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The determination of the neutrino rest mass plays an important role at the intersections of
cosmology, particle physics, and astroparticle physics. This topic is currently being addressed by
two complementary approaches in laboratory experiments. Neutrinoless double beta decay exper-
iments probe whether neutrinos are Majorana particles and determine an effective neutrino mass
value. Single beta decay experiments such as KATRIN and MARE investigate the spectral shape of
[B-decay electrons close to their kinematic end-point in order to determine the neutrino rest mass
with a model-independent method. Owing to neutrino flavour mixing, the neutrino mass parameter
appears as an average of all neutrino mass eigenstates contributing to the electron neutrino. The
KArlsruhe TRItium Neutrino experiment (KATRIN) is currently the experiment in the most advanced
status of commissioning. Applying an ultra-luminous molecular windowless gaseous tritium source
and an integrating high-resolution spectrometer of MAC-E-filter type, allow (-spectroscopy close to
the T2 end-point with unprecedented precision and reach a sensitivity of 200 meV/c? (90% CL) on
the neutrino rest mass.

PACS: 23.40.-s; 14.60.Pq

INTRODUCTION

Ever since Wolfgang Pauli invented the neutrino as a desperate way out
in order to understand the 3-decay spectrum, its influence and importance have
steadily been growing. Especially the neutrino rest mass plays an important role
at the intersections of cosmology, particle physics, and astroparticle physics. In
the past decades, several experiments have been performed in order to measure
the masses of the three neutrino flavours (ve, vy, v,) (refer to [1] for summary
tables). Until 1998, none of these experiments were able to measure the mass,
thus only upper limits were given and the question of whether the neutrino has
mass could not be answered.

With the following observations of flavour oscillations of atmospheric and
solar neutrinos, as well as of reactor and accelerator neutrinos at long baseline,
there is now a compelling evidence that neutrinos are massive. Due to this fact and
owing to their large abundance in the Universe, primordial neutrinos from the Big
Bang are considered as the primary candidate for hot dark matter in cosmology.
Thus, they could play a specific role in the evolution of large scale structures
(LSS) in the Universe. On the other hand, the on-going investigations of neutrino
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properties, such as their mass hierarchy and especially their absolute mass values
will open a door to the understanding of the origin of mass. Here, a precision
measurement of the neutrino rest mass can discriminate between different generic
v-mass models, in particular whether they are of hierarchical type (m; < ma <
ms) or of quasi-degenerate type (m; =~ mso =~ mg). Although experiments on
neutrino flavour oscillation provide compelling evidence for massive neutrinos,
they can only provide mixing angles and differences of squared neutrino mass
eigenstates, and hence no absolute mass values.

Based on the knowledge of mixing angles and mass differences, all neutrino
masses can be linked by measuring one absolute mass value only. Therefore,
and owing to the smallness of the mass differences, the only appropriate way to
fix m,, is to pursue neutrino mass experiments with the highest sensitivities to
sub-eV neutrino masses, i.e., experiments searching for m,, .

In this context, cosmological investigations provide very sensitive methods
to determine an estimate for the neutrino mass [2]. Since the v-flavour itself
cannot be distinguished by cosmological studies, the sum of all neutrino mass
eigenstates » . m; is being measured. However, while cosmological studies offer

a very sensitzive approach in principle, it has to be emphasized that there always
remains a generic model dependence, which easily leads to factors of 2, 4 of
uncertainty in the neutrino mass prediction [3,4].

On the other hand, the purely kinematic time-of-flight analysis of neutrinos
emitted in core-collapse supernovae suffers from the model dependence of the
emission time as well as from low statistics. This rather attractive method can
thus not compete with experiments in the sub-eV range.

At the end of the day, it is essential to perform dedicated laboratory ex-
periments with sub-eV sensitivity and without model dependencies, in order to
measure the neutrino mass.

1. DIRECT »-MASS IN LABORATORY EXPERIMENTS

There are two well-known approaches which are complementary in their
physics objectives: i) the search for neutrinoless double 3-decay (Ov(3(), and ii)
the precise spectroscopy of (-decay at its kinematic end-point.

i) The Ov3[3 process requires the neutrino to be its own antiparticle, which
means neutrinos can be described as Majorana particles. In neutrinoless double 3-
decay experiments, an effective Majorana mass mgg is being determined, which
corresponds to the coherent sum of all mass eigenstates m; with respect to the
PMNS mixing matrix Us;

mgp = > U2 -mi. (1)
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In this context the coherence implies the possibility of cancellations in mgg, as
the mass eigenvalues are weighted by the U2 appearing in (1) and complex CP
phases. This generic fact introduces a model dependence and has to be taken into
account when comparing claims or limits like mgg < 0.35 eV/c? [5] to results
from single [-decay experiments. For details about O30 experiments and the
latest status, please, refer to [6,7].

ii) Experiments investigating single [-decay offer a direct and model-inde-
pendent method to determine the absolute neutrino mass. The latter rely only
on the relativistic energy-momentum relation and energy conservation [8,9]. In
contrast to (1), single $-decay experiments determine the squared neutrino mass
m?2  as incoherent sum of all mass eigenstates according to the PMNS matrix.
Here, cancellations are not possible.

Ve

m2 =" |Uel”  m?. 2)

Currently, the tightest experimental upper bounds from single §-decay (m,, <
2.3 eV/c?) have been determined in the tritium (3-decay experiments in Mainz [10]
and Troitzk [11]. However, both experiments have reached their sensitivity
limit. At present new experiments are being assembled or designed which will
increase the experimental precision by two orders of magnitude, thus increasing
the sensitivity on m,,, by one order of magnitude to 200 meV/c?.

1.1. Tritium (-Decay. The basic principle applied in the model-independent
method of 3-spectroscopy relies on kinematics and energy conservation only, with
the squared neutrino mass eigenstate m? appearing in the phase space factor.
For a detailed description including final states and relativistic kinematics we
refer to [8,9].

The following example is based on tritium beta decay:

T —3He+ e + 7. (3)

Using Fermi’s Golden Rule, the electron energy spectrum of tritium (-decay can
be derived for each individual neutrino mass eigenstate m, to be:

dr;
dE

=CxF(Z+1,E)p(E+m.?)(Ey— E)x

X \/(EO — E)2 —m2ctO(Ey — E —mc?). (4)

Here, E is the kinetic energy of the electron; m., the electron mass; and p,
the electron momentum. FEj denotes the total decay energy; F(Z + 1,E) is
the Fermi function, which takes the Coulomb interaction of the emitted electron
with the remaining nucleus into account, and ©(Ey — E —m;c?) provides energy
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conservation. In addition,

2
el
2m3h7 P

comprises the Fermi constant G, the Cabibbo angle 6¢, and the nuclear matrix
element M. Equation (4) is only valid for the decay of a bare and infinitely
heavy nucleus. For a more realistic description, one has to deal with atoms and
molecules of finite mass. In this case, not only recoil corrections are mandatory,
but one has to take into account the possibility of exciting the electron shell as
well as the molecular final-state spectrum. With a probability W, the remaining
atom or molecule will end up in an excited state of energy V. Hence, (4) needs to
be modified into a sum of 3-spectra with amplitudes WW; and modified end-point
energies Fo ; = Ey — V.

The nuclear matrix element M as well as the Fermi function F/(Z +1, E) are
independent of m;. The influence of m; on the spectral shape is thus given by
the phase space only. As (4) indicates, the squared mass m? is the experimental
observable. However, the estimated size of the neutrino mass eigenstates m;
is small compared to the experimental resolution J £ at present. Therefore, the
individual mass eigenstates cannot be resolved as indicated by (4), thus only a
combined spectrum can be measured according to

C= cos? (0c)| M |? &)

dl -l
dE & dE’

(6)

Finally, the experimental observable m?/e is an effective mass parameter corre-
sponding to (2), which is derived by analyzing the spectrum close to the kinematic
end-point, where (Fy — F) is small and the mass term becomes significant. A
nonzero neutrino mass will not only shift the end-point, but also change the spec-
tral shape (see Fig.1). The count rate at the end-point is very small; and as the
absolute (Q-value is not known precisely enough, one has to focus on measuring
the shape of the spectrum, rather than on targeting at the end-point shift. Corre-
spondingly, only a very narrow interval close to the (3-decay end-point needs to
be analyzed, in order to measure a statistically significant neutrino mass value.
The fraction of B-decays in this region is proportional to the third power of the
end-point energy. This kind of basic properties defines the key requirements for
every kind of single 3-decay based neutrino mass experiment.

Concerning possible (-sources, a high primary (-decay rate is required as
well as a (-emitter with the lowest possible end-point energy FEjy. Of course,
super-allowed or allowed transitions are preferred in order to avoid systematics
from shape distortions. The detection of the 3-electrons at keV end-point energies
requires a very high resolution of less than a few eV in order to map the shape
of the spectrum. Furthermore, the detection principle has to allow to accept a
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Fig. 1. Electron energy spectrum of tritium (-decay. The entire spectrum is drawn in
plot a. In plot b, the region close to the end-point Fy is magnified. Solid line is a
spectrum without neutrino mass. Dashed line is a neutrino mass of 1 eV/c?. The gray
shaded triangle corresponds to a fraction of 2 - 1072 of all tritium 3-decays

large part of the solid angle to maximize the available count rate in the end-point
region. In any case, the lowest possible background is required in order not to
cover the region of interest by noise.

There are two complementary approaches for single 3-decay based neutrino
mass investigations with different systematics:

1. In the calorimetric approach, the source is identical to the detector. Usually
metallic or dielectric '8"Re crystal bolometers are used and the entire 3-decay
energy is being measured as a differential energy spectrum. The isotope '8"Re
has the lowest known (3-decay end-point energy at 2.47 keV. However, due to its
rather long half-life of 4.3- 100 y the specific activity is very low. In this context
the advantage of bolometers is that they are modular, thus their number can be
scaled up in order to increase the available amount of source material, and hence
the sensitivity. The MARE experiment is following this approach as successor of
the MANU and the MIBETA experiments (see Sec. 2).

2. In the spectrometer approach, source and detector are separate devices. An
external tritium source is used as (3-emitter, and the decay electrons are guided
to the spectrometer. The kinetic energy of the (-electrons is then analyzed as
integral spectrum by an electrostatic spectrometer. Here, the source material is
high-purity molecular tritium Ts. Tritium has the second lowest end-point at
18.6 keV, but, in contrast to '37Re, it features a short half-life of only 12.3 vy,
thus easily providing a high activity. The spectrometer approach, which has been
used successfully in the Mainz and the Troitzk experiments, implies strict scaling
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laws for the size of the spectrometer and will reach its ultimate size and precision
in the KATRIN experiment.

Besides these approaches, new ideas have recently come up. The Project 8
proposal [12] aims to make use of radio-frequency spectroscopy in order to mea-
sure the kinetic energy of (-electrons from a gaseous Ts source. Here, an array
of antennas would capture the coherent cyclotron radiation emitted by the 5-decay
electrons when moving through a homogeneous magnetic field. This technique
essentially turns the energy measurement into a precise frequency measurement,
without any scale restriction as in the spectrometer approach. Futhermore, the
method is non-destructive, which means that the (3-electron will survive the en-
ergy measurement. In [12], the authors estimate an ultimate sensitivity of 0.1 eV
for this method. Currently, a first proof-of-principle experiment is in preparation
in order to show that it is feasible to detect electrons and to determine their kinetic
energy with this method.

2. THE MARE EXPERIMENT

As is outlined above, MARE (Microcalorimeter Arrays for a Rhenium Ex-
periment) uses '®"Re as [-emitter [13]. The exceedingly long half-life of '8"Re
of 4.3-10'° y — about 3 times the age of the Universe — is the result of the
unique first order forbidden transition from rhenium in a (5/2%) into osmium in
a (1/27) spin and parity state [14]

2"Re — 48" 0Os + e~ + 7. @)
Owing to the low [(-decay end-point energy at £y = 2.47 keV, 3"Re is about
400 times more efficient in terms of data accumulation in the region of interest
close to the kinematic end-point when compared to tritium. This is a simple
consequence of the third power dependence of the (-spectrum close to the end-
point N o< (Ep)3. However, due to the low end-point energy and the low specific
activity, the only reasonable method for !7Re (-spectroscopy is the calorimetric
approach. By applying multipixel arrays of bolometers, the low specific activity
of individual bolometers can be circumvented. The feasibility of using cryogenic
rhenium microcalorimeters has already been demonstrated by the MANU and
MIBETA experiments. The latter derived the lowest calorimetric upper limit of
m, < 15 eV after accumulating 109 (-decays [15]. MARE is the successor of
the MANU and MIBETA experiments and will be performed in two phases with
increased sensitivity [13].

The goal of phase I of MARE is to improve the current sensitivity on m,,
by one order of magnitude to m, ~ 2 eV by increasing the statistics to ~ 10'°
(-decays. The anticipated sensitivity will then be comparable to the Mainz and
Troitzk experiments (m, ~ 2 eV) and can be used to independently check their
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upper limit. In this first phase both, metallic rhenium and AgReO4 bolometers
are being examined. Using calorimeter pixel arrays, it will take three years to
obtain the intended number of decays. During this time the main objective will
be to complete the R&D programme for improving the sensor technology for the
next phase.

MARE phase II aims to finally improve the sensitivity again by another order
of magnitude with increased statistics of 10'* 3-decays. Reaching a sensitivity
of m, ~ 0.2 eV, MARE will be able to scrutinize a KATRIN result with a
completely independent method and different systematics. However, the challenge
of this project will result from the operation of 50000 bolometer pixels over a
measurement time of at least 5 years in order to reach the projected sensitivity.

3. THE KATRIN EXPERIMENT

The KATRIN (KArlsruhe TRItium Neutrino) experiment [16,17] is based on
the (O-decay of tritium (3). Tritium offers the second lowest end-point energy
of 18.6 keV, which can easily be handled in a spectrometer-based experiment,
and it provides further advantages for neutrino mass investigations. The §-decay
of tritium is a superallowed transition with a short half-life of 12.3 y, which is
the reason for its high specific activity. Furthermore, as stated in (5) the nu-
clear matrix element of this transition is energy independent, thus no spectral
corrections have to be taken into account. Based on the simple electronic shell
configuration of tritium and its daughter ion (*He™), the final state spectrum can
be calculated precisely. Especially the influence from interactions of the emitted
(-electron with the source material itself can be calculated in a straightforward
way. Relying on these attractive features, a long series of neutrino mass ex-
periments has been performed in the past decades. These experiments achieved
a reduction of the uncertainty of m, by nearly two orders of magnitude, refer
to [18]. In addition, the understanding of systematic effects and improvements
of the experimental setups solved the issue with negative values of m?2 [9]. As
mentioned above, the experiments in Mainz [10] and Troitzk [11] determined the
lowest upper bound on m,. No further improvements are expected from these
experiments as their sensitivity limit has been reached.

KATRIN represents the next generation tritium-based neutrino mass exper-
iment. It makes use of a molecular gaseous tritium source and an electrostatic
energy filter based on the MAC-E filter principle.

3.1. MAC-E Filter Principle. The MAC-E filter uses magnetic adiabatic
collimation in combination with an electrostatic energy filter [19], its basic prin-
ciple is shown in Fig.2. The (-decay electrons are emitted in the source in a
region of high magnetic field. The latter guides the electrons to the spectrome-
ter, where the magnetic field drops by several orders of magnitude. Maintaining
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Fig. 2. MAC-E filter principle. a) Superconducting solenoid magnets provide the magnetic
guiding field, electrodes create the electrostatic retarding potential. Electrons emitted
from the source are being collimated magnetically under energy conservation, while the
retarding potential slows them down and analyzes their kinetic energy as integrating high-
pass filter. b) Magnetic adiabatic collimation represented by electron momentum vectors
without retardation

a strictly adiabatic regime with full energy conservation, the magnetic gradient
force transforms the cyclotron energy of the isotropically emitted electrons into
the longitudinal component. This adiabatic energy transformation is realized by
keeping the field gradients small along the electron’s path, thus the magnetic
moment p is conserved:

= % — const*. (8)
In the region of decreasing magnetic field B, the kinetic energy £ perpendicular
to the magnetic field drops accordingly. Finally, almost all of the kinetic energy
has been transformed into the longitudinal component E”, which can then be
analyzed electrostatically by the retarding potential. The latter field slows down

p=pl=

*Equation given in nonrelativistic approximation.
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the electrons by reducing their longitudinal energy and only electrons which have

sufficient kinetic energy to pass this potential barrier are counted, thus the MAC-E
filter acts as high-energy-pass filter for electrons.

Both effects have to be aligned very carefully for a proper energy analysis.
The relative resolution of the filter is then defined by the magnetic field ratio

between minimum field in the center of the spectrometer and maximum field at
the pinch magnet:

AE B

B~ Bom ®)

The finite width AE/E is essentially the remaining fraction of the perpendicular
energy component, which being not completely transformed into the longitudinal
part, thus defining the resolution of the MAC-E filter. Using this principle, the 8-
spectrum can be measured in integral form by variation of the retarding potential,
or more precisely by variation of the potential difference between source and

spectrometer. This defines the overall electromagnetic design of KATRIN and
the size of its components.

An overview of the main beam-line is given in Fig.3. KATRIN faces chal-
lenges in all key technologies which are applied in the experiment. As an example,
about 10! electrons/s are emitted in the source, while at the far detector side a

Tritium source Transport section

Prespectrometer Spectrometer Detector
]| 1 \ ! \
! \ \ / AE=092keV

1 \

\ \ \E>183keV | _® -
|l 7 e \ \ & ! L ] \ .1"’—'/
@ H e - e, P vleT/s
|| . N / - \\ .e__» _. g ‘\ ® .;_,,Ill \‘
' fdecay —@ = | o ' 10 e7s

Fig. 3. Overview of the KATRIN main beam-line. High purity T2 gas is being injected
into the source tube. The transport section guides the 3-decay electrons magnetically and
removes remaining gas by active and cryogenic pumping. Electrons close to the end-point
region can pass the prespectrometer and enter the main spectrometer for precise energy
analysis. The low background Si-PIN detector system counts the transmitted electrons
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background rate of the order of only 10~2 c.p.s. has to be reached. The source
column density, temperature and pressure have to be kept stable at the 1073
level. The transport section has to reduce the tritium gas flow by a huge amount
of 10, in order not to increase the background in the spectrometer section. In
addition, the decay electrons have to be transported fully adiabatically on the
meV-scale over a distance of about 50 m. In the spectrometer region, carefully
designed electromagnetic field conditions have to be implemented and maintained
with the high voltage stability on the 1075 scale for operating voltages up to
35 kV being one striking example. In particular, electromagnetic conditions lead-
ing to Penning-like trapping conditions have to be avoided in order to reach low
background rates. The following subsection addresses the details of some key
components and their present status.

3.2. The KATRIN Setup. The KATRIN setup stretches over 70 m and can
be grouped into five independent components. The windowless gaseous tritium
source (WGTS) provides a high activity of 10! 3-decays per second. There,
the tritium gas is injected into the center part of the beam-tube and flows to
both ends, where it is removed by turbomolecular pumps. Electrons emitted by
the T2 decay are guided by strong magnetic fields (B = 3.6 T in the central
region and B = 5.6 T in the transport section) to the transport section and finally
to the spectrometer section. This system is designed to retain the gas flow by
14 orders of magnitude. The prespectrometer — which provides the option to
operate as MAC-E filter with moderate resolution of about 100 eV — can be used
to further reduce the tritium number density considerably. In an operation mode
at nonzero retarding potential, only high-energy electrons close to the end-point
region would be allowed to enter the main spectrometer for the precise energy
analysis. The main spectrometer is an unprecedented MAC-E filter offering a
resolution of AE = 0.93 eV for 18.6 keV electrons by applying a magnetic field
ratio of 1/20000. The latter defines the size of the main spectrometer, since the
entire magnetic flux tube ratio of the source has to be analyzed.

3.2.1. Windowless Gaseous Tritium Source. In order to meet its sensitivity
goal, KATRIN requires a stable source with high luminosity, and low systematic
effects. The design luminosity of 1.7 - 10! Bq is equivalent to a rate of 5 - 1019
T2 molecules to be injected per second into the source tube, which adds up to a
throughput of 40 g per day. These stringent design criteria are met by a unique
research facility in Europe: Tritium Laboratory Karlsruhe (TLK), located at the
KIT Campus North site, which also provides tritium technology for the ITER
fusion facility [20]. The tritium purity for KATRIN has to be kept above 95%,
the source temperature at T = 27 K, and the injection pressure at 10~ mbar.
In order to achieve a stable column density all these parameters have to be
stable on the 1072 level. At TLK a sophisticated tritium loop system has been
commissioned for KATRIN, providing a stable injection rate and a high purity
isotope separation stage. Being designed for a stability of 103, test runs showed
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that the loop system (without the final WGTS beam-tube part) reaches a 104
stability level over a 4 months time interval.

A new concept of temperature stabilization will be applied to the WGTS
beam-tube (I = 10 m, d = 9 c¢m) in order to achieve a stability of AT < 30 mK
at the source operating temperature. The inner beam-tube is directly coupled to a
two phase Ne thermosiphon [21]. This novel concept is presently being tested at
the WGTS demonstrator, which is the inner part of the WGTS cryostat without
superconducting magnets. After the demonstrator tests it will be integrated into the
WGTS cryostat. At present, we expect the cryostat to be ready for implementation
into the KATRIN beam-line in late 2012.

3.2.2. The Transport Section. Adjacent to the WGTS, the transport section
guides the decay electrons to the spectrometer section by strong magnetic fields
of B = 5.6 T. The stringent tritium retention by the factor 10'# is achieved in two
steps. First the differential pumping section DPS uses active pumping to provide
a Ty retention of 107. The DPS2-F cryostat is on-site and its commissioning has
recently been completed. The cryogenic pumping section CPS will make use of
cryosorption to achieve a further retention of > 107. Here, the liquid He cold
inner beam-tube is covered with Ar frost, providing a large surface to cryosorp
the To. The CPS concept has been successfully tested in [22,23] and the CPS
cryostat itself is presently under construction.

3.2.3. The Prespectrometer Test Setup. The spectrometer section consists
of two MAC-E filters. The prespectrometer is a MAC-E filter with sufficient
resolution to allow to cut off the low energy part of the [-spectrum at about
300 eV below the end-point, if required. At present it acts as an important
test setup, where all major technologies for the main spectrometer have been
tested, i.e., the vacuum concept, the electromagnetic design as well as electron
transmission properties and the detector concept. Especially the electromagnetic
design will have a strong impact on the overall background reduction. Even tiny
cm?3-sized Penning-like traps close to the ground electrode can cause substantial
background rates of > 103 c.p.s. Based on the advanced KATRIN field calculation
code (KASSIOPEIA), the electrode shapes have been refined to avoid these traps.
This iterative process has resulted in a background level of a few 1073 c.p.s.,
which cannot be distinguished from the intrinsic detector background, hence the
prespectrometer is considered as a quasi-background free device. Remaining
background features have originated from Rn decays in the volume, which result
to a lesser part from auxiliary components and predominantly stem from the SEAS
nonevaporable getter material required for maintaining UHV conditions. The
auxiliary parts involved have been removed and Rn from the getter material has
been eliminated by LN baffles, for details see [24]. Finally, the prespectrometer
will be integrated into the beam-line.

3.2.4. The Main Spectrometer. The main spectrometer analyzes the (3-decay
electrons at the end-point region with a full width of 0.93 eV. As it has to operate
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Fig. 4. a) View of the main spectrometer vacuum vessel and the surrounding air-coil
structure. b) Wire electrode installation inside the main spectrometer, individual wires are
barely visible on this scale

with a background rate at the 10~2 c.p.s. level, background from low-energy
electrons created by cosmic muons in the vessel wall has to be rejected. For
this purpose the dominant magnetic shielding has to be supplemented by a UHV
compatible wire electrode system (240 modules, 23000 wires, 0.2 mm precision).
It is currently being installed, see Fig.4. Vacuum tank and wire electrode provide
the precise retarding potential for the energy filter and are supplied by high-
voltage equipment at a precision level of 107, This level is of key importance
for the r-mass measurement, thus it will be monitored by ultra-precise high-
voltage dividers [25,26] and a separate monitor spectrometer beam-line. The
latter uses the same retarding potential and measures a nuclear standard which
is emitting monoenergetic electrons. Since the electromagnetic properties of the
MAC-E filter are extremely sensitive to small distortions of the magnetic field,
an air coil system has been installed around the spectrometer vessel. As is shown
in Fig. 4, it consists of large coils and allows one to compensate the earth magnetic
field and to fine tune the magnetic flux tube.

3.2.5. The Detector Setup.  The transmitted electrons are counted by a
detector based on a monolithic 148 pixel Si-PIN diode with an energy resolution
of about 1 keV, and the ability to detect rates from 10~2 c.p.s. in the end-point
region and up to 102 c.p.s. during calibration runs, while keeping the background
low. The active area with 9 cm diameter is subdivided in a dartboard pattern of
12 concentric rings with 30° azimuthal segmentation.

4. KATRIN OUTLOOK AND SENSITIVITY

After commissioning and testing, the complete system integration is planned
for late 2012 [27]. As soon as the setup is in measurement condition, KATRIN
will take 3 years of data, which corresponds to 5 years real-time. The statistical
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uncertainty is estimated to be Am2,, = 0.018 eV2/c?. Likewise, the systematic
uncertainty is being restricted to AmZ2 < 0.017 eV?/c* in order to minimize
the total uncertainty to Am?Z, = 0.025 eV?/c*. This leads to the KATRIN
design sensitivity of m,, = 200 meV/c? (90% CL) and the discovery potential of

m, = 0.35 eV/c? with 50 significance.

S. SUMMARY

The on-going efforts to measure the absolute mass of neutrinos is well mo-
tivated by recent results in particle and astroparticle physics. Recent advances in
ultrahigh (-spectroscopy offer a model-independent method for determining the
v-mass. The Re-based MARE experiment is going to check the present limits,
while at the same time improving the detector technology. In future, MARE will
be able to scrutinize the KATRIN result, after operating 50000 bolometer pixels
for at least 5 years. New concepts for 3-spectroscopy such as Project 8 will open
new and independent pathways to sub-eV sensitivities and should be matured in
an R&D phase. The estimated sensitivity of the tritium-based KATRIN experi-
ment is m, = 200 meV/c? (90% CL). Its construction is proceeding well with
several of the major components being already on-site [27]. The complete system
integration is planned for 2012.
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