of beam)

after noise cut: 1950cts in 3416s = ~0.56 é,
no significant bursts or discharges seen in close to one hour of measurement time

¢ Run di018: strong discharge (see figure 6.24)

— Uplate = —17.5kV, Uspec = —18kV
— UVLED: frep = 1kHz, T =40 us, Utunc.gen. =3.9V
(= with [Uspec| < |Uplate|: 360 counts per second at detector above noise)

wire scanner active in sine wave mode with ffunc. gen. = 1 Hz;

at fmeas = 530s switched to rectangular mode with one sweep every 10 seconds

at fmeas &~ 1420s: first notable increase in count rate observed

wire scanner in rectangular mode causes periodic reduction of count rate (see fig.
6.24(b)), but general level increasing, up to ~2-103 %

— at tmeas = 1525 s: turn off UV LED and switch wire scanner first to slow sine wave mode
(ffunc.gen. & 0.1Hz), then to fast sine wave mode (ftunc.gen. & 1 Hz)

discharge slowly subsides and count rate returns to pre-discharge value after approx-
imately 100 s (see figure 6.25(a))

¢ Run di019: strong discharge (see figure 6.25(b))

- high voltage and UV LED settings: same as di018

- wire scanner active in sine wave mode with func. gen. = 1 Hz;
at tmeas = 750s switched to rectangular mode with one sweep every 10 seconds

— at Imeas & 1150s: first notable increase in count rate observed
wire scanner in rectangular mode causes periodic reduction of count rate, but general
level keeps increasing, up to ~1.2-103 é

— at tmeas = 1218s: turn off UV LED and switch wire scanner first to slow sine wave mode
(ffunc.gen. ~ 0.1 Hz), then to fast sine wave mode (ffunc.gen. ~ 1 Hz)

- discharge slowly subsides and count rate returns to pre-discharge value after approx-
imately 90 s
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D Run descriptions (phase II of wire scanner measurements)

¢ Runs di024, di026: no discharge

Uspec = —15kV, Uplate = —14kV
UV LED settings for di024: figp = 0.5kHz, T =40 us, Utunc.gen. =3.5V
UV LED settings for di026: figp = 1kHz, T =40us, Ununc.gen. = 3.9V

wire scanner active in fast sine wave mode (ftunc.gen. &# 1Hz) from start of measure-
ment on

in both runs no discharge observed during 1800 s of measurement

¢ Run di029: no discharge

Uspec =—-15kV, Uplate =-14.5kV
UV LED: fLED =1kHz, 7= 40 us, Ufunc.gen. =39V

wire scanner active in fast sine wave mode (ftunc.gen. & 1Hz) from start of measure-
ment on

no discharge observed during 1800 s of measurement

¢ Run di062: strong discharge without detector shutdown

Uspec = —18KkV, Uplae = —17.5kV

UV LED: figp = 1kHz, T =40 us, Utunc.gen. = 3.9V

wire scanner active in rectangular mode, one sweep every 10 s
at tmeas & 560s: first increase in count rate

at Imeas ~ 570s: wire scanner switched to slow sine mode (ffunc.gen. = 0.1Hz), but UV
LED not switched off

count rate stabilized after few seconds

at Imeas ~ 820s: returned wire scanner to rectangular mode, one sweep every 10 s
at tmeas ~ 1570s: increase in count rate

at Imeas ~ 1658 s: wire scanner switched to fast sine mode (ffunc.gen. = 1 Hz)

slow decrease of count rate without detector shutdown

¢ Run di064: strong discharge leading to detector shutdown

Uspec = —18kV, Uplate = —17.5kV

UV LED: figp = 1kHz, T =40 us, Upunc.gen. = 3.9V

wire scanner active in sine mode (ffunc.gen. = 1 Hz); switched to rectangular mode (one
sweep every 10 s) at fieas &~ 300s

after some smaller rises in count rate starting at about fmeas ~ 900s, count rate in-
creases dramatically at fyeas ~ 1380

wire scanner not switched to sine motion and UV LED not switched off

pressure-induced shutdown of spectrometer and plate high voltages (interlock), de-
tector safety shutdown at feqs = 14655

¢ Run di066: release of trapped particles through the spectrometer (see figure 6.26)

282

at start of measurement: Uspec = —18kV, Uplate = —17.5kV
UV LED: figp = 1kHz, T =40 8, Utunc.gen. = 3.9V

wire scanner active in rectangular mode, one sweep every 5 s
at tmeas = 1470s: UV LED turned off

at fmeas = 15108: Uplate ramped from —17.5kV to —18.11kV
— prompt increase in count rate, up to 2 300 %



- wire scanner switched to slow sine mode (#meas & 1540s) and subsequently to fast sine
mode (fmeas ~ 16105)

- temporary influence of the scanning motion on the count rate visible; general
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D Run descriptions (phase II of wire scanner measurements)
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E Operation and control of UV LEDs

E.1 First measurement phase (2007)

In the first phase of measurements to investigate the Penning trap characteristics at the Mainz
spectrometer, the UV LED used for filling the trap with photoelectrons was integrated into a con-
trol box. Figure E.1 shows a photograph of the casing with opened lid. The box contains a constant
current source (circuitry see figure E.2) which protects the LED by providing a constant current
corresponding to the design value! of I;gp S 20mA for an input voltage of 12V. To operate the
LED in pulsed mode, the box is equipped with a TTL gate input via a BNC connector (see figure
E.1).

Figure E.1: Photograph of
the control box containing
the UV LED.

(i) BNC connector for TTL
gate pulse, (ii) cables for
12 V supply, (iii) LED with
hemispherical lens glued
into casing, (iv) constant
current circuitry.

E.2 Second and third measurement phases (2008)

In later phases of the experiment, the LED was controlled in a more direct manner via a custom-
made connector without any dedicated current stabilization. However, a variable series resistor
was employed to protect the diode and at the same time allow a higher dynamical range of the
driving current — and thus the output power — of the LED. According to the data sheet [Seo06a,
Seo06b], the LEDs can be operated with higher currents in pulsed mode, for example with I;gp =
100mA at a pulse width of 10 us and a repetition rate of 1kHz. Figure E.3 illustrates the direct
powering of UV LEDs.

taken from the product information in [Seo06a, Seo06b]
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E.2 Second and third measurement phases (2008)
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Figure E.3: Direct operation of UV LEDs. A pulsed positive voltage from a function generator is supplied
to two of the three pins of the LED via a custom-made connector. The third pin is not used. The duty cycle
d is defined as the ratio of the pulse width, 7, and the time interval between two successive pulses, At.

Typical values for the operation of UV LEDs in the measurements described in this work are d ~ 0.01% (for
large operating voltages) and d ~ 5% (for low operating voltages).
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F Measurement of the photoelectron
current and determination of the
quantum efficiency

During the test exeriments regarding the production of short photoelectron pulses carried out at
Mainz (see chapter 7), the current of photoelectrons and the quantum efficiency of a UV LED with
a peak wavelength of A,eax = 265 nm irradiating a stainless steel plate were measured. The results
are presented in the following two sections.

F.1 Measurement of the current of photoelectrons

Figure E1 shows a sketch of the experimental setup used to determine the current of photoelec-
trons liberated from the stainless steel electrode by irradiation with UV light from the LED type
T9B26C. The relative arrangement of LED and photocathode can be seen in figure 6.11. The LED
was powered by periodic pulses with a frequency of 1kHz, and a lock-in amplifier (Princeton Ap-
plied Research, Model 126) set to this frequency was employed to measure the current via the
ground cable of the voltage supply to the cathode. To allow the electrons to leave the cathode and
thus provide a measurable current, a small negative potential of Ucathode = —30V was applied to
it.

e At first, the response of the lock-in amplifier needed to be calibrated to account for the fact
that rectangular pulses rather than a sinusoidal signal were fed into it. The correction factor
was determined by feeding 1kHz pulses with an amplitude Uapg, meas. = 3-9V and a width
of 7 =50 us from the Tektronix AFG 3102 function generator into the lock-in amplifier. An

attenuator (1:300) in front of the lock-in input was used:
1

Ulock—in,input = % - UAFG, meas. = 13mV. (ED)

A the output of the lock-in amplifier the measured signal amplitude was Ulock—in, output =

2mV. Thus, the experimentally determined correction factor f{°5 . amounts to
rect  _ Ulock—in, output _ 2mV
lock—in ™

(E2)

Ulock—in, input 13mV

¢ Inasecond step, the current of photoelectrons flowing off the plate was measured. Table E1
lists the results obtained for different voltages (i. e., forward currents) driving the UV LED.
Here, Ugon denotes the voltage drop across the protective series resistor Rgpq of the LED,

and I1gp is the forward current of the LED derived from I;gp = %. The photoelectron

current Iphotoel. is obtained from Ulck—in, outpur and fg’gﬁ_m via the relation
|Ulock—in,0ut ut|
P
Iphotoel‘ = Zrect . o

) (E3)
lock—in * Riock—in

where Rjpck—in = 100 MS2 is the internal resistance of the lock-in amplifier.
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F Photoelectron current and quantum efficiency

Table E1: Photocurrent measurement. The function generator settings are presented on the left-hand side,
whereas the right-hand side contains measured values of UV LED voltage and forward current as well as
the readings of the lock-in amplifier and the result of converting this reading into a photoelectron current.
The fact that the ratio of currents I;gp for the two measurements I an II is not the same as the ratio of lock-
in responses []E&Eﬂf;outpm reflects the nonlinear dependence of the optical output power of the UV LED on
the forward current (see figure C.1).

AFG settings measured values
hotoel.
no. || UV] | fIkHz] | vlus] || Uson [V] | Iep [mA] | Up RS0 supu 14V] | Iphotoe. [PA]
I 4.0 1 50 0.59£0.01 | 6.6£0.1 —-12+£1 0.78+0.07
II 10 1 50 4.60+0.06 | 51.1+£0.7 —60+5 3.9£0.3
/ 7 - /2 - ) '\/'A
// \\
/ \
! }
\ 1
\ /
\ /

lock-in amplifier
power supply Rin =100 MQ

———— = — o _—— e e — —

[
:

Figure E.1: Schematic diagram of the setup for the measurement of the current of photoelectrons. With a
voltage of Ucathode = —30V applied to the cathode, the current was monitored via the ground cable with a
lock-in amplifier. (1) marks the feedthrough port used to apply high voltage to the electrode, and (2) sym-
bolizes the cathode plate. The bold arrows indicate the UV light irradiating the cathode through windows
in the vacuum chamber.

Remark: Due to its load-dependence and an additional miscalibration of the acutal output of
the function generator voltage as compared to the displayed value, the setpoint values of Uarg
given in the tables are only meant to serve as a rough guidance as to what settings were used. For
the interpretation of the data, the measured values of Uxrg, meas. and Uggq are relevant since they
provide a much better accuracy.

F.2 Determination of the quantum efficiency

In addition to the current measurement described in the previous section, a direct measurement
of the UV photon signal was carried out with a Si-PIN photodiode (Hamamatsu S3590-06). This
type of diode provides a large sensitive area (9mm x 9mm) and a relative detection efficiency
of about gyv_jight & 10% for UV light in this wavelength regime [Hamo06], which means that, on
average, only one UV photon out of 10 is detected. For this measurement, the UV LED and the
Si-PIN diode were placed face-to-face (outside of the vacuum chamber) in a very short distance
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E2 Determination of the quantum efficiency

Table E2: Measurement of UV light intensity. The function generator settings are presented on the left-
hand side, whereas the right-hand side contains measured values of UV LED voltage and forward current
as well as the readings of the lock-in amplifier and the current generated in the Si-PIN photodiode by the
UV light.

AFG settings measured values
OVIigh
U V] | fIkHz] | 7[us] || Uson [Vl | Tep [mA] | Ui oupue 14V] | Tsiopi [PA]
4.0 1 50 0.52£0.01 | 5.8+0.1 —600£50 39+£3.2

in order to make sure that the full UV photon flux hits the detector. Figure E2 illustrates the setup.

The settings for the UV light pulses are listed in table E2. As in the measurement of the photo-

electron current, the UV LED was again fed with rectangular pulses. Analogously to eq. (E3), the

current generated in the Si-PIN diode was measured with the lock-in amplifier:
I Ulock—in, outputl

Isi-pIN = — 5

. (F4)
lock—in ~ Riock-in

The quantum efficiency 7, defined as the ratio of photoelectron yield and UV light input, can be
determined! as follows:

#e”  #e /At
#yuv  #ruv/At
Iphotoel. 1

T]:

Isi-piN/€uv-light Twindow
0.78pA  5.8mA 1
39pA/0.1 6.6mA 0.92
\—v—/
LED currents

2-1073, (E5)

2

The transmission efficiency Tyindow Of the 10mm Suprasil® window used in the experiment is
about 92% in the corresponding wavelength range [Her06].

Discussion of experimental uncertainties

In order to find a reliable estimate of the experimental error for the quantum efficiency value
determined in eq. (E5), a number of systematic effects need to be considered.

e Conceivably, the largest contribution stems from the uncertainty 6 £yviigh: of the UV de-
tection efficiency. The value taken from the data sheet [HamO06] represents a rather coarse
estimate, since the diagram provided by the manufacturer does not include sufficient de-
tail.

e We observed a saturation effect of the current measured with the UV-illuminated Si-PIN
photodiode for large photon fluxes. Therefore, the voltage supplied to the UV LED by the
function generator was limited to about Uxrg S 4.5V. However, it is possible that a small
saturation effect occurred already at the lower voltages (Uxrg & 3.9V) used for the actual
measurements. In this case, the detected light signal would be too small and thus the effect
would result in a lowering of the measured value of the quantum efficiency.

!The UV light pulses and the photoelectron current from the cathode both originate from the same (rectangular)
signal shape. Therefore, the same calibration factor fi<5_, applies for both quantities and thus cancels in the
calculation of the quantum efficiency.
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F Photoelectron current and quantum efficiency

lock-in amplifier

o
e —

Uarc

Figure F.2: Schematic diagram of the setup for measurement of the UV light intensity. A function generator
provides the voltage supplied to the UV LED via a variable series resistor (in this case: Ryariable =90€2). The
bold arrow indicates the UV light illuminating the Si-PIN photodiode. The signal induced in the photodi-
ode is measured with a lock-in amplifier.

e A comparison of the values listed in tables E1 and E2 reveals that the settings of the sup-
plied voltage Uggq — and, as a consequence, of the forward current I1gp — were not exactly
equal for the measurement of the photon intensity and of the photoelectric current from
the electrode (I1gp = 5.8 mA and 6.6 mA, respectively). Due to the dependence of the LED
output power on the forward current (compare figure C.1 in appendix C), a shift in the UV
light intensity between the two measurements is to be expected, which favors a smaller
value of the quantum efficiency. A linear approximation of the dependence was respected
in the calculation in eq. (E5).

o The reflectance of the cathode surface was not taken into account. Certainly, the number of
photons absorbed by the stainless steel surface is smaller than the total number of imping-
ing photons. The reflectance value of the stainless steel plate for UV light is not precisely
known. Therefore, eq. (E5) represents a quantum yield defined as the number of photo-
electrons per incident photon rather than per absorbed photon.

In conclusion, an accuracy of the presented result for the quantum efficiency to a level of not
better than about 50% seems to be a fair estimate. The result should rather be considered as an
upper limit, as most of the experimental uncertainties listed above cause a reduction of the value
of n.
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