
Hindawi Publishing Corporation
Advances in High Energy Physics
Volume 2013, Article ID 293986, 39 pages
http://dx.doi.org/10.1155/2013/293986

Review Article

Current Direct Neutrino Mass Experiments

G. Drexlin,1 V. Hannen,2 S. Mertens,1 and C. Weinheimer2

1 Institut für Experimentelle Kernphysik, Karlsruher Institut für Technologie, 76021 Karlsruhe, Germany
2 Institut für Kernphysik, Westfälische Wilhelms-Universität Münster, 48149 Münster, Germany

Correspondence should be addressed to G. Drexlin; guido.drexlin@kit.edu

Received 12 July 2012; Accepted 9 October 2012

Academic Editor: Arthur B. McDonald

Copyright © 2013 G. Drexlin et al. 
is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In this contribution, we review the status and perspectives of direct neutrinomass experiments, which investigate the kinematics of�-decays of speci�c isotopes (3H, 187Re, 163Ho) to derive model-independent information on the averaged electron (anti)neutrino
mass. A�er discussing the kinematics of �-decay and the determination of the neutrino mass, we give a brief overview of past
neutrino mass measurements (SN1987a-ToF studies, Mainz and Troitsk experiments for 3H, cryobolometers for 187Re). We then
describe the Karlsruhe TritiumNeutrino (KATRIN) experiment currently under construction at Karlsruhe Institute of Technology,
which will use the MAC-E-Filter principle to push the sensitivity down to a value of 200meV (90% C.L.). To do so, many
technological challenges have to be solved related to source intensity and stability, as well as precision energy analysis and low
background rate close to the kinematic endpoint of tritium �-decay at 18.6 keV.We then review new approaches such as theMARE,
ECHO, and Project8 experiments, which o�er the promise to perform an independent measurement of the neutrino mass in the
sub-eV region. Altogether, the novel methods developed in direct neutrino mass experiments will provide vital information on the
absolute mass scale of neutrinos.

1. Introduction


e various experiments with atmospheric, solar, accelerator,
and reactor neutrinos [1–5] provide compelling evidence
that neutrino �avor states are nontrivial superpositions of
neutrino mass eigenstates and that neutrinos oscillate from
one �avor state into another during �ight. By these neutrino
oscillation experiments, we can determine the neutrino
mixing angles and the di�erences between the squares of
neutrino masses. In the case of the so-called solar or reactor
mass splitting Δ�212, we not only know the modulus of this
di�erence but also its sign. Clearly these �ndings prove
that neutrinos have nonzero masses, but neutrino oscillation
experiments being a kind of interference experiment cannot
determine absolute masses. We may parameterize our miss-
ing knowledge by a free parameter �min, the mass of the
smallest neutrino mass eigenstate (see Figure 1).

We should note that throughout this paper, we will not
distinguish between themass of a neutrino and themass of an
antineutrino, which should be the same if the CPT theorem
holds. 
erefore, we will use the term neutrino when we

speak of neutrinos and of antineutrinos. But we will explain
for each measurement whether the result is obtained for
neutrinos or antineutrinos.


e absolute value of the neutrino masses is very impor-
tant for astrophysics and cosmology because of the role of
neutrinos in structure formation due to the huge abundance
of relic neutrinos le� over in the universe from the big bang

(336/cm3) [6]. In addition, the key role of neutrino masses
in understanding, which of the possible extensions or new
theories beyond the StandardModel of particle physics is the
right one [7, 8], makes the quest for the absolute value of the
neutrinomass among of themost urgent questions of nuclear
and particle physics.


ree di�erent approaches can lead to the absolute neu-
trino mass scale as follows.

(i) Cosmology. Today’s visible structure of the universe has
been formed out of �uctuations of the very early universe.
Due to the large abundance of relic neutrinos and their
low masses they acted as hot dark matter: neutrinos have
smeared out �uctuations at small scales. How small or large
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Figure 1: Neutrino mass eigenvalues �(��) (solid lines) and one-third of the cosmologically relevant sum of the three neutrino mass
eigenvalues ∑�(��)/3 (dashed line) as a function of the smallest neutrino mass eigenvalue �min for normal hierarchy �(�3) > �(�2) >�(�1) = �min (le�) and inverted hierarchy �(�2) > �(�1) > �(�3) = �min (right). 
e upper limit from the tritium �-decay experiments
at Mainz and Troitsk on �(��) (solid line), which holds in the degenerate neutrino mass region for each �(��), and for ∑�(��)/3 (dashed
line) is also marked. We plot here the third of the sum of the neutrino mass eigenstates because it coincides with the mass �(��) of the
individual neutrinomass states in the case of quasi-degenerate neutrinomasses (for�(��) > 0.1 eV).
e temperature of the cosmicmicrowave
background photons together with the di�erent decoupling times of the relic photons and the relic neutrinos a�er the big bang yields a relic
neutrino density of 336/cm3 [6]. Using this number, the hot dark matter contribution Ω� of neutrinos to the matter/energy density of the
universe relates directly to the average neutrino mass ∑�(��)/3. 
is hot dark matter component Ω� is indicated by the right scale of the
normal hierarchy plot and compared to all other known matter/energy contributions in the universe (middle). 
us, the laboratory neutrino
mass limit from tritium �-decay�(��) < 2 eV corresponds to a maximum allowed neutrinomatter contribution in the universe ofΩ� < 0.12.

these scales are is described by the free streaming length of
the neutrinos which depends on their mass. By determining
the early �uctuations imprinted on the cosmic microwave
background with the WMAP satellite [9] and mapping out
today’s structure of the universe by large galaxy surveys like
SDSS [10] conclusions on the sum of the neutrino masses∑�(��) can be drawn. Up to now, only upper limits on
the sum of the neutrino masses have been obtained around∑�(��) < 0.5 eV [11], which are to some extent model and
analysis dependent [6].

(ii) Neutrinoless Double �-Decay (0���). A neutrinoless
double�-decay (two�-decays in the samenucleus at the same
time with emission of two �-electrons (positrons) while the
antineutrino (neutrino) emitted at one vertex is absorbed at
the other vertex as a neutrino (antineutrino)) is forbidden
in the Standard Model of particle physics. It could exist,
if the neutrino is its own antiparticle (“Majorana-neutrino”
in contrast to “Dirac-neutrino”) [12]. Furthermore, a �nite
neutrino mass is the most natural explanation to produce
in the chirality-selective interaction a neutrino with a small
component of opposite handedness on which this neutrino
exchange subsists. 
en the decay rate will scale with the
absolute square of the so-called e�ective Majorana neutrino
mass, which takes into account the neutrinomixingmatrix�

Γ0��� ∝ �����∑�2ei�(��)�����2 := �ee
2. (1)

Here �ee represents the sum of the neutrino masses �(��)
contribution coherently to the 0���-decay. Hence this
coherent sum carries their relative phases (the usual CP-
violating phase of an unitary 3 × 3 mixing matrix plus
two so-called Majorana-phases). A signi�cant additional
uncertainty which enters the relation of �ee and the decay
rate is the nuclear matrix element of the neutrinoless double�-decay [12]. 
ere is one claim for evidence at�ee ≈ 0.3 eV
by part of the Heidelberg-Moscow collaboration [13], which
is being challenged by limits from di�erent experiments in
the same range, for example, very recently by the EXO-200
experiment [14].

(iii) Direct NeutrinoMass Determination.
edirect neutrino
mass determination is based purely on kinematics without
further assumptions. Essentially, the neutrino mass is deter-
mined by using the relativistic energy-momentum relation-

ship �2 = �2 + �2. 
erefore it is sensitive to the neutrino

mass squared �2(�). In principle there are two methods:
time-of-�ight measurements and precision investigations of
weak decays. 
e former requires very long baselines and
therefore very strong sources, which only cataclysmic astro-
physical events like a core-collapse supernova could provide.

e supernova explosion SN1987a in the Large Magellanic
Cloud gave limits of 5.7 eV (95% C.L.) [16] or of 5.8 eV
(95% C.L.) [17] on the neutrino mass depending somewhat
on the underlying supernova model. Unfortunately nearby
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Figure 2: Observables of neutrinoless double �-decay �ee (open blue band) and of direct neutrino mass determination by single �-decay�(��) (red) versus the cosmologically relevant sum of neutrino mass eigenvalues∑�(��) for the case of normal hierarchy (a) and of inverted
hierarchy (b).
e width of the bands/areas is caused by the experimental uncertainties (2�) of the neutrinomixing angles [15] and in the case
of�ee also by the completely unknownMajorana- andCP-phases.Uncertainties of the nuclearmatrix elements, which enter the determination
of�ee from the measured values of half-lives or of half-live limits of neutrinoless double �-decay, are not considered.

supernova explosions are too rare and seem to be not well
enough understood to allow to compete with the laboratory
direct neutrino mass experiments.


erefore, aiming for this sensitivity, the investigation
of the kinematics of weak decays and more explicitly the
investigation of the endpoint region of a �-decay spectrum
(or an electron capture) is still the most sensitive model-
independent and direct method to determine the neutrino
mass. Here the neutrino is not observed but the charged
decay products are precisely measured. Using energy and
momentum conservation, the neutrinomass can be obtained.
In the case of the investigation of a �-spectrum usually the
“average electron neutrino mass” �(��) is determined (see
(20) in the next subsection)

�(��)2 := ∑ ������2ei����� �(��)2. (2)

In contrast to �ee in neutrinoless double �-decay (see
(1)), this sum averages over all neutrino mass states �(��)
contributing to the electron neutrino and no phases of the
neutrino mixing matrix � enter. 
e decay into the di�erent
neutrino mass eigenstates �� add incoherently, which we will
discuss in more detail for the neutrino mixture to sterile
neutrinos in Section 2.1.

Figure 2 demonstrates that the di�erent methods are
complementary to each other and compares them.


is paper is structured as follows. In Section 2, the
neutrinomass determination from the kinematics of �-decay
is described. Section 3 presents the analysis of the spectrum
of neutrinos from supernova SN1987a and the recent �-
decay experiments in search for the neutrino mass scale. In
Section 4, an overview of the present KATRIN experiment
is given. New approaches to directly determine the neutrino
mass are presented in Section 5. 
is paper ends with a
conclusion in Section 6. For a more detailed and complete

overview on this subject, we would like to refer to the reviews
[18–23].

2. �-Decay and �-Mass

According to Fermi’s Golden Rule, the decay rate for a �-
decay is given by the square of the transition matrix element� summed and integrated over all possible discrete and
continuous �nal states � (we use the convention ℎ = 1 = �
for simplicity).

Γ = 2�∑∫ ������2����� ��. (3)

Let us �rst calculate the density of the �nal states. 
e
number of di�erent �nal states �� of outgoing particles inside
a normalization volume � into the solid angle �Ω with
momenta between� and�+��, or, respectively, with energies
in the corresponding interval around the total energy �tot, is

�� = � ⋅ �2 ⋅ �� ⋅ �Ωℎ3
= � ⋅ �2 ⋅ �� ⋅ �Ω(2�)3
= � ⋅ � ⋅ �tot ⋅ ��tot ⋅ �Ω(2�)3 .

(4)


is gives a state density per energy interval and solid angle
of

����tot�Ω = � ⋅ � ⋅ �tot(2�)3 . (5)
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Since the mass of the nucleus is much larger than the
energies of the two emitted leptons, we can use for the next
steps the following simpli�cation: the nucleus takes nearly no
energy but balances all momenta (we will consider the recoil
energy of the nucleus later.). 
erefore we need to count the
state density of the electron and the neutrino only

� (��, ��, �Ω�, �Ω�)
= �������Ω� ⋅

�������Ω�
= �2 ⋅ �� ⋅ �� ⋅ �� ⋅ ��(2�)6

= �
2 ⋅ √�2� − ��2 ⋅ �� ⋅ √�2� − �2 (��) ⋅ ��

(2�)6 .

(6)


e transition matrix element � can be divided into a
leptonic part, �lep, and a nuclear one, �nucl. Usually the
coupling is written separately and expressed in terms of
Fermi’s coupling constant  � and the Cabibbo angle ΘC

� =  � ⋅ cosΘC ⋅ �lep ⋅ �nucl . (7)

2.1. Allowed and Superallowed Transitions. We �rst discuss
the case of allowed or superallowed decays like that of
tritium. Here, none of the leptons has to carry away angular

momentum.Hence, the leptonic part |�2lep| essentially results
in the probability of the two leptons to be found at the
nucleus, which is 1/� for the neutrino and 1/� ⋅ "(�, #�) for
the electron, yielding

������2lep����� = 1�2 ⋅ " (�, #�) . (8)


e Fermi function "(�, #�) takes into account the �nal
electromagnetic interaction of the emitted �-electron with
the daughter nucleus of nuclear charge (#�). 
e Fermi
function is approximately given by [19]

" (�, #�) = 2�&1 − exp (−2�&) (9)

with the Sommerfeld parameter & = '#�/�.
For an allowed or superallowed transition the nuclear

matrix element�nucl is independent of the kinetic energy of
the electron. 
e coupling of the lepton spins to the nuclear
spin is usually contracted into the nuclear matrix element.

is nuclear matrix element of an allowed or superallowed
transition can be divided into a vector current or Fermi part
(Δ*nucl = 0) and into an axial current or Gamov-Teller part
(Δ*nucl = 0, ±1 but no *nucl = 0 → *nucl = 0). In
the former case, the spins of electron and neutrino couple
to 4 = 0, in the latter case to 4 = 1. What remains is
an angular correlation of the two outgoing leptons. Since
charge current weak interactions like �-decay maximally
violate parity they prefer—depending on velocity—negative
helicities for particles and positive helicities for antiparticles.


us the momenta or directions of the leptons are correlated
with respect to their spins and therefore to each other. 
is
results are an (�, �) angular correlation factor

1 + 6 ⋅ ( ⃗� ⃗��) (10)

with the electron velocity � = 8/� and the neutrino velocity�� = 8�/�. 
e angular correlation coe�cient 6 amounts to6 = 1 for pure Fermi transitions and to 6 = −1/3 for pure
Gamov-Teller transitions within the Standard Model [24].


e phase space density (6) is distributed over a surface in
the two-particle phase space which is de�ned by a 9-function
conserving the decay energy. With this prescription, we can
integrate (3) over the continuum states and get the partial
decay rate into a single channel; for instance, the ground state
of the daughter system with probability ;0
Γ0 = ;0 ⋅ ∫

��,��,Ω�,Ω�

 2� ⋅ cos2ΘC ⋅ ������2nucl�����(2�)5 ⋅ " (�, #�)
⋅ √�2� − ��2 ⋅ �� ⋅ √�2� − �2 (��)
⋅ �� ⋅ (1 + 6 ⋅ ( ⃗� ⃗��))
⋅ 9 (? + �� − �� − �� − �rec) ��� ��� �Ω�Ω�.

(11)

In direct neutrinomassmeasurements usually the formu-
las are given in terms of the kinetic energy of the electron �

� := �� − ��. (12)


e maximal kinetic energy of the electron for the case of
zero neutrino mass zero is called endpoint energy �0 which
is de�ned by a vanishing neutrino energy ��

�0 := max (�) = max (�� − ��) . (13)

A correct integration over the unobserved neutrino
variables in (11) has to respect the (�, �) angular correlation
factor (10), which also has to be considered in calculating the
exact recoil energy of the nucleus �rec. If we consider that the�-electrons of interest have a certain minimal kinetic energy�min then we can calculate the range of recoil energies of the
daughter nucleus of mass �daughter : the recoil energy �rec is
bound upwards by the case, in which the outgoing electron
takes the maximum kinetic energy �0 and downwards by the
case, in which the electron of kinetic energy �min is emitted
opposite to the direction of the neutrino, which has in this
case a momentum �� = �� = �0 − �min (neglecting for a
moment the nonzero value of the neutrino mass)

(�� − ��)22�daughter

= (√�
2
min

+ 2�min�� − (�0 − �min))2
2�daughter

≤ �rec ≤ �rec,max

= �2
max2�daughter

= �20 + 2�0��2�daughter

.
(14)
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Due to the largeness of �daughter even for sizeable electron
energy ranges below the endpoint �0, according to (14) the
recoil energy �rec does not change much (numbers are given
for the example of tritium in the next section). 
erefore, for
the region of interest below the endpoint �0, we can apply
a constant recoil energy correction �rec = const. and (13)
becomes (We should note here that we cannot use (15) to
derive the endpoint energy �0 from a measured nuclear ?-
value with the precision required for the direct measurement
of the neutrino mass due to the uncertainty of ?, which is
O(1) eV at best. 
erefore �0 has to be �tted from the �-
spectrum together with the neutrino mass squared. For the
case of tritium there is currently a large experimental e�ort to
improve signi�cantly the precision on the ?-value of tritium�-decay by ultrahigh precision ion cyclotron resonance mass
spectroscopy in a multi-Penning trap setup measuring the
3He-3H mass di�erence [25] with the �nal goal to use the
measured ?-value in the neutrino mass �t.)

�0 = ? − �rec. (15)

Further integration over the angles yields through (10)
an averaged nuclear matrix element, as mentioned above.
Besides integrating over the (�, �)-continuum, we have to
sum over all other �nal states. For a �-decaying atom or
molecule it is a double sum: one summation runs over
all neutrino mass eigenstates �(��) with probabilities |�2ei|
which are kinematically accessible (�(��) ≤ �0). 
e second
summation has to be done over all of the electronic �nal states
of the daughter system with probabilities ;
 and excitation
energies �
. 
ese comprise excitations of the electron shell
but also—in the case of �-decaying molecules—rotational
and vibrational excitations. 
ese excitations are caused by
the sudden change of the nuclear charge from# to#� = # + 1
which requests a rearrangement of the electronic orbitals of
the daughter atom or molecule and the interatomic distances
in case of a molecule. 
ey give rise to shi�ed endpoint
energies. Introducing the de�nition

C := (�0 − �) , (16)

the total neutrino energy now amounts for this excitation to��,
 = C − �
. 
e �-electrons are leaving the nucleus on a
time scale much shorter than the typical Bohr velocities of
the shell electrons of the mother isotope. 
erefore, the exci-
tation probabilities of electronic states—and of vibrational-
rotational excitations in the case of molecules—can be calcu-
lated in the so-called sudden approximation from the overlap
of the primary electron wave function Ψ0 with the wave
functions of the daughter ion Ψ�,


;
 = �����⟨Ψ0 | Ψ�,
⟩�����2. (17)

Rather than in the total decay rate, we are interested in its
energy spectrum Ḣ(�) := �Γ/��, which we can read directly
from (11) without performing the second integration over the

�-energy. Using C = �0 − � and summing up over the �nal
states it reads

Ḣ (�) =  2� ⋅ cos2ΘC2�3 ⋅ ������2nucl�����
⋅ " (�, #�) ⋅ (� + ��)
⋅ √(� + ��)2 − ��2
⋅ ∑
�,


������2ei����� ⋅ ;
 ⋅ (C − �
)

⋅ √(C − �
)2 − �2 (��)
⋅ Θ (C − �
 − � (��)) .

(18)


e Θ-function con�nes the spectral components to the
physical sector C − �
 − �(��) > 0. 
is causes a technical
di�culty in �tting mass values smaller than the sensitivity
limit of the data, as statistical �uctuations of the measured
spectrum might occur which can no longer be �tted within
the allowed physical parameter space. 
erefore, one has
to de�ne a reasonable mathematical continuation of the
spectrum into the region which leads to J2-parabolas around�2(��) ≈ 0 (see, e.g., [26]).

Assuming unitarity of the kinematic accessible neutrino

mass states (∑� |�2ei| = 1), we can expand the second line of

(18) for (C − �
)2 ≫ �2(��)
Ḣ (�) ∝ ∑

�,


������2ei����� ⋅ ;
 ⋅ (C − �
)

⋅ √(C − �
)2 − �2 (��)
(19)

≈ ∑


;
 ⋅ ((C − �
)2 − 12∑�

������2ei����� �2 (��))
=: ∑


;
 ⋅ ((C − �
)2 − 12�2 (��)) .

(20)


is average over the squared masses of the neutrino mass

states �2(��) in (20) de�nes what we called the electron
neutrino mass�(��) in (2).
is simpli�cation always applies,
if we cannot resolve the di�erent neutrino mass states.

Figure 3 shows the �-spectrum at the endpoint according
to (18).
e in�uence of the neutrinomass on the �-spectrum
shows only at the upper end below �0, where the neutrino is
not fully relativistic and can exhibit its massive character.
e

relative in�uence decreases in proportion to �2(��)/C2 (see
Figure 3), which leads far below the endpoint—according to

(20)—to a small constant o�set proportional to −�2(��).
Concerning the various neutrino mass states, we can also

assume that there is one heavy neutrino mass state �(�ℎ)
(this heavy state might comprise more than one heavy state,
which are experimentally not distinguishable) and one light
one �(�) (again this could be the sum of more than one
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Figure 3: Expanded �-spectrum of an allowed or superallowed �-
decay around its endpoint �0 for �(��) = 0 (red line) and for
an arbitrarily chosen neutrino mass of 1 eV (blue line). In the case
of tritium (see Section 2.2), the gray-shaded area corresponds to a
fraction of 2 ⋅ 10−13 of all tritium �-decays.

light neutrino). Such a situation could arise, if 3 light active
neutrinos and one heavy sterile neutrino are mixed. With∑�, |�2ei| =: cos2N and ∑�,ℎ |�2ei| = 1 − ∑�, |�2ei| = sin2N, we
can rewrite the last line of (18) for this case into

Ḣ (�) ∝ ∑
�,


������2ei����� ⋅ ;
 ⋅ (C − �
)

⋅ √(C − �
)2 − �2 (��)
(21)

≈ ∑


;
⋅ (sin2N ⋅ (C − �
)√(C − �
)2 − �2 (�ℎ)

+cos2N ⋅ (C − �
)√(C − �
)2 − �2 (�)) .
(22)

Figure 3 de�nes the requirements of a direct neutrino
mass experiment which investigates a �-spectrum: the task
is to resolve the tiny change of the spectral shape due to the
neutrinomass in the region just below the endpoint�0, where
the count rate is going to vanish. 
erefore a high sensitivity
experiment requires high energy resolution, large �-decay
source strength and acceptance, and low background rate.

Now we should �rstly discuss, what is the best �-emitter
for such a task. Figure 4 shows the total count rate of a
superallowed �-emitter as function of the endpoint energy.
Of course, the total count rate rises strongly with �0, while
the relative fraction in the last 10 eV below �0 decreases.
Interestingly, the total count rate in the last 10 eV below �0,
which we can take as a measure of our energy region of
interest for determining the neutrino mass, is increases with
regard to �0. 
is increase is caused by the larger phase space
for th �-electron. From Figure 4 one might argue that the
endpoint energy does not play a signi�cant role in selecting
the right �-isotope, but we have to consider the fact that
we need a certain energy resolution Δ� to determine the
neutrino mass. Experimentally it makes a huge di�erence,

whether we have to achieve a certain Δ� at a low energy �0
or at a higher one. Secondly, the �-electrons of no interest
with regard to the neutrino mass could cause experimental
problems (e.g., as background or pileup) and again this
argument favors a low �0.
2.2. Tritium �-Decay. 
e heaviest of the hydrogen isotopes
tritium undergoes �-decay

3H Q→ 3He+ + R− + �� (23)

with a half-life of 12.3 y. Tritium and Helium-3 are mirror
nuclei of the same isospin doublet; therefore, the decay is
superallowed. 
us the nuclear matrix element for tritium is
close to that of the �-decay of the free neutron and amounts
to [18]

������2nucl (tritium)����� = 5.55. (24)

With an endpoint energy of 18.6 keV, it has one of the
lowest endpoints of all � emitters together with a reasonable
long half-life. Its superallowed shape of the �-spectrum and
its simple electronic structure allow the tritium �-spectrum
to be measured with small systematic uncertainties.


e recoil correction for tritium is not an issue. Up to
now all tritium �-decay experiments used molecular tritium,
which give amaximal recoil energy to the daughtermolecular
ion of �rec,max = 1.72 eV. Even for the most sensitive tritium�-decay experiment, the upcomingKATRIN experiment (see
Section 4.1), the maximum variation of �rec over the energy
interval of investigation (the last 30 eV below the endpoint)
amounts to Δ�rec = 3.5meV only. It was checked [27] that
this variation can be neglected and the recoil energy can be
replaced by a constant value of �rec = 1.72 eV, yielding a �xed
endpoint according to (15).

Furthermore, one may apply radiative corrections to
the spectrum [28, 29]. However, they are quite small and

would in�uence the result on �2(��) even for the KATRIN
experiment only by a few percent of its present systematic
uncertainty. One may also raise the point of whether possible
contributions from right-handed currents might lead to
measurable spectral anomalies [30, 31]. It has been checked
that the present limits on the corresponding right-handed
boson mass [24] rule out a sizeable contribution within
present experimental uncertainties. Even the forthcoming
KATRIN experiment will hardly be sensitive to this problem
[32, 33].

Concerning the calculation of the electronic �nal states
according to (17), we have to consider molecular tritium
since all tritium �-decay experiments so far have been using
molecular tritium sources, containing the molecule T2. 
e
wave functions of the tritium molecule are much more
complicated, since in addition to two identical electrons they
comprise also the description of rotational and vibrational
states, which may be excited during the �-decay as well.
Figure 5 shows a recent numerical calculation of the �nal
states of the T2 molecule. 
e transition to the electronic

ground state of the (3HeT)+ daughter ion as well as the transi-
tion to higher excited electronic states are not sharp in energy,
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but broadened due to rotational-vibrational excitations.More
recent calculations agree with these results [35, 36].


e �rst group of excited electronic states starts at around�
 = 25 eV [34]. 
erefore excited states play almost no
role for the energy interval considered for the upcoming
KATRIN experiment: only the decay to the ground state

of the (3HeT)+ daughter molecule, which is populated with
about 57% probability, has to be taken into account. Due
to the nuclear recoil, however, a large number of rotational-
vibrational states with a mean excitation energy of 1.7 eV and
a standard deviation of 0.4 eV are populated. 
ese values
hold for a pure T2 source without contamination by other
hydrogen isotopes. But a contamination of the T2 molecules
by DT or HT molecules does not matter in �rst order: the

shi� of the mean rotational-vibrational excitation of HT with
respect to T2 is compensated by a corresponding change of
the nuclear recoil energy of HT with respect to the 1.5 times
heavier T2 molecule [34] (see Figure 5(b)).

Summarizing the properties of tritium for direct neutrino
mass measurements: it is the standard isotope for this kind of
study due to its low endpoint of 18.6 keV, its rather short half-
life of 12.3 y, its superallowed shape of the �-spectrum, and
its simple electronic structure. Tritium �-decay experiments
using a tritium source and a separated electron spectrometer
have been performed in search for the neutrinomass formore
than 60 years. But when the electron spectrometer is identical
to the �-source, the situation is di�erent and a �-isotope with
an even lower endpoint energy �0 is preferred, even if it does
not have an allowed decay.
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2.3. Forbidden Transitions Like 187Re. 
e isotope 187Re
exhibits the lowest endpoint energy with �0 = 2.47 keV of
all known �-emitters decaying to the ground-state of the

daughter nucleus (there is even a decay of the 115 In into an

excited nuclear (3/2+)-state of the daughter nucleus 115Sn
with amuch lower?-value of (155±24) eV [37, 38]. But there
are two reasons, why such a decay cannot be used for a direct
neutrino mass measurement: this partial decay has an ultra-

long half-life of (4.1 ± 0.6) ⋅ 1020 y [37] and the signature of
the neutrino mass is hidden in the �-spectrum of the decay

into the ground state of 115Sn).
e ground state of themother

isotope 187Re has spin and parity V� = 5/2+.
e �-decay goes
to the ground state of the daughter 187Os with spin and parityV� = 1/2−. 
erefore, the decay is a �rst unique forbidden
transition. 
e lepton pair, electron and antineutrino, has
to carry away two units of angular momentum and has to
change parity. 
e two leptons will couple to spin 4 = 1 in
this case, one unit of orbital momentum has to be carried
away by either the electron or the antineutrino.
erefore the

half life of W1/2(187Re) = 4.3 ⋅ 1010 y is huge and about as
long as the age of the universe. 
e advantage of the 7 times

lower endpoint energy �0 = 2.47 keV of 187Re with respect
to tritium does not compensate the fact that one needs a
large number of 187Re atoms to obtain enough count rate
near the endpoint to measure the neutrino mass. 
erefore,
a classical source ̸= spectrometer arrangement like for the

tritium experiments is not feasible for 187Re, because the �-
electronswill undergo toomany inelastic scattering processes

within the 187Re source. Secondly, the isotope 187Re has
a complicated electron shell and the electronic �nal states
might not be calculable precisely enough.


erefore, the�-decay of 187Re can only be exploited if the�-spectrometer measures the entire released energy, except
that of the neutrino but including the energy loss by inelastic
scattering processes and electronic excitations. 
is situation
can be realized by using a cryogenic bolometer as the �-
spectrometer, which at the same time contains the �-emitter
187Re [23] (see Section 3.4).

We discuss now the consequences for the �-spectrum.
Since either the electron or the antineutrino has to be emitted
with orbital angular momentum Y = 1 we cannot, expand the
plain wave of this lepton to zeroth order anymore as we did
in (8), but we have to go to �rst order

exp (−�Z) ≈ 1 − �Z. (25)

In contrast to an allowed decay, the matrix element will
become dependent on energy. According to (25), an addi-

tional factor proportional to �� = √(� + ��)2 − ��2 =
√(�0 + �� − C)2 − ��2 or to �� = √C2 − �2(��) will occur,
depending on whether the electron or the antineutrino
carries away the unit of orbital angular momentum. In the
decay rate the square of these momenta will appear. For both
cases, a Fermi function "1 or "0 needs to be considered which

describes theCoulomb interaction of the outgoing electron in
a Y = 1 or Y = 0 state with the remaining osmium ion [39]

Ḣ (�) =  2� ⋅ cos2ΘC2�3
⋅ ������2nucl����� ⋅ (�0 + �� − C)
⋅ √(�0 + �� − C)2 − ��2
⋅ ∑
�

������2ei����� ⋅ Z
2
nucl3

× ("1 (�, #�) ⋅ ((�0 + �� − C)2 − ��2)
+"0 (�, #�) ⋅ (C2 − �2 (��)))

⋅ C ⋅ √C2 − �2 (��) ⋅ Θ (C − � (��)) ,
(26)

where Znucl is the nuclear radius. 
e �rst term of (26)
proportional to �2 is by 4 orders of magnitude larger than

the second term proportional to �2� [39]. 
e nuclear matrix
element �nucl is more complex than that of an allowed �-
decay.

In contrast to the case of tritium, we do not account in
(26) for excited electronic �nal states, since we assume that
all losses by electromagnetic excitations will be added to the
energy of the �-electron as well as to the recoil energy in the
source = detector arrangement by the signal integration of the
cryobolometer. 
us the �-spectrum looks simpler (we will
discuss later that some excited states may live longer than
the signal integration time of the cryobolometer and that
the corresponding excitation energy may not be measured,
which would cause systematic uncertainties). But this is only
true up to �rst order. In second order, the electronic �nal
states with excitation energy �
 and probability ;
 have to
be considered since the modi�cation of the phase space of
the outgoing electron and the squared matrix element (∝("1�3� (� + ��)���� + "0��(� + ��)�3���)) have to be taken
into account.

We will discuss the in�uence of electronic �nal states for
the case of cryobolometers in some detail: when an electronic
�nal state takes the excitation energy�
, in the calculation for
an allowed decay (see (18)), we had just shi�ed the e�ective
endpoint energy by this amount (�0 → ��0 = �0 − �
) and
multiplied this fraction of the �-spectrumwith its probability;
. 
us the whole �-spectrum including the phase space of
the outgoing leptons was calculated correctly up to possible
electron energies��0.Whenwemeasurewith a cryobolometer
the sum energy � in the case of an electronic excitation�
, the true kinetic energy of the electron amounts only

to �� = � − �
. 
e residual energy release �
 detected
in the cryobolometer stems from the deexcitation of the
electronic excitation. 
erefore the �-decay probability, or
the corresponding phase space factor and the squared matrix
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element have to be calculated for the true electron kinetic
energy �� and the reduced endpoint energy ��0 as

�� = � − �
, ��0 = �0 − �
. (27)

We can expand the relevant parameters for the phase space
and squared matrix element calculation to �rst order assum-
ing �
 ≪ � and �
 ≪ ��
��� = �� + �� = � − �
 + ��
= (� + ��) ⋅ (1 − �
� + ��) = �� ⋅ (1 −

�
��) ,
(28)

��� = √��2� − ��2 = √(�� + ��)2 − ��2
= √��2 + 2���� = √(� − �
)2 + 2�� (� − �
)
≈ √�2 + 2��� − 2 (� + ��) �

= √�2� (1 − 2���2� �
) ≈ �� (1 −

���2� �
) ,

(29)

��� = ��0 − �� = (�0 − �
) − (� − �
)
= �0 − � = ��, (30)

��� = √��2� − �2 (��) = √�2� − �2 (��) = ��. (31)

Equation (26) then becomes

Ḣ (�) =  2� ⋅ cos2ΘC2�3 ⋅ ������2nucl�����
⋅ ∑
�,

(�0 + �� − C) ⋅ ������2ei����� ⋅ ;
 ⋅ Z

2
nucl3

⋅ ("1 (�, #�) ⋅ ((�0 + �� − C)2 − ��2)3/2

⋅ (1 − 3���2� �
) + "0 (�, #
�)

⋅ ((�0 + �� − C)2 − ��2)1/2

⋅ (1 − ���2� �
) ⋅ (C
2 − �2 (��)))

⋅ C ⋅ √C2 − �2 (��) ⋅ Θ (C − � (��)) .
(32)

For a typical electronic excitation �
 ≈ 20 eV and a typical
kinetic energy of the electron � ≈ 2 keV the correction factor(1 − 3���
/�2� ) = 0.985 in (32) might have enough in�uence
on the shape of the �-spectrum that it needs to be considered
in future high precision cryobolometer experiments.

Secondly for a 187Re atom within a crystalline environ-
ment the so-called beta-environmental �ne structure (BEFS)
has to be taken into account (see Section 3.5), which leads to
a modulation of the �-spectrum. Similarly to the extended
X-ray absorption �ne structure (EXAFS) this �ne structure
is caused by an interference of the outgoing wave of the �-
electron with waves scattered on the neighboring atoms.

3. Past Direct Neutrino Mass Experiments

3.1. Neutrino Mass Limit from Supernova SN1987a. On
February 23, 1987, neutrinos from the supernova SN1987a
in the Large Magellanic Cloud (LMC) have been observed
by the three neutrino detectors Kamiokande II [40], IMB
[41], and at Baksan [42] (see Figure 6). 
is core-collapse

supernova emitted a total energy of about 3 ⋅ 1053 erg =3 ⋅ 1046 J, 99% of this energy was released by neutrinos
[43]. 
ese neutrinos traveled over a distance of about a =50 kpc (165,000 lyr). Although core collapse supernovae emit
neutrinos and antineutrinos of all �avors at di�erent phases
of the collapse only electron antineutrinos fromSN1987a have
been detected via the famous inverse �-decay reaction on the
proton �� + � → � + R+. Other neutrino reactions were
suppressed by too high thresholds or too low cross-sections.

To calculate the time-of-�ight, we �rst express the velocity� of a relativistic particle by its mass� and total energy � as

�2 = �2 − �2 = �2 (1 − �2)
= �2 (1 + �) (1 − �) ≈ 2�2 (1 − �)
b⇒ � = 1 − �22�2 .

(33)


e delay of the arrival of a supernova neutrino at earth
with regard to a particle at speed of light can be expressed as
function of the neutrino mass�� and its total energy �� as

ΔW = a�� −
a� = a1 − (�2�/2�2�) − a

≈ a ⋅ (1 + �2�2�2�) − a = a ⋅
�2�2�2� .

(34)


erefore we would expect the neutrino energy to follow
hyperbolas for each neutrino mass state �� as function of
the square root of the neutrino arrival time. Of course
this only holds, if the neutrino emission is sharp in time
with respect to the spread of arrival times on earth. 
e
energy versus time spectra of the three experiments which
detected neutrinos from supernova SN1987a do not exhibit a
dependence following equation (34) (see Figure 6).
erefore
only upper limits of 5.7 eV (95% C.L.) [16] or of 5.8 eV
(95% C.L.) [17] on the neutrino mass can be deduced which
depend somewhat on the underlying supernova model.

Nowadays more and larger neutrino detectors are
online and capable to measure neutrinos from a galactic or
nearby core-collapse supernova. 
ey are interconnected by
the SuperNova EarlyWarning System SNEWS [44]. No core-
collapse supernova from our galaxy or from a satellite galaxy
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Figure 6: SN1987A neutrino observations at the neutrino detectors Kamiokande II [40], IMB [41], and at Baksan [42]. 
e energies refer
to the secondary positrons from the reaction �� + � → � + R+. In the shaded area, the trigger e�ciency is less than 30%. 
e clocks of the
various experiments had unknown relative o�sets. 
erefore, for each detector spectrum, the time was calibrated such, that the �rst event
was recorded at W = 0. In Kamiokande II, the event marked as an open circle is attributed to background (reprinted with permission from
[43], Copyright 1999, Annual Reviews).

like the LMC has been observed since then. 
e expected
rate for galactic core-collapse supernovae is 2-3 per century.
Even if a new supernova will yield many more neutrino
events than supernova SN1987a it would be di�cult getting a
much more precise limit on the neutrino mass. 
e limiting
factors are the time and energy spectra of the neutrino
emission of a core-collapse supernova, which are not known
well enough. One possibility to bypass this problem exists
for core-collapse supernovae, if the core-collapse supernova
forms a black-hole. 
en the neutrino emission will stop
abruptly [45] and this stamp on the latest neutrino start time
could be used in the analysis. A possible limit of the present
neutrino detectors would be in the eV range. Whether new
detectors with larger masses and possibly lower energy
thresholds would allow a higher sensitivity on the neutrino
mass still needs to be studied.

3.2. Laboratory Direct Neutrino Mass Limits. 
e majority
of the published direct laboratory results on �(��) originate
from the investigation of �-decays, which are sensitive to
the average of the antineutrino mass states contributing to

the electron antineutrino. 
e mass of the neutrino could in
principle be accessed by the investigation of �+ decays, but
measuring electron capture decays is much more sensitive

[46]. By the investigation of the electron capture of 163Ho
two groups obtained upper limits on the average mass of the
electron neutrino of �(��) < 225 eV at 95% C.L. [47] and of�(��) < 490 eV at 68% C.L. [48]. 
ese experiments will be
discussed in some detail in Section 5.3.

An exotic way of a direct neutrino mass measurement
was using bound-state �−-decay, where the outgoing �-
electron is captured into a bound electronic state: totally

ionized 163Dy66+ ions were circulating in a storage ring and

undergoing bound-state �−-decay although neutral 163Dy
atoms are stable. 
e measurement of this bound state �−-
decay resulted in a limit on the neutrino mass of 410 eV at
68% C.L. [49].

Except 187Re �-decay, on which the investigations have
been started only within the last decade, all direct neu-
trino mass experiments using �−-decays were done with
the isotope tritium. In the long history of these tritium �-
decay experiments, about a dozen results have been reported
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Figure 7: Results of previous tritium �-decay experiments on the
observable �2(��). 
e experiments at Los Alamos, Zürich, Tokyo,
Beijing, and Livermore [58–62] used magnetic spectrometers; the
tritium experiments at Mainz and Troitsk [63–67] applied electro-
static spectrometers of the MAC-E-Filter type.

starting with the experiment of Curran in the late forties

yielding�2(��) < 1 keV [50].
In the beginning of the eighties a group from the Institute

of 
eoretical and Experimental Physics (ITEP) at Moscow
[51, 52] claimed the discovery of a nonzero neutrino mass
of around 30 eV. 
e ITEP group used as �-source a thin
�lm of tritiated valine combined with a new type of magnetic
spectrometer, the Tretyakov spectrometer (a Tretyakov spec-
trometer uses a toroidal magnet �eld with a 1/d dependent
strength like it is used for magnetic horns of neutrino beam
facilities at accelerators to focus the secondary pions behind
the proton target). 
e �rst tests of the ITEP claim came
from the experiments at the University of Zürich [53] and
the Los Alamos National Laboratory (LANL) [54]. Both
experiments applied similar Tretyakov-type spectrometers,
but more advanced tritium sources with respect to the ITEP
group. 
e Zürich experiment used a solid source of tritium
implanted into carbon and later a self-assembling �lm of
tritiated hydrocarbon chains. 
e LANL group was the �rst
to develop a gaseous molecular tritium source avoiding
solid state corrections. Both experiments disproved the ITEP
result. 
e reason for the mass signal at ITEP was twofold:
the energy loss correction was probably overestimated, and

a 3He–T mass di�erence measurement [55] con�rming the
endpoint energy of the ITEP result, turned out only later to
be signi�cantly wrong [56, 57].

Also in the nineties tritium �-decay experiments yielded
controversially discussed results: Figure 7 shows the �nal
results of the experiments at LANL and Zürich together

with the results from other more recent measurements with
magnetic spectrometers at University of Tokyo, Lawrence
Livermore National Laboratory, and Beijing. 
e sensitivity
on the neutrino mass had improved a lot but the values for
the observable �2(��) populated the nonphysical negative�2(��) region. In 1991 and 1994 two new experiments started
data taking at Mainz and at Troitsk, which used a new
type of electrostatic spectrometer, so-called MAC-E-Filters,
whichwere superior in energy resolution and luminositywith
respect to the previous magnetic spectrometers. However,
even their early data were con�rming the large negative�2(��) values of the LANL and Livermore experiments when
being analyzed over the last 500 eV of the �-spectrum below

the endpoint �0. But the large negative values of �2(��)
disappeared when analyzing only small intervals below the
endpoint �0. 
is e�ect, which could only be investigated
by the high luminosity MAC-E-Filters, pointed towards an
underestimated or missing energy loss process, seemingly
to be present in all experiments. 
e only common feature
of the various experiments seemed to be the calculations of
the electronic excitation energies and excitation probabilities
of the daughter ions. Di�erent theory groups checked these
calculations in detail. 
e expansion was calculated to one
order further and new interesting insight into this problem
was obtained, but no signi�cant changes were found [34, 36].


en the Mainz group found the origin of the missing
energy loss process for its experiment.
eMainz experiment
used as tritium source a �lm of molecular tritium quench-
condensed onto aluminum or graphite substrates. Although
the �lm was prepared as a homogenous thin �lm with �at
surface, detailed studies showed [68] that the �lmwas not sta-
ble: it underwent a temperature-activated roughening transi-
tion into an inhomogeneous �lm by forming microcrystals.

us, unexpected large inelastic scattering probabilities were
obtained, which were not taken into account in previous
analyses. 
is extra energy losses were only signi�cant when
analyzing larger energy intervals below the endpoint.


eTroitsk experiment on the other handused awindow-
less gaseous molecular tritium source, similar to the LANL
apparatus. Here, the in�uence of large-angle scattering of
electrons magnetically trapped in the tritium source was not
considered in the �rst analysis. A�er correcting for this e�ect

the negative values for�2(��) disappeared.

e fact that more experimental results of the early

nineties populate the region of negative �2(��) values (see
Figure 7) can be understood by the following consideration
[18]. For C ≫ �(��), (19) can be expanded into

�H�� ∝ C2 − �2 (��)2 . (35)

On the other hand the convolution of a �-spectrum (18) at�2(��) = 0 with a Gaussian of width � leads to
�H�� ∝ C2 + �2. (36)
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Figure 8: Principle of the MAC-E-Filter. Top: experimental setup,
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the orbital magnetic momentum e in the inhomogeneous magnetic
�eld.


erefore, in the presence of a missed experimental broaden-
ing with Gaussian width � one expects a shi� of the result on�2(��) of

Δ�2 (��) ≈ −2 ⋅ �2, (37)

which gives rise to a negative value of�2(��) [18].
3.2.1. MAC-E-Filter. 
e signi�cant improvement in the
neutrino mass sensitivity by the Troitsk and the Mainz
experiments are due to MAC-E-Filters (Magnetic Adiabatic
Collimation with an Electrostatic Filter). 
is new type of
spectrometer—based on early work by Kruit and Read [69]—
was developed for the application to the tritium �-decay at
Mainz and Troitsk independently [70, 71]. 
eMAC-E-Filter
combines high luminosity at low background and a high
energy resolution, which are essential features to measure
the neutrino mass from the endpoint region of a �-decay
spectrum.


e main features of the MAC-E-Filter are illustrated
in Figure 8: two superconducting solenoids are producing
a magnetic guiding �eld. 
e �-electrons, starting from
the tritium source in the le� solenoid into the forward
hemisphere, are guided magnetically on a cyclotron motion
along the magnetic �eld lines into the spectrometer yielding
an accepted solid angle of nearly 2�. On theway of an electron
into the center of the spectrometer the magnetic �eld f
decreases smoothly by several orders of magnitude keeping
the magnetic orbital moment of the electron e invariant
(equation given in nonrelativistic approximation)

e = �⊥f = const. (38)


erefore nearly all cyclotron energy �⊥ is transformed into
longitudinal motion (see Figure 8 bottom) giving rise to a

broad beamof electrons �ying almost parallel to themagnetic
�eld lines. 
is is just the opposite of the so-called magnetic
mirror ormagnetic bottle e�ect.


is parallel beam of electrons is energetically analyzed
by applying an electrostatic barrier created by a system of
one or more cylindrical electrodes. 
e relative sharpness
of this energy high-pass �lter is only given by the ratio of
the minimummagnetic �eld fmin reached at the electrostatic
barrier in the so-called analyzing plane and the maximum
magnetic �eld between �-electron source and spectrometerfmax

Δ�� = fminfmax

. (39)

It is bene�cial to place the electron source in a magnetic
�eld fS somewhat lower than the maximum magnetic �eldfmax. 
us the magnetic mirror e�ect based on the adiabatic
invariant (38) hinders electrons with large starting angles at
the source and long paths inside the source to enter theMAC-
E-Filter. Only electrons are able to pass the pinch �eld fmax

which exhibit starting angles NS at fS of
sin2 (NS) ≤ fSfmax

. (40)

In principle, the pinchmagnet could also be installed between
the MAC-E-Filter and the detector, which counts the elec-
trons transmitted by theMAC-E-Filter, as long as the electron
transport is always adiabatically. Such an arrangement has
been realized at the KATRIN experiment.


e exact shape of the transmission function can be
calculated analytically. For an isotropically emittingmonoen-
ergetic source of particles with kinetic energy � and charge g
it reads as function of the retarding potential � as

h (�,�)

=
{{{{{{{{{{{{{{{

0 for � ≤ g�,
1 − √1 − � − g�� ⋅ fSfmin

for g� < � < g� + Δ�,
1 − √1 − fSfmax

for � ≥ g� + Δ�.
(41)

Figure 9 shows the transmission function of a MAC-E-
Filter at the example of the KATRIN experiment at its default
settings (see Section 4.4).


e �-electrons are spiralling around the guiding mag-
netic �eld lines in zeroth approximation. Additionally, in
non-homogeneous electrical and magnetic �elds they feel a
small dri� n, which reads in �rst order [70]:

n⃗ = (�⃗ × f⃗f2 − (�⊥ + 2�||)R ⋅ f3 (f⃗ × ∇⊥f⃗)) . (42)


e clear advantages of theMAC-E-Filter of large angular
acceptance and high energy resolution come together with
the danger to store charged particles in Penning, magnetic
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Figure 9: Transmission function of the KATRIN experiment as a
function of the surplus energy�−g� according to (41).
eKATRIN
default design settings [72] were used as follows: fmin = 3 ⋅ 10−4 T,fmax = 6T, fS = 3.6T. 
e upper horizontal axis illustrates
the dependence of the maximum starting angle NS,max, which is
transmitted at a given surplus energy. Clearly, electrons with larger
starting angles NS ≤ NS,max reach the transmission condition later,
since they still have a signi�cant amount of cyclotron energy in the
analyzing plane at fmin.

mirror and combined traps [73]. 
is problem and coun-
termeasures will be discussed later at the example of the
KATRIN experiment (see Sections 4.4 and 4.5).

A very interesting application is using the MAC-E-Filter
in time-of-�ight mode. 
is mode has the advantage to be
nonintegrating but requests to measure to or restrict the start
time of the electron under investigation. 
e analysis can be
done on cutting on the time-of-�ight [74] or fully making use
of the individual measured time-of-�ights [75].


e two tritium �-decay experiments at Mainz and at
Troitsk used similarMAC-E-Filters with an energy resolution
of 4.8 eV (3.5 eV) at Mainz (Troitsk). 
e spectrometers
di�ered slightly in size: the diameter and length of the Mainz
(Troitsk) spectrometer are 1m (1.5m) and 4m (7m). 
e
major di�erences between the two setups are the tritium
sources: 
e Mainz Neutrino Mass Experiment used a novel
condensed solid tritium source, whereas the experiment
at Troitsk applied a windowless gaseous molecular tritium
source similar to the ones of the experiments at Los Alamos
and at Livermore before.

3.2.2. �e Mainz Neutrino Mass Experiment. 
e tritium
source was a thin �lm of molecular tritium, which was
quench-condensed on a cold graphite substrate. By laser
ellipsometry the �lm thickness was determined. Typically

�lm thicknesses of 20 to 40 monolayers were applied before
and of 150 monolayers a�er the upgrade of the experiment
in 1995–1997. 
e retarding potential of the MAC-E-Filter
was created by a complex system of cylindrical electrodes.

e upgrade of the Mainz setup in 1995–1997 (→Mainz
phase II, see Figure 10) includes the installation of a new
tilted pair of superconducting solenoids between the tritium
source and the spectrometer and the use of a new cryostat
to keep the temperature of the tritium �lm below 2K. 
e
�rst measure eliminated source-correlated background and
allowed the source strength to be increased signi�cantly.
From this upgrade on, the Mainz experiment ran with a
similar signal and similar background rate as the Troitsk
experiment. 
e second measure avoided the roughening
transition of the homogeneously condensed tritium �lms
with time [68], which before had given rise to negative values

of �2(��) when the data analysis used large intervals of the�-spectrum below the endpoint �0 [26]. 
e upgrade was
completed by the application of HF pulses on one of the
electrodes in between measurements every 20 s, and a full
automation of the apparatus and remote control. 
e former
improvement lowered and stabilized the background, the
latter one allowed long-term measurements.

Figure 11 shows the endpoint region of the Mainz phase
II data (from 1998, 1999, and 2001) in comparison with the
former Mainz 1994 data. An improvement of the signal-to-
background ratio by a factor 10 by the upgrade as well as
a signi�cant enhancement of the statistical quality of the
data by long-termmeasurements are clearly visible.
emain
systematic uncertainties of the Mainz experiment are the
inelastic scattering of �-electrons within the tritium �lm,
the excitation of neighbour molecules due to sudden change
of the nuclear charge during �-decay, and the self-charging
of the tritium �lm as a consequence of its radioactivity. As
a result of detailed investigations in Mainz [64, 76–78]—
mostly by dedicated experiments—the systematic corrections
became much better understood and their uncertainties
were reduced signi�cantly.
e high-statistics Mainz phase II
data from 1998–2001 allowed the �rst determination of the
probability of the neighbour excitation to occur in (5.0 ±1.6 ± 2.2)% of all �-decays [64] in good agreement with the
theoretical expectation [79].


e analysis of the last 70 eV below the endpoint of the
phase II data resulted in [64]

�2 (��) = (−0.6 ± 2.2 ± 2.1) eV2, (43)

which—using the Feldman-Cousin method [80]—corres-
ponds to an upper limit of

�(��) < 2.3 eV (95% C.L.) . (44)

An analysis of the Mainz phase II data with respect to setting
a limit on the contribution of a light sterile neutrino is
underway [81].

3.3. �e Troitsk Neutrino Mass Experiment. 
e windowless
gaseous tritium source of the Troitsk experiment [66] is
essentially a tube of 5 cm diameter �lled with T2 resulting
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Figure 10: 
e upgraded Mainz setup shown schematically. 
e outer diameter amounts to 1m, the distance from source to detector is 6m.
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Figure 11: Averaged count rate of the Mainz 1998/1999 data (�lled
red squares) with �t for �(��) = 0 (red line) and of the 2001
data (open blue squares) with �t for �(��) = 0 (blue line)
in comparison with previous Mainz data from 1994 (open green
circles) as a function of the retarding energy near the endpoint�0 and e�ective endpoint �0,eff (taking into account the width
of the response function of the setup and the mean rotation-
vibration excitation energy of the electronic ground state of the(3HeT)+daughter molecule).

in a column density of 1017molecules/cm2. 
e source is
connected to the ultrahigh vacuum of theMAC-E-Filter type
spectrometer by a series a di�erential pumping stations (see
Figure 12).

From their �rst measurement in 1994 the Troitsk group
had reported for more than a decade the observation of a

small, but signi�cant anomaly in its experimental spectra
starting a few eV below the �-endpoint �0. 
is anomaly
appeared as a sharp step of the count rate [65]. Because of
the integrating property of theMAC-E-Filter, this step should
correspond to a narrow line in the primary spectrum with

a relative intensity of about 10−10 of the total decay rate. In
1998, the Troitsk group claimed that the position of this line
was oscillating with a frequency of 0.5 years between 5 eV and
15 eV below �0 [66]. By 2000 the anomaly no longer followed
the 0.5 year periodicity, but still existed in most data sets.

e reason for such an anomaly with these features was not
clear but gave rise to many speculations. In presence of this
problem, the Troitsk experiment corrected for this anomaly
by �tting an additional line to the �-spectrum run-by-run.

In 2011 the Troitsk group repeated the analysis of their
data [67]. Special care was taken for calculating the time-
dependent column density of the windowless tritium source
and applying these values to the analysis. Secondly the data
were very carefully selected with regard to data quality and
stability of the experiment. 
us a time and intensity varying
anomaly was not any more needed to describe the Troitsk �-
spectra. Combining all the selected Troitsk data from 1994 to
2004 gave [67]

�2 (��) = (−0.67 ± 1.89 ± 1.68) eV2 (45)

fromwhich using the Feldman-Cousinmethod [80] an upper
limit can be deduced

�(��) < 2.05 eV (95% C.L.) . (46)

3.4. Cryobolometers. Due to the complicated electronic

structure of 187Re and its �-decay (compare to Section 2)
the advantage of the 7 times lower endpoint energy �0 of
187Re with respect to tritium can only be exploited if the�-spectrometer measures the entire released energy, except
that of the neutrino.
is situation requires a �-spectrometer,
which at the same time contains the �-electron emitting
187Re.
e advantage of this approach is that many systematic
uncertainties—like the electronic �nal state spectrum, energy
losses by inelastic scattering, and so forth—drop out in �rst
order, since all released energy except that of the neutrino
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eTroitskNeutrinoMass Experiment: vacuumvessel ofMAC-E-Filter (1) and ofwindowless gaseous tritium source (2), retarding
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Figure 13: Principle scheme of a cryobolometer for direct neutrino
mass measurements consisting of a �-emitting crystal, which serves
at the same time as the particle and energy absorber. 
e electric
read-out wires of the thermometer link the whole bolometer to a
thermal bath.

is measured in the same way and summed up automatically
(we assume that all deexcitation processes are faster than the
integration time of a detector signal).

To reach the required energy resolution such a source =
detector arrangement can be ideally realized by a cryobolome-
ter (see Figure 13) [23]. 
e energy release Δp by the �-
decay results in a temperature rise Δh of the crystal. 
is
temperature increase can be measured by the thermometer,
if Δh is large enough. 
e temperature rise Δh depends on
the energy release Δp and on the heat capacity q

Δh = Δpq . (47)

In order to obtain a large temperature increase Δh in the
presence of a very small energy release Δp (it should be
noted, that the sensitivity on the neutrino mass requires a
very low endpoint energy �0), the heat capacity q has to be

extremely small. 
e �rst measure is using tiny cryobolome-
ters of typical masses of O(1)mg. Secondly, the temperature
of the cryobolometer has to be as low as possible. 
e Debye
model states that the phonon part of the heat capacitance of a
crystal consisting ofH atoms scales with the third power on
temperature in units of the Debye temperature Θ�

q = 12�45 ⋅ H ⋅ r� ⋅ ( hΘ�)
3. (48)


ere is a second reason why the crystals should be
small: 
e cryobolometer is not an integral spectrometer like
the MAC-E-Filter but measures always the entire spectrum.

erefore pileup of two random events may pollute the
endpoint region of a �-decay on which the neutrino mass is
imprinted. 
e pileup rate of a detector of random rate Ḣtot

requiring aminimal time interval to distinguish two events of9W amounts to Ḣ2tot9W. With a half-life 4.3 ⋅1010 y and a natural
abundance of 62.6% the speci�c activity of pure rhenium

amounts to about 1 Bqmg−1. 
e rise time 9W typically
scales with the mass of the cryobolometers. Rise times of
cryobolometers with temperature read-out of O(1)mg mass
are typically in the O(100) es range (new cryobolometer
approaches like Metallic Magnetic Calorimeters (MMC) as
discussed in Section 5.4 could be much faster). 
erefore
cryobolometer detectors with mg masses are required to
suppress pileup by 4 or more orders of magnitude. 
is has
to be compared to the fraction of the �-spectrum which
contains the information on the neutrino mass. Even for
the lowest known endpoint energy of 187Re with �0 =2.47 keV, the relative fraction of 187Re �-decay events in the

last eV below �0 is of order 10−11 only (compare to Figure 3).

erefore arrays of many bolometers are required to reach a
high sensitivity on the neutrino mass.

Another technical challenge is the energy resolution of
the cryobolometers. Although cryogenic bolometers with an
energy resolution of a few eV have been produced with other
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Figure 14: (a):
e residuals of the theoretically expected 187Re�-spectrum that has been �tted to the data collected by theMANUexperiment
exhibit e�ects of a �-environmental �ne structure (BEFS)modulationmost clearly visible at low electron energies (Reprinted with permission
from [82], Copyright (2000) by the American Physical Society). (b): Kurie plot of the experimental 187Re �-spectrum obtained by theMiBeta
collaboration (reprinted with permission from [83], Copyright (2006) by the American Physical Society).

absorbers, this resolution has not yet been achieved with
rhenium.

3.5. 187Re�-Decay Experiments. Two groups have started the

�eld of 187Re �-decay experiments at Milan (MiBeta) and
Genoa (MANU): 
e MANU experiment used a single
metallic rhenium crystal of about 1.6mg as absorber read
out by a neutron transmutation doped (NTD) germanium
thermistor [82]. Sensor and absorber were connected using
epoxy glue and were suspended by aluminum wires used
for readout of the device. 
ese lines also provided the
thermal link to a heat bath cooled down to temperatures
below 100mK using a 3He-4He dilution refrigerator. At a
detector threshold of 350 eV, an event rate of about 1.1
counts per second was observed with this absorber. 
e rise
time of this early detector was of the order of 1ms with a
decay time of the signals of several tens of ms. 
is clearly
limits the amount of activity allowed per absorber crystal, in
order to avoid pileup problems. 
e energy resolution of the
detector was determined to be 96 eV FWHM.While themain
objective of the initial measurement was a determination of

the endpoint energy and the half life of 187Re �-decay, an
interesting side e�ect was the �rst observation of the so-called�-environmental �ne structure (BEFS) in pure rhenium [82].

is �ne structure is caused by an interference of the out-
going direct wave of the beta-electron with incoming waves
re�ected by the neighboring atoms and leads to a modulation
of the shape of the �-spectrum that is most pronounced
at low electron energies. (see Figure 14(a)). 
is e�ect is of
concern to future calorimetric neutrino mass experiments,
as it produces di�culties to calculate distortions of the 187Re�-spectrum which will become important for experiments
aiming at a sensitivities in the sub-eV region [83]. 
e e�ect
was later also observed in the MiBeta experiment [84], albeit
with a di�erent characteristic due to the use of a di�erent

absorber material. In the subsequent analysis the data taken
byMANU set an upper limit on the neutrinomass of�(��) <26 eV/c2 at 95% CL [85].


e second pioneering 187Re �-decay experiment was
set up by the MiBeta collaboration who were working with
AgReO4 absorbers with a mass of about 0.25–0.30mg each,
read out by silicon implanted thermistors. 
e group was
the �rst to work with an array of detectors to circumvent
the problem of the low maximum activity allowed for the
individual crystals. 
eir setup contained 10 detectors with
an average energy resolution of 28.5 eV FWHM [84]. 
e
rise times of the detector signals were of the order 0.5ms.
Figure 14(b) shows a Kurie plot of the accumulated spectrum
obtained during one year of data taking. 
e analysis of the
spectrum near the endpoint resulted in an upper limit on the
electron neutrino mass of�(��) < 15 eV at 90% CL.

4. The KATRIN Experiment


e Karlsruhe Tritium Neutrino (KATRIN) experiment is a
next-generation direct neutrino mass experiment which is
currently under construction by a large international collab-
oration with groups from Lawrence Berkeley National Labo-
ratory (LBNL), Bonn University, Fulda University of Applied
Sciences, Max-Planck-Institute for Nuclear Physics Heidel-
berg (MPIK), Karlsruhe Institute of Technology (KIT),Mainz
University, Massachusetts Institute of Technology (MIT),
Münster University, University of North Carolina at Chapel
Hill, Academy of Sciences of the Czech Republic, University
of Santa Barbara, University of Washington (UW) Seattle,
Swansea University and Institute for Nuclear Research (INR)
Troitsk, with associated groups from Aarhus University,
University College London (UCL), and Federal University
of Paraná. 
e experiment is housed at Tritium Laboratory
Karlsruhe (TLK) at KIT’s Campus North site. KATRIN has
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Figure 15: Schematic view of the complete 70m long KATRIN setup. (a) Windowless Gaseous Tritium Source (WGTS). (b) Transport
section consisting of a di�erential (DPS2-F) and a cryogenic (CPS) pumping section. (c) Prespectrometer: pre�lter of �-spectrum. (d) Main
spectrometer: energy analysis of �-electrons. (e) Detector: position-sensitive detection of transmitted electrons [72].

been designed to substantially increase the sensitivity of the
Mainz and Troitsk forerunners, while employing the same
general spectroscopic principles. It will push the MAC-E-
�lter technology and tritium process technology, as well as
many other methods, to their technological limits to press
forward into the sub-eV sensitivity regime of the averaged
electron (anti)neutrino mass�(��).
4.1. Introduction. KATRIN has been designed to improve
the �(��) sensitivity by a factor of 10 from the present
value of 2 eV to 200meV at 90% C.L. 
is increase in
sensitivity by one order of magnitude will allow covering
almost the entire region of quasi-degenerate neutrino masses
(nuclear and particle physics motivation) and to directly
probe the neutrino hot dark matter fraction in the universe
down to a contribution ΩHDM ≈ 0.01 of the total matter-
energy budget of the universe (cosmological motivation)
[86]. As the experimental observable in �-decay is the square
of the averaged electron (anti)neutrino mass �2(��), this
requires an improvement of the experimental precision in�-spectroscopy by two orders of magnitude as compared to
Mainz and Troitsk. 
is in turn requires signi�cant, major
improvements to key experimental parameters such as source
activity, energy resolution, and background rate. In addition,
it requires a much better control of systematic e�ects (by one
order of magnitude).
e systematic e�ects mainly arise from
parameters related to the tritium source such as �uctuations
of the source temperature or the injection pressure or source
composition (such as di�erent hydrogen isotopologues or
ions), but other systematics such as �uctuations of the retard-
ing potential have to be limited to very small values as well.

Extensive design work by the KATRIN Collaboration
reported in [72] has revealed that the key statistical param-
eters to reach a neutrino mass sensitivity of 200meV are
an increase of the source strength by a factor of 100 and
of the measurement time by a factor of 10. 
e required
energy resolution Δ� is less critical, as the information on
the neutrino mass is derived from an energy interval which
typically extends to about 30 eV below the endpoint, so that
an improvement by about a factor of four to a value ofΔ� = 0.93 eV at KATRIN is su�cient. On the other hand, the
background rate close to the endpoint has to be limited to a

very low value of <10−2 cps (counts per second) to achieve the
design sensitivity. 
is is identical to the background value
obtained at the Mainz and Troitsk experiments, so that novel

background reduction mechanisms have to be developed for
the much larger KATRIN spectrometer section.


e 70m long KATRIN setup has been designed along
these general criteria (see Figure 15). 
e experimental con-
�guration can be grouped into the following major compo-
nents: (a) the Windowless Gaseous Tritium Source (WGTS),
where 1011 electrons are produced per second by the �-decay
of molecular high-purity tritium gas at a temperature of 30K,
(b) an electron transport and tritium elimination section,
comprising an active di�erential pumping (DPS) followed by
a passive cryo-pumping section (CPS), where the tritium�ow
is reduced by more than 14 orders of magnitude (c) the elec-
trostatic prespectrometer of MAC-E-Filter type, which o�ers
the option to pre�lter the low-energy part of the tritium �-
decay spectrum, (d) the large electrostatic main spectrometer
of MAC-E-Filter type which represents the precision energy
�lter for electrons and which is, with its dimensions of 10m
diameter and 24m length, the largest UHV recipient in the
world (not shown here are its inner electrode system and
its outer air coil system) and (e) a segmented Si-PIN diode
array to count the transmitted electrons. 
e experiment is
completed by a rear section which allows to control and
monitor key source-related parameters as well as the monitor
spectrometer for redundant monitoring of the retarding
potential. Finally, there are extensive infrastructure facilities.


e unique properties of the gaseous molecular tritium
source (high activity and stability) and of the large main
spectrometer (ppm precision of the retarding high voltage)
allow KATRIN to extent its physics reach from its main
goal of measuring the neutrino mass in the sub-eV range
to look for contributions by possible sterile neutrinos from
the sub-eV up to the multi-keV range. 
e sensitivity of
KATRIN for (sub-)eV sterile neutrinos, as suggested by [87–
90] is expected to be very high [91–93]. Interestingly, a high
precision search of Warm Dark Matter in form of keV sterile
neutrinos looks very attractive, as a heavy sterile neutrino
would manifest itself as a tiny kink and subsequent spectral
distortion deep in the �-spectrum further away from the
endpoint. Finally, KATRIN will allow performing stringent
tests of other physics issues beyond the Standard Model such
as large extra dimensions [94], right handed currents [33] and
Lorentz violation [95].

4.2. kassiopeia: A Full Monte Carlo Simulation So�ware for
KATRIN. 
e main principles of the MAC-E �lter and its
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application in the KATRIN experiment can be understood
analytically via the adiabatic approximation. However, in
order to understand the behavior of electrons not only in
perfect vacuum and beyond the assumption of adiabatic
motion, a precise and fast computational tool is required.
Over the past years theKATRINCollaboration has developed
the universal code package kassiopeia [96], which is based
on the ground-laying work described in [97, 98]. 
e so�-
ware package includes various particle generators for signal
electrons as well as background processes.

kassiopeia comprises a number of modules for the
creation of particles, the calculation of their subsequent
trajectories in electromagnetic �elds, and the detection of
particles in Si-based detectors. To do so, kassiopeia provides
a detailed WGTS model, a number of electric and magnetic
�eld calculation methods and di�erent methods for the
calculation of particle trajectories. 
e particle detection
module includes backscattering of electrons on the detector
surface and a comprehensive number of physical phenomena
of low-energy electrons in silicon [99].

At KATRIN very large dimensions of the order of
tens of meters (main spectrometer) concur with very small
dimensions of the order of em (e.g., wire electrode). 
is
fact constitutes the biggest challenge for the electromagnetic
�eld calculation, that cannot be handled adequately by
commercial programs. A fast and precise �eld calculation is
achieved by a variety of �eld calculation methods, ranging
fromvery fast axisymmetric �eld calculations [97, 98], to fully
three-dimensional �eld calculation methods [100] based on
the boundary element methods which is most suitable for
large dimensional di�erences.


e particle trajectory calculations are based on explicit
Runge-Kutta methods described in [101–103] and include
physical processes like synchrotron radiation and elastic,
electronic excitation and ionization collisions of electrons
with molecular hydrogen [104–106].


e detailed tritium source model allows to simulate the
actual neutrino mass measurement with high precision. 
e
source model includes, among other things, the �nal state
distribution of tritium [35, 36], the Doppler broadening, and
scattering in the source [107, 108].

kassiopeia was successfully used to study background
processes [109] and transmission properties of the spectrom-
eter [110], to optimize the electromagnetic design of the
spectrometer section and to study systematic e�ects related
to the source section of KATRIN [108].

4.3. Source and Transport Section. 
e tritium source-related
parts of KATRIN comprise theWindowless Gaseous Tritium
Source (WGTS), the Di�erential (DPS) and Cryogenic (CPS)
Pumping Sections, as well as the Calibration and Monitoring
System (CMS) at the rear end. 
e main tasks of these
elements are to (a) control and monitor the tritium column
density in the source tube to a precision of better than 10−3
and (b) reduce the tritium partial pressure from the source
inlet to the entrance into the spectrometers by more than 14
orders of magnitude, while at the same time transporting the�-decay electrons adiabatically towards the spectrometers.


e extensive tritium infrastructure required for the
continuous operation of the KATRIN tritium source is
provided by Tritium Laboratory Karlsruhe (TLK), which
has developed key technologies for experiments involving
large amounts of tritium since the early 1990s. As of today,
TLK has an amount 24 g of tritium on-site and holds a
license for up to 40 g. Tritium process technology at TLK is
based on closed tritium cycles with their central elements of
tritium storage, isotope recovery and separation, and tritium
retention, among others. 
e yearly throughput of 10 kg of
high purity tritium in the KATRIN source will be equivalent
to the ITER operation in the late 2020s [111]. 
e KATRIN
tritium cycle is subdivided into two closed loops, with an
Inner Loop being optimized for a highly stabilized injection
pressure into the WGTS, and an Outer Loop designed to
maintain a high tritium purity by withdrawing a small
tritium fraction (<1%) for clean-up and isotope separation
(the amount withdrawn is reinjected to the Inner Loop a�er
puri�cation).

4.3.1. Gas Dynamics of the WGTS. 
e geometry of the
tritium source of KATRIN is de�ned by a cylindrical stainless
steel beam tube of 90mm diameter and 10m length, which
is housed inside the WGTS cryostat. At the center of the
beam tube, high purity molecular tritium gas is injected

via capillaries with an inlet pressure of about 10−3mbar. At
both ends of the beam tube the injected �ow is pumped
out by large turbomolecular pumps (TMP). 
e isotopic
composition of the injected hydrogen isotopologues (T2, D,
H2, HT, DT, HD), with T2 dominating by a large factor, is
constantly being monitored by Laser Raman spectroscopy. In
this windowless geometry the systematic e�ects for electrons
close to the 18.6 keV end point of tritium �-decay are mini-
mized, allowing to adiabatically transport electrons out of the
source by a homogeneous magnetic �eld of f = 3.6T. 
is
�eld is provided by a system of three large superconducting
solenoids surrounding the beam tube.
e operating temper-
ature of the beam tube is in the 27–30K temperature range
to minimize the tritium throughput through the beam tube
as well as the contribution of thermal Doppler broadening of
electron energies due to the molecular motion. Finally, this
temperature regime also mitigates systematic e�ects due to
clustering and condensation of hydrogen isotopologues.

Over the past years, a detailed 2D/3D model of the gas
dynamical characteristics of the tritium source has been
developed, which is much more detailed than the initial
1D model described in [72], where perfect temperature
homogeneity and isotropy of the source was assumed. 
e
new gas dynamical model of the source has been used to
derive precise values for the integral WGTS column density
and its radial variation and the pressure distribution along
the beam tube [112]. 
e stability of the column density,

which is of the order of 5 ⋅ 1017 T2-molecules/cm2, plays a
central role in the sensitivity of KATRIN, as it impacts not
only the statistical accuracy of the measurement, but also
de�nes the energy losses of the �-decay electrons inside the
source due to inelastic scattering [113]. An important aspect
in the detailed modelling of the source characteristics is the
fact that the gas rarefaction parameter along the tube varies
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from the strong hydrodynamic regime at the injection point
to free molecular �ow at the beginning of the di�erential
pumping chambers. Accordingly, a signi�cant part of the
beam tube exhibits values in the intermediate regime, where
the phenomenological intermediate conductance formula of
Knudsen is applied [114].

4.3.2. �e WGTS Cryostat and Associated Control and Mon-
itoring Systems. Initial estimates in [72] have revealed that
a stabilisation of the column density on the 0.1% level is
required to obtain a neutrino mass sensitivity of 200meV.

is translates into a stabilisation of the inlet pressure and
the beam tube temperature on the same level, which certainly
is a major technological challenge, given the macroscopic
WGTS beam tube dimensions. A stable gas feed into the
WGTS is achieved by injecting high-purity tritium gas from
a pressure controlled bu�er vessel over a 5m long tritium
capillary with constant conductance, while pumping out
the gas at both ends of the beam tube with large TMPs.
To ful�l the requirements on temperature stability, a novel
beam tube cooling system based on a 2-phase boiling �uid
has been designed and tested successfully (a two phase
system, when used as a cooling method, has the well-known
distinct advantage that it can absorb heat without changing
its temperature). 
e choice of neon as cooling �uid has
the advantage that it coexists in two phases at temperatures
around 30K formoderate pressures in the range from 1–3 bar.

In combination with the requirements of adiabatic elec-
tron transport and safe tritium throughput in a closed loop
system, the required stability of the tritium columndensity on

the 10−3 level has resulted in a technical design of a complex
cryostat (see Figure 16) with a length of 16.1m and a weight
of 27 tons [115] and a cryogenic system comprising 13 �uid
circuits where 6 cryogenic �uids are processed. 
e cryostat
also houses an extensive array of more than 500 sensors
(magnetic �eld, pressure, gas �ow, liquid levels, voltage taps)
as part of a dedicated measurement and control system. 
e
precision temperature readings of the sensor array will later
on be used as input tomodelminute �uctuations of the actual
source characteristics over typical time scales of about 1min.

In order to test the advanced cryogenic technologies
required for the cooling of the beam tube, a large-scale test
unit, the WGTS demonstrator, was built. 
is 10m long
(1 : 1 scale) unit makes use of many original components
which will be used later on in the �nal WGTS cryostat. In
2011 extensive measurements with the WGTS demonstrator
were performed at TLK targeted at a proof-of-principle and
optimization of the beam tube cooling system. To obtain a
precise measurement of the beam tube temperature, an array
of 24 metallic resistance temperature sensors (Pt500) were
distributed along the beam tube. 
e sensors feature a sub-
mK resolution and, via calibration with sensors measuring
the saturation pressure of neon [116], an uncertainty for the
absolute temperature of 4mK only. During the measure-
ments, a peak to peak variation of Δh = 3mK over a time
period of 4 h at h = 30K was obtained, which is one order of
magnitude better than required [107, 116]. 
is result o�ers
the potential to substantially reduce the systematic errors

from the tritium source during the long-termmeasurements.
At present, the WGTS demonstrator is being reassembled
to the �nal WGTS cryostat. 
ese extensive works will be
completed by the end of 2014.

A dedicated Laser Raman (LARA) system, based on
inelastic Raman scattering [117] of photons from gas
molecules, is connected to the inner tritium loop and allows
for inline and near time monitoring of the gas composition.

e di�erent tritiated gas species (T2, DT, HT) have to be
distinguished not only because of their di�erent properties
in the gas dynamical calculations, but also due to their
slightly di�erent endpoint energies as well as rotational and
vibrational �nal states. Test measurements with a Raman
cell suitable for operation with tritium [118, 119] show that a
precision of Δ prec(sT2)/sT2 = 0.1% for T2 monitoring can be
achieved in measurement intervals of <250 s under KATRIN
operating conditions [120, 121]. With an optimized setup, the
acquisition time recently has been reduced to 60 s only.

4.3.3. Calibration and Monitoring System Upstream of the
WGTS. To monitor the stability of the tritium activity and
of the column density of the windowless gaseous tritium
source, the rear side of theWGTS is connected to a calibration
and monitoring system. An angular-selective electron gun
is used to measure the energy loss function of the electrons
due to inelastic scattering in the WGTS and to monitor the
integral column density at di�erent source radii. 
is novel
UV-laser-based e-gun is based on the photoelectric e�ect
producing monoenergetic electrons with stable intensity and
with a well-de�ned starting angle N with respect to the

magnetic f⃗-�eld [122–125]. Secondly this electron source will
be used to determine the transmission function of the main
spectrometer and the response function of the whole setup
with high precision.


e calibration and monitoring system has another very
important task related to the source operation. 
e �-
electrons will be guided from the source to the spectrometer
and mapped onto the detector within a magnetic �ux tube of

191 T cm2. 
e guiding by superconducting solenoids implies
a tight transverse con�nement by the Lorentz force to all

charged particles. 
is includes the 1011 daughter ions per
second, which emerge from �-decay in the source tube,

as well as the 1012 electron-ion pairs per second produced
therein by the �-electron-�ux through ionization of T2
molecules. 
e strong magnetic �eld of 3.6 T within the
source is con�ning this plasma strictly in the transverse
direction so that charged particles cannot di�use to the
conducting wall of the source tube where they would get
neutralized [126].
e charges within the windowless gaseous
tritium source will thus be neutralized by a gold-plated
crystalline rear wall which is part of the calibration and
monitoring system, andonwhich allmagnetic �eld lines from
the windowless gaseous tritium source end. Accordingly, the
high longitudinal conductance of the plasma will de�ne and
also stabilise the electric potential within the tritium source.

Finally, the source activity will be monitored by �-
induced X-ray spectroscopy (BIXS), where the potential-
de�ning rear wall acts as an X-ray converter. An encapsulated
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Figure 16: Schematic view of the 16m long WGTS cryostat. 
e inlet shows the beam tube with the two phase liquid neon cooling system.

X-ray detector positioned behind the rear wall will monitor
the source activity by recording the X-ray intensity, while
the �uorescence lines from the surrounding structures would
allow an inline calibration of the setup.

4.3.4. Tritium Retention Techniques. Since the spectrometer
section must be essentially tritium-free for background rea-
sons (see next chapter), the tritium �ow along the beam
line must be reduced from its initial value at the injection

point of 1.8mbar⋅l/s to a level of 10−14mbar⋅l/s at the entry
to the spectrometers. 
is unprecedented large suppression
factor will be achieved by a combination of di�erential and
cyrogenic pumping [127–130]. While reducing the tritium
�ux by 14 orders of magnitude, these sections also have to
maintain adiabatic guidance of �-decay electrons from the
WGTS to the spectrometers over a distance of more than
15m.

4.3.5. Di�erential Pumping Fection (DPS2-F). Di�erential
pumping by large TMPs is the �rst tritium retention tech-
nique in use at the KATRIN beam line, with the initial stages
being performed inside the WGTS cryostat by pump ports
at the rear (DPS1-R) and front (DPS1-F) section. 
us, the
DPS2-F cryostat is the second pumping unit in the forward
direction. Its scienti�c objectives are the following: (a) active
pumping of tritium molecules with TMPs, (b) reduction of

the tritium �ow by a factor larger than 104, (c) maintaining
a stable tritium circulation in the Outer Loop, and (d)
diagnostics of the composition and suppression of ion species
from the WGTS.


e DPS2-F has been designed as a single large cryostat
of 6.96m length (see Figure 17). It was the �rst KATRIN
source-related component on site at KIT andwas successfully
commissioned in 2010/11 [131]. 
e unit features a beam line
with an Ω-shaped chicane to avoid the molecular beaming
e�ect, in which case gas particles would not be pumped out

Chicanery

Turbomolecular
pump (TMP)

Figure 17: Schematic view of the 6.96m long DPS2-F cryostat. 
e
beam tube guiding the �-decay electrons features a chicane to avoid
themolecular beaming e�ect. At the four pumpports large TMPs are
installed for di�erential pumping. 
e beam tube instrumentation
includes FT-ICR units and through-shaped electrodes for ion
diagnostics and suppression.

due to the alignment between gas particle momenta and
beam tube axis. 
e cascaded di�erential pumping system
consists of four large TMPs mounted on pump ducts, which
minimize the e�ect of thermal radiation from the TMPs
operated at room temperature to the beam tube kept at 77 K,
while also limiting TMP rotor heating due to induced eddy-
currents [132]. During the commissioning measurements a
retention factor for tritium (based on measurements for
other hydrogen-like and noble gas species) of ≈2.5 × 104

was obtained, demonstrating the excellent tritium retention
characteristics of di�erential pumping already at room tem-
perature [127].
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Figure 18: Schematic view of the seven beam tube elements of the
CPS. 
e inner surface of the cryopump elements is covered with
argon snow to capture the remaining tritium molecules.


e DPS2-F beam tube instrumentation is used for diag-
nostics and suppression of ions which result from ionization
processes of primary �-decay-electrons with the neutral gas
molecules of the source. As ions are guided by the �eld lines
(and thus are not being pumped out) they remain trapped
between a ring electrode at the end of the DPS2-F, where they
are re�ected electrostatically, and the WGTS, where they are
re�ected back by the gas pressure. 
e number density and
composition of ions will be measured on a near-time basis by
two Fourier Transform-Ion Cyclotron Resonance (FT-ICR)
devices [133], which discriminate Penning-trapped ions by
detecting di�erences in IonCyclotron frequencies in the 5.6 Tf-�eld at the center of the DPS2-F solenoids. 
e ions stored
between theWGTS and the end of the DPS2-F are eliminated
by a system of three electrostatic dipoles by an induced �⃗× f⃗-
dri�, irrespective of their mass, charge sign, or motion with
respect to the electric �eld, within a time period of 20ms or
less, which is much shorter than the allowed upper time limit
of 10 s for ion storage.


e magnetic �ux tube of 191 T cm2 of �-decay electrons
which is used for the neutrinomass analysis is guided through
the beam tube chicane with a minimum margin of 10mm
from the walls of the inner vacuum system. 
e system
of 15 superconducting solenoids is cooled by liquid helium
supplied from an external Linde TCF 50 refrigerator, with
a measured DPS2-F cryogenic stand-alone time of about
eight hours [134]. Unfortunately, due to a malfunction of one
of the protective diodes of the magnet system during the
commissioningmeasurements, further tests with the DPS2-F
had to be stopped in mid-2011. At present di�erent options to
ensure a future fail-safe operation of the di�erential pumping
system during long-term tritium running are being studied.

4.3.6. Cryogenic Pumping Section (CPS). 
e Cryogenic
Pumping Section (CPS) is the �nal tritium retention unit in
the KATRIN beam line, featuring a large-area cryosorption
pump based on a thin layer of argon snow frosted onto gold-
plated steel as adsorbent (see Figure 18) [135]). It is designed
for a tritium �ow reduction factor of ≥3 × 107.


e 6.73m long CPS cryostat features an even more
complex beam tube design than DPS2-F with a beam tube
segmented into 7 sections, as shown in Figure 18. To prevent
residual tritium absorption onto the walls, the inner surfaces
of the beam tube elements are gold-plated.
e beam tubes of
the cryopump section are tilted by an angle of 15∘ with respect
to each other and are covered by a thin argon frost layer to
enlarge the inner surface for sorption.
e CPS design allows

the insertion of a Condensed 83mKr Source (CKrS) [136] for
calibration purposes, as well as a small Si-diode for source
intensity monitoring. 
e CPS is currently being manufac-
tured by an industrial partner in Genoa (Italy) and will be
shipped to KIT at the end of 2013. A�er commissioning and
initial bake-out, the CPS will regularly cycle through several
modes of operation. In a �rst step the beam tube elements
will be cooled to their respective operational temperature,
which is followed by the preparation of an argon frost layer.

is requires a temperature in the range of 6K to favour the
growth of small tomedium sized crystallites. A�er argon frost
preparation, the cryopump temperature will be lowered again
to 3K. A�er a data collection cycle of about 60 days, the CPS
has to be regenerated to remove the adsorbed tritium activity
of about 2 Ci by purging 100K gaseous helium through the
cryopumping segments.

By combining di�erential pumping by TMPs in the
DPS with cryosorption on a large-area argon frost pump
in the CPS, the number of migrating HT-molecules to the
pre- and main spectrometer is kept at a minimum. When
including all relevant tritium retention techniques, that is,
not only DPS and CPS, but also tritium interactions with
the spectrometer walls and tritium pumping by the large
nonevaporable getter (NEG) strips in the spectrometers, a
tritium partial pressure in the main spectrometer of about10−22mbar can be expected [131]. 
is ultralow level should
result in a tritium-related background rate of only 10−4 cps,
which is two orders of magnitude below the design speci�-
cation. It is only by this huge tritium reduction factor that
the KATRIN experiment can combine an ultra-luminous
windowless gaseous tritium source of 1011 �-decay electrons
with a high-resolution electrostatic spectrometer operated
with an extremely low background level of 0.01 cps [137].

4.4. Spectrometer and Detector Section. In the following the
non-tritium-related parts of KATRIN will be described. First
the tandem spectrometer system performing the energy
analysis of the �-electrons is addressed and then the detector
and data acquisition system are described.

4.4.1. Overview: Pre�ltering and Precision Scanning. 
e
spectrometer section consists of two electrostatic retarding
�lters of the MAC-E-Filter type: the prespectrometer and the
main spectrometer. 
e prespectrometer o�ers the option to
act as a pre�lter, re�ecting all electrons with energies up to
300 eV below the endpoint, while transmitting the interesting
part of the spectrum undisturbed. All electrons transmitted
through this �rst stage are guided to the main spectrometer
for precise energy analysis close to the endpoint. A third
spectrometer, the monitor spectrometer, is used to monitor
precisely the high voltage of the main spectrometer.
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Figure 19: Schematic view of prespectrometer. (1) superconducting
solenoids, (2) prespectrometer vessel, (3) inner electrode system, (4)90∘ pump port, (5) 45∘ pump port, (6) insulator.

4.4.2. Prespectrometer. 
e prespectrometer has a length of
3.4mand a diameter of 1.7m.At both ends a superconducting
magnet is installed providing a magnetic �eld of 4.5 T at
the center of the magnet and 15.6mT in the center of the
spectrometer. As a novel electromagnetic design feature, if
compared to the Mainz and Troitsk set-ups, the tank itself
is set on high voltage. An inner electrode system consisting
of two conical full electrodes and a central cylindrical wire
electrode can be set to a di�erent potential as the vessel.
Figure 19 shows a schematic view of the prespectrometer.

One of the prespectrometer’s major tasks has been to
serve as a prototype for advanced technologies and exper-
imental methods later applied to the much larger main
spectrometer. Many basic concepts, such as the design of
the ultra high vacuum (UHV) system and high voltage
stabilization were successfully tested at the prespectrome-
ter. Especially important was the detailed investigation of
background processes in MAC-E-�lters. Two new classes
of background were identi�ed and studied at the prespec-
trometer: background due to small Penning traps and radon
induced background [138].
e knowledge gained during the
extensive measurement period at the prespectrometer has
proven to be extremely valuable for the design and operation
of the main spectrometer.

4.4.3. Main Spectrometer. 
e exceedingly large dimensions
of the main spectrometer are essential to operate it as an
extremely precise high-energy �lter with an energy resolution
of Δ� = 0.93 eV (0%–100% transmission). 
is sharp
resolution requires that the stability of the retarding high
voltage is in the ppm range. 
e scanning voltage is varied
in steps of Δ� = 0.5–1 V around a narrow region close to the
endpoint at g� = �0 = 18.6 keV. 
e highest electrostatic
potential is located in the central plane of the spectrometer,
perpendicular to the beam axis, the so-called “analyzing
plane.”

To achieve a very high energy resolution, the cyclotron
motion of the electrons, being isotropically created in the

Figure 20: Photograph of the spectrometer transport during the
�nal careful maneuvering through the nearby village of Leopold-
shafen inNovember 2006. Due to its size, it could not be transported
to Karlsruhe on motorways, but had to travel nearly 9000 km
through the Danube River, the Black Sea, the Mediterranean Sea,
the Atlantic Ocean, the North Sea, and the River Rhine [139].

WGTS, needs to be almost fully transformed into longi-
tudinal motion parallel to the magnetic �eld lines, since
only the latter is analyzed by the retarding potential (see
Section 3.2). To obtain adequate parallelization, the magnetic
�eld drops by four orders of magnitude from the entrance
to the center of the main spectrometer. Since the magnetic
�ux Φ is conserved, the cross-section of the �ux tube in the
center plane has to be four orders of magnitude larger than at
the entrance. 
is scaling explains the huge size of the main
spectrometer (length a = 23.8m, diameter � = 9.8m, surface

area u = 650m2, and volume � = 1450m3) (see Figure 20).
To compensate for the distorting earthmagnetic �eld and

to �ne-tune the magnetic �eld inside the main spectrometer,
the vessel is surrounded by a large external air coil system
(see Figure 21). It consists of 10 horizontal current loops
and 16 vertical ones to compensate the earth magnetic
�eld (EMCS). Additionally, a system of 15 Helmholtz-like
coils with individually adjustable currents allows for precise
adjusting of the gradients and the overall strength of the
magnetic �eld (LFCS). Two arrays of magnetic �eld sensors,
one at �xed positions, and the other a mobile one attached
to robots [140], allow to measure and monitor precisely the
magnetic �eld.


e main background source of the Mainz experiment
was secondary electrons from the electrodes at high potential.

ese electrons are created by cosmic muons or by environ-
mental radioactivity.
e shielding e�ect of themagnetic �eld
will prohibitmost of these electrons to enter themagnetic �ux
tube and thus to reach the detector. However, measurements
at Mainz [141] and Troitsk yielded a transmission rate of10−5–10−7 through the magnetic shielding of a MAC-E-�lter.
A large shielding factor is important considering the large

surface of 650m2 of the KATRIN main spectrometer. To
suppress this kind of background, a new idea of additional
background suppression has been developed and successfully
tested at the Mainz spectrometer [142, 143] and optimized
at the prespectrometer. 
is technique will also be applied
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Figure 21: Photograph of air coil system surrounds the main spec-
trometer vessel. Its purpose is to compensate the earthmagnetic �eld
and to �ne-tune the magnetic �eld inside the main spectrometer.
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Figure 22: Principle of electrical screening of a surface at high
voltage � by a nearly massless wire electrode at a slightly more
negative voltage � − Δ�. Secondary electrons, which are emitted
from the surface at potential �—for example, by the interaction
of cosmic muons or v radiation by environmental radioactivity—
will be re�ected by the wire potential back to the wall, if the
kinetic energy of the secondary electrons is not su�cient to pass
the electrical potential barrier � − Δ�. If the wire electrode has
a su�ciently small cross-section, the probability that unscreened
secondary electrons emitted from the wires is small.

to the KATRIN main spectrometer: 
e vessel walls at high
potential will be covered by a system of nearly massless wire
electrodes, which are put to a slightly more negative potential
(see Figure 22). Secondary electrons ejected by cosmic rays or
environmental radioactivity from the vessel wall will thus be
repelled and prohibited from entering themagnetic �ux tube.
To achieve a high suppression factor of 10, as demonstrated in
the Mainz experiment, the KATRIN main spectrometer has
been instrumented by a two-layerwire electrode system [144–
146] (see Figure 23).


is system consists of 248 modules of a typical size

of 2 × 1.5m2. 
e wires of the inner (outer) layer have a
diameter of 200em (300 em) and a distance of 22 cm (15 cm)
from the surface of the spectrometer vessel. Essentially the
inner (outer) wire layer will be on a potential of −200V
(−100V) with respect to the main spectrometer vessel. 
e
total number of wires amounts to 23440. Stringent demands
are required for this electrode system: 
e two wire layers
in the central part have to be mounted with a precision of

(a)

(b)

Figure 23: Photographs of the oil- and dust-free sca�old to install
the wire electrode system in themain spectrometer (a) and view into
the main spectrometer before the last two wire electrode modules
at one of the pump ports were installed to �nish the wire electrode
installation (b). Photographs: Michael Zacher.

200em to avoid distortions of the electrical potential. 
e
wires have to withstand baking at 350∘C. 
e outgassing of
the wire electrode system has to be extremely low to allow

a �nal residual gas pressure of 10−11mbar. 
e mounting
of the wire electrode system within the huge KATRIN
main spectrometer under clean-room conditions was a big
challenge on its own (see Figure 23). 
e installation of the
wire electrode system was successfully completed in January
2012.

In addition to the background reduction, the wire elec-
trode serves three other purposes: �ne-shaping of the electric
retarding potential is achieved by applying slightly di�erent
voltages on the di�erent axial rings of the wire modules to
guarantee full adiabatic motion of the electrons. Reducing
�uctuations of the electric retarding potential is done by
decoupling the low-noise high-precision retarding voltage of
the inner-most wire layer from the high-voltage of the vessel,
on which electrical devices such as TMPs are mounted. 
e
multilayer system acts as a Faraday cage. Finally, by splitting
the wire module arrangement into an eastern and a western
half an electric dipole voltage can be applied to eject low-

energy stored particles by an induced �⃗ × f⃗ dri� (see, (42)).

4.4.4. High Voltage and Monitoring Layout. 
e energy anal-
ysis of �-decay electrons based on the MAC-E �lter principle
[70, 71] relies primarily on the stability of the electrostatic
�lter potential [147, 148].
e latter has been identi�ed as one
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of the �ve main contributions to the KATRIN uncertainty
budget [72]. Its contribution to the systematic error of

the energy �lter potential has to be restricted to Δ�2 <0.0075 eV2 in order to meet the desired level of sensitivity.

We showed earlier in (37) that any unknown �uctuation

of the retarding voltage � with variance �2� leads to a shi�

of the squared neutrino rest mass Δ�2(��) ≈ −2 ⋅ g2�2�
(the electron charge g takes care of the conversion from
voltage to energy.). 
is relation and the systematic error
limit given above have been taken into account in order to
de�ne the stability requirements for theKATRINhigh voltage
monitoring system, which is �� < 60mV [72]. At the tritium
endpoint energy �0 = g� = −18.6 keV, this corresponds to a
relative voltage stability of Δ�/� < 3.3 ⋅ 10−6, which has to be
maintained for the whole KATRIN measurement time.


erefore KATRIN will apply two redundant monitoring
methods, one being based on two high voltage dividers with

highest possible precision, that is, 10−6 relative precision and
long-term stability for up to 35 kV [149], and the other one
being based on a monitoring beam-line which observes a
monoenergetic electron source [72]. To do so in both cases,
the low-noise retarding high voltage applied to the inner
layer of the central wire electrode modules is distributed
to the precision high voltage dividers and to the monitor
spectrometer.


emonitor spectrometer consists of the refurbished and
upgraded MAC-E �lter spectrometer of the Mainz experi-

ment (see Section 3.2) and observes an implanted 83Rb/83mKr
source [150, 151]. For the calibration source 83Rb is produced
either at the ISOLDE facility at CERN or at the cyclotrons
at Nuclear Research Institute (Rez) in the Czech Republic or
at Bonn University in Germany [152, 153]. 
e 83mKr decay
provides monoenergetic conversion electrons of the K shell
with an energy close to the tritium endpoint at �K-32 =17.8 keV [154]. While applying the MAC-E �lter principle as

well as the main spectrometer retarding potential, the 83mKr
source has to be elevated by about 800 eV in order to monitor
the K conversion electrons. 
is method relies on atomic
and nuclear physics standards and provides monitoring with
a stability at the 50meV level as required by the systematic
uncertainty limit.

Based on a self-compensating principle [155], two preci-
sion high voltage dividers have been developed in coopera-
tion with PTB Braunschweig.
ese HV dividers rank among
the most stable ones in the world. For voltages of up to

35 kV, they provide a long-term stability of <10−6 per month
as well as negligible temperature and voltage dependencies
[149]. 
e two dividers have served recently to calibrate
the ISOLDE facility at CERN [156]. 
e permanent voltage
monitoring with the precision voltage divider and frequent
83mKr calibrationmeasurements at themonitor spectrometer
will provide reliable and stable calibration andmonitoring for
the retarding potential of the main spectrometer over long
periods of time.

4.4.5. Focal Plane Detector. 
e focal plane detector is a semi-
conductor-based silicon PIN diode [157]. Its main goal is to

Guided flux
Φ = 191 T cm2

Figure 24: Schematic view of the detector. 
e electrons are guided
along magnetic �eld lines to the sensitive area of the detector,
which has a diameter of 10 cm. 
e inset shows a photograph of the
detector, in which the 148 pixels are visible.

detect transmitted electrons with a detection e�ciency of>90%.

e detector is subdivided into 148 pixels to achieve

good spatial resolution (see Figure 24). 
is is important,
as electrons passing the analyzing plane at di�erent radii
will experience slightly di�erent retarding potentials, due
to the radial inhomogeneity of the electric potential. To
account for this e�ect the detector consists of 12 con-
centric rings subdivided azimuthally into 12 pixels each.

e innermost part is composed of 4 quarter circle pixels.

is pixel arrangement allows for a precise mapping of
inhomogeneities of the retarding potential as well as of the
magnetic �eld. Each detector pixel measures an independent
tritium �-spectrum which has to be corrected for the actual
retarding potential and magnetic �eld value at the analyzing
plane.


e signal of each detector pixel is connected by pogo-
pins to a charge-sensitive pre-ampli�er.
e ampli�ed signals
are digitized by FADC- and FPGA-boards [158] developed for
the Pierre Auger Observatory. 
e Data Acquisition System
is based on the so�ware package ORCA (Object-oriented
Real-time Control and Acquisition), which was originally
developed at the University of Washington as a general
purpose, highly modular, object-oriented, acquisition and
control system. Since 2008 further development continues at
the University of North Carolina at Chapel Hill [159].


e detector is cooled by LN2. To suppress external
background, it is surrounded by low radioactivity lead shield.
Additionally an active muon veto system consisting of a
cylindrical plastic scintillator read out by wavelength shi�ing
�bers is installed. 
ere is an option to use postacceleration
to increase the kinetic energy of the �-electrons to about
30 keV or above before they hit the detector. 
is could
help in discriminating signal from �uorescence background.
Additionally, the impact angle of the electrons relative to
the detector surface would be increased, which decreases the
probability of backscattering from the detector surface [99].


e detector is situated in a superconducting magnet
providing a magnetic �eld of fdet = 3–6 T. 
e detector
magnet is adjacent to the so-called pinch magnet which
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provides the maximal magnetic �eld of fmax = 6T of
the entire KATRIN setup. All electrons that started in the
source with an angle larger than 51∘ will be re�ected by
the pinch magnet before they reach the detector (see (40)).

is is advantageous, as electrons emitted under a large
angle perform a lot of cyclotron motion, which in turn
increases their total path length and therefore their scattering
probability and also their synchrotron losses. To exclude
those electrons, the magnetic �eld of the source is smaller
than the maximal �eld.

4.5. Signal and Sensitivity. By counting �-electrons at di�er-
ent retarding potentials, KATRIN measures the integral �-
spectrum (18)

H(g�, �0, �2 (��))
= HtotW�∫�0

0
Ḣ (�, �0, �2 (��)) Z (�, g�) ��,

(49)

which is a convolution of the response function Z(�, g�),
incorporating the energy loss in the WGTS and the spec-
trometer transmission function, with the di�erential energy

spectrum Ḣ(�, �0, �2(��)), describing the number of decays
per second, nucleus and energy bin. In contrast to (18), here
we have explicitly stated the dependence of Ḣ on the endpoint

energy �0 and on the squared neutrino mass �2(��). 
e
parameters Htot and W� denote the total number of tritium
nuclei and the measurement time at a certain retarding
potential, respectively. Assuming a constant background rateḢ� the �t function to the measured spectrum is given by

Hth (g�, Z�, Z�, �0, �2 (��))
= Z� ⋅ H (g�, �0, �2 (��)) + Z� ⋅ Ḣ� ⋅ W�, (50)

where Z� and Z� are the relative fraction of signal and back-

ground. In the �t Z�, Z�, �0, and�2(��) are free parameters.

4.5.1. Sources of Systematic Errors. Sources of systematic
uncertainties arise from

(i) unconsidered corrections to the �-spectrum Ḣ(�, �0,�2(��)),
(ii) unaccounted variations of experimental parameters,

for example retarding potential � and number of
decaysHtot,

(iii) an imprecise knowledge of the response functionZ(�, g�),
(iv) and a non-constant background Ḣ� in time and

energy.

Most of the systematic e�ects are related to the tritium
source. 
ey include energy losses of �-electrons, primarily
due to inelastic scattering in the source, �uctuations of the
column density, potential charging e�ects due to remaining
ions, and the accuracy of the quantum-chemical calculations
of the �nal state distribution of molecular tritium (see

Section 4.3). 
e main systematic e�ect related to the spec-
trometer section is the high voltage stability (see Section 4.4).

New physics e�ects such as right handed currents [33],
sterile neutrinos [91–93, 160], extra dimensions [94], and
so forth. also a�ect the shape of the tritium spectrum (see
(21)). However, the in�uence of these phenomena typically
becomes important only further away from the endpoint.
Another new physics contribution that might a�ect the
spectrum also close to the endpoint is violation of Lorentz
invariance [95].

4.5.2. Background Sources. Only a small fraction of 10−13
of the 1011 tritium decays per second in the WGTS will
produce �-electrons in the interesting energy region close
to the endpoint (1 eV below the endpoint). 
is leads to a
generic rather low count rate of only 10−2 cps in this energy
region. To achieve a sensitivity of 200meV (90% C.L.), the
background must be of the same order of magnitude, or
smaller. Of major concern in this context are backgrounds
which are not constant in time or energy.


e background originatesmainly from the spectrometer
section and partly from the detector. With a detector energy
resolution of the order of 1 keV, all nonsignal electrons
detected in the region-of-interest (i.e., from approximately
15 keV to 20 keV)will contribute to the background level. Pos-
sible detector background sources are electrons produced by
cosmic muons (and subsequent neutrons and gammas), high
energetic gammas of environmental radioactivity (mainly
from the thorium and uraniumdecay chains in the surround-
ing area) and decays of radionuclei in the detector material.

To reduce the backgrounds, the materials used in the
construction of the detector system were radioassayed very
thoroughly. In addition, the detector is surrounded by a
muon veto system. Finally, there is the option to use postac-
celeration to increase the energy of signal electrons up
to 30 keV, which would allow for better signal-background
discrimination. 
e total expected detector background is

about 10−3 cps, which has been veri�ed in the on-going com-
missioning measurements of the focal plane detector system.


e spectrometer-related background is especially chal-
lenging since all low-energy electrons created in the spec-
trometer are accelerated to the retarding potential before
hitting the detector. Consequently, they cannot by distin-
guished from signal electrons. In Section 4.4, we have already
discussed that secondary electrons produced at the spectrom-
eter walls are prevented from entering the sensitive magnetic
�ux tube by the dominant inherent magnetic shielding of
the MAC-E �lter, and by subdominant electrostatic shielding
of the wire electrode system. However, secondary electrons
can also be generated inside the sensitive �ux tube as a
result of ionisation processes of residual gas. Of particular
concern are electrons that are stored, either in Penning traps,
or by the inherent magnetic bottle property of the MAC-E-
con�guration. 
ese processes have been studied in the pre-
spectrometer set-up in an extended measurement program.

In [137, 138], it was shown that small Penning traps of

the size of � < 100 cm3 can lead to background rates

easily exceeding 103 cps. Electrons being stored in Penning
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Figure 25: (a) shows the stable storage condition without external RF �eld, where the electron trajectory is a superposition of a fast cyclotron
motion, axial oscillation, andmuch slowermagnetron dri�. (b) shows an electron trajectory in presence of an RF �eld with a frequency which
is tuned to the cyclotron frequency of the electron in the central part of the spectrometer.
e stored electron is stochastically heated up every
time it passes the resonance region. A�er less than 5ms its cyclotron radius is so large that the electron hits the wall and is absorbed there.

traps produce background via messenger particles, such as
positive ions or photons, which can leave the trap and
subsequently can create secondaries in the sensitive volume.

is background has been tackled by a very precise and
careful electromagnetic design [161, 162] that avoids the
creation of Penning traps ab initio.


e simultaneous operation of two electrostatic retard-
ing spectrometers (prespectrometer and main spectrometer)
next to each other in the beam line, andwith ground potential
between them, would create a large Penning trap for electrons
[163]. Signal electrons that experience no energy loss on their
way through the spectrometers are not a�ected. However,
all electrons that are created between the spectrometers
with less kinetic energy than the prespectrometer retarding
energy remain trapped. A stored electron will �ll the trap
in an avalanche e�ect by continually ionizing residual gas
molecules. Simulations have shown that a primary stored

electron together with all its secondaries may create up to 108
positive ions, which are not trapped and can freely propagate
into the main spectrometer. 
ere, they can ionize residual
hydrogenmolecules thereby producing further electrons that
can reach the detector and contribute to the background level.

A possible countermeasure would be the installation of
a wire scanner between the spectrometers which regularly
wipes through the trap, thereby removing the stored elec-
trons and suppressing the background production [163, 164].
Another most promising option would be to operate the
prespectrometer at reduced �lter energy [99, 110], even down
to zero potential. 
is mode would avoid the creation of
the Penning trap. Test measurements and simulations have
proven the e�ectiveness of both approaches.

Another major background source results from magnet-
ically stored electrons [165, 166]. At the main spectrometer,
this will cause all electrons with (transversal) energies larger
than 1 eV (i.e., larger than the width of the transmission func-
tion) to be stored. Owing to the excellent UHV conditions in

theKATRINmain spectrometer (� = 10−11mbar) the storage
times of electrons in the multi-keV-range can reach several
hours. During its cooling time, a stored electron produces
several hundred secondary electrons, which eventually leave
the spectrometer and hit the detector.
emain source of pri-
mary electrons originate from 219Rn, 220Rn [165] and tritium

decays inside the spectrometer volume. 
is background
source features large time �uctuations and thereby a strong
non-Poissonian characteristic.
is fact has a large impact on
the neutrino mass sensitivity [166].

As a counter measure liquid nitrogen cooled ba�es will

passively shield the spectrometer volume from 219Rn, which
is mainly emanating from the large NEG pumps [165]. 
e
tritium decay rate inside the main spectrometer volume
can be reduced by the option to use the prespectrometer
as an additional tritium pump. Finally, a number of active
background reduction techniques, which are targeted at
removing the stored electrons, have been successfully inves-
tigated experimentally and via extensive MC simulations.
A method based on stochastic heating with an RF �eld by
the well known technique of Electron Cyclotron Resonance
(ECR) [167] and amethod based on nulling themagnetic �eld
by magnetic pulsing [164] seem most promising. Figure 25
shows the strong background-reducing e�ect of a very short
RF-pulse fed into the main spectrometer on magnetically
stored electrons as calculated by kassiopeia (even for very
moderate RF-amplitudes). 
ese short RF-pulses would
empty all stored particles with negligible duty-cycle.

4.5.3. NeutrinoMass Sensitivity of KATRIN. For the reference
setup of the KATRIN experiment, the quadratic sum of all
known systematic uncertainties is expected to be �sys,tot ≤0.017 eV2. A�er three “full beam” years of measurement time
the statistical error is about as small as the systematic error.


is yields a total error of �tot = 0.025 eV2. Figure 26 shows
the discovery potential of KATRINas a function of beam time
for di�erent neutrino masses. Accordingly, a neutrino mass
of �� = 350meV would be seen with 5� signi�cance. 
e
�gure also shows the 90% C.L. upper limit as a function of
measurement time in case that no neutrino mass signal is
seen. In this case, an upper limit of �� ≤ 200meV can be
stated at 90%C.L a�er three full beamyears ofmeasurements.

4.6. Status and Outlook. 
e commissioning of the KATRIN
beam line elements is progressing well. On one side, the
multifaceted technical hurdles are challenging, causing the
commissioning of the overall setup to take longer than
originally planned. On the other side, the excellent results
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Figure 26: (a) Discovery potential of KATRIN as function of time for di�erent neutrino masses. (b) Upper limit on neutrino mass at 90%
C.L. as a function of time.

of the large-scale test units have opened the possibility
to substantially reduce the systematic e�ects during the
long-term measurements with the �nal con�guration, thus
improving the neutrino mass sensitivity of the experiment.

Beginning at the source-related components, an impor-
tant breakthroughwas the veri�cation of the novel beam tube
cooling system. In a dedicated setup, consisting largely of
original components, the WGTS demonstrator, a tempera-

ture stabilization of the 10m long beam tube ofΔh/h of≈10−4
was achieved by using two-phase neon �uid as cooling agent.

is is one order ofmagnitude better than speci�ed. Together
with the achieved pressure stabilisation of the inner loop
mock-up of Δ�/� of ≈10−4, this opens up the possibility of
reduced systematic errors from column density �uctuations
(this is one of the largest overall systematic errors). At present
the WGTS demonstrator is being reassembled to the �nal
WGTS cryostat.
e �nalWGTS assembly at KIT is expected
to be completed by the end of 2014. Further progress has been
made with regard to tritium analytics (LARA setup), as well
as the design of the rear section which will include extensive
control and monitoring units.

Major progress has also been achieved in the �eld of large-
scale tritium retention. A�er the successful commissioning
of the DPS2-F cryostat, �rst tritium retention measurements
with a beam tube at room temperature have yielded exper-
imental �ow suppression factors which are in very good
agreement with corresponding MC simulations. Due to the
malfunction of a protective diode of the superconducting
magnet system of DPS2-F, a new magnet safety concept
for all s.c. solenoids has been designed. 
is concept is
currently being implemented for WGTS and CPS, as well as
a fail-safe di�erential pumping section. 
e manufacture of
the cryopump CPS is well under way with assembly works
expected to be �nished by the end of 2013.

In the spectrometer section, the extensive measurement
program with the prespectrometer facility has given impor-
tant insights into background reduction techniques, precision
electromagnetic layout, vacuum technologies, and high volt-
age stability. At present the prespectrometer is ready for beam
line integration.


e main spectrometer together with its external air coil
system and its inner electrode system, which was completed
at the beginning of 2012, is currently being prepared for test
measurements. 
ese measurements will be focused �rst on

extensive background studies, with the objective to remove
any remaining small-scale Penning traps, to quantify the
contribution of cosmic muon induced background and to
study its signature by making use of external muon detectors.
An important aspect of the background studies will be the
identi�cation of background due to stored electrons follow-
ing nuclear decays, and the optimisation of active and passive
background reduction techniques to limit the spectrometer

background to a level of <10−2 cps. Another important task
will be to map the transmission properties of the spectrome-
ter with an angular-selective electron gun. In all these inves-
tigations the recently commissioned focal plane detector sys-
tem with its excellent properties will be of vital importance.
Finally, the extensive so�ware developments for simulation
and analysis tools are in an advanced state and the so�ware
packages are continually being re�ned and extended.

A�er integration of all source-related and spectrometer-
related components, the �rst runs in the �nal KATRIN
con�guration are expected in the second half of 2015.

5. New Approaches

While spectrometer experiments based on the MAC-E �lter
principle [70] currently provide the highest sensitivities
in direct neutrino mass experiments, there are alternative
approaches that aim for comparable performance and better
scalability in the study of weak decays.

A very recent development is promoted by the Project
8 team (see Section 5.1) where tritium technology from the
KATRIN experiment is used in conjunction with microwave
antennas to detect coherent cyclotron radiation emitted by
individual decay electrons in a magnetic �eld. 
e aim is
to extract a �-decay spectrum without the need for a large
electrostatic spectrometer.

Most of the work on alternative experimental methods
is, however, focused on using microcalorimeters to study
rhenium �-decays (see Section 5.2) or holmium electron
capture decays (see Sections 5.3 and 5.4).
emain advantage
of using microcalorimeters lies in the source = detector
principle that allows to measure the complete decay energy
(excluding the energy carried away by the emitted neutrino)
as opposed to only measuring the kinetic energy of the decay
electrons. On the other hand the comparably slow signals
produced by calorimetric detectors bring the challenge of
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Figure 27: Schematic view of the experimental layout to measure coherent cyclotron radiation from tritium decay electrons (reprinted with
permission from [170], Copyright (2009) by the American Physical Society).

using large arrays of small detectors to avoid pileup in the
individual calorimeter crystals.

Another approach has been proposed by Jerkins and
coworkers [168] who suggest to perform a full kinematic
reconstruction of the decays of trapped tritium atoms. 
is
idea, however, seems to be hampered by conceptual di�cul-
ties [169].

5.1. Project 8. Project 8 is a new e�ort tomeasure the neutrino
mass lead by groups from MIT, University of California,
Santa Barbara and University of Washington. 
e idea is
to use technology from KATRIN’s gaseous tritium source
combined with a sensitive array of microwave antennae to
extract energy spectra of tritium decay electrons from the
coherent cyclotron radiation emitted by individual electrons
in a magnetic �eld (see Figure 27). In such a setup, electrons
will follow a circular or spiral path with a cyclotron frequencyw of

w = w0v = gf� + �, (51)

where� is the kinetic energy of the electron,f is themagnetic
�eld of the source, g is the electron charge, � is the electron
mass, w0 is the unshi�ed cyclotron frequency, and v is the
Lorentz factor. 
e total power emitted by each electron
depends on its relative velocity � and the pitch angle N
between the direction of movement and the magnetic �eld
vector

; (�, N) = 14�s0
2g2x203� �2sin2 (N)1 − �2 . (52)

With a suitable set of source parameters, the power of
the cyclotron radiation emitted will be large enough to be
detected, but not large enough to rapidly change the electron’s
momentum and will therefore allow to reconstruct its kinetic
energy. 
e energy resolution Δ� of the method depends on

the relative uncertainty with which the cyclotron frequency
can be determined, which in turn depends on the observation
time for an individual decay electron.

Monreal and Formaggio [170] discuss a reference design
with a 1 Tmagnetic �eld strength. In this design�0 = w0/2� ≈27GHz for decay electrons near the endpoint energy �0 =18575 eV. For a resolution of Δ� = 1 eV we therefore require
a relative uncertainty Δ�/� = Δ�/� = 2 ⋅ 10−6 and,
via the Nyquist theorem, a minimum observation time ofWmin = 2/Δ� ≈ 38 es. 
is observation time determines the
necessary mean free path of decay electrons in the source
before they undergo inelastic scattering from T2 molecules
and therefore places constraints on the density of the source.
In the reference design the required free path length is given
by Wmin�� ≈ 3000m corresponding to a maximum T2 density
of �max = (Wmin����)−1 ≈ 1.1 ⋅ 1012/cm3 with a total cross-

section �� ≈ 3 ⋅ 10−18 cm2 for inelastic scattering of electrons
near the endpoint energy from molecular tritium.

Given the long pathlength required for the electrons to
achieve the necessary observation time, it becomes clear
that the decay electrons need to be trapped within an
instrumented volume to realize the actual experiment. 
is
can be achieved using the magnetic mirror e�ect, where thef-�eld of the source volume is increased by some amount
at both ends of the apparatus. 
e ratio between the �eld
strength in the source volume to that at the edges then
determines the minimum pitch angle Nmin of the stored
electrons. Only storing electrons with pitch angles aboveNmin has the added bene�t that they are also emitting higher
signal powers via the dependence of equation 53 on N. For
stored electrons the emitted signal powers are in the 10−15W
region while the authors of [170] estimate the thermal noise
contribution of suitable ampli�ers for the signal detection to

be of the order 10−17W. Incoherent noise from non-endpoint
and/or low-pitch beta electrons is expected to contribute
about 10−24W/Bq in the signal region which would allow

a tritium activity of the source of the order 108–109 Bq. Of
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Figure 28: Simulated frequency spectrum of 105 tritium decays observed within a 30 es interval in a 10m long source with a �eld of 1 T. 
e
inset shows the triplet of lines produced by a high energy electron (reprinted with permission from [170], Copyright (2009) by the American
Physical Society).

course these estimates also depend on how e�cient an actual
antenna con�guration could collect the signal power emitted
by the electrons.


e correct reconstruction of electron energies from the
detected cyclotron radiation is complicated by the Doppler
shi� the signals experience due to the motion of the electrons
parallel to the magnetic �eld lines. Two di�erent antenna
con�gurations are proposed to remedy this problem. In the
�rst case, two antennae are placed on axis at both ends of
the source volume (see endcap antennae on Figure 27).While
one of the antennae will detect a blue-shi�ed signal due to
the parallel velocity component of the electron towards it, the
other will detect the red-shi�ed version of the same signal.
Combining these signals, the unshi�ed electron energy can
then be reconstructed.


e second con�guration discussed consists of arrays of
evenly spaced microwave antennae oriented transverse to
the magnetic �eld. Passing electrons will induce signals that
sweep from blue shi� to red shi� in the individual antennae.
When these signals are summed up with an appropriate
choice of delay lines, the unshi�ed cyclotron frequency
should sum coherently, while the contributions fromDoppler
shi�s sum incoherently and should thus be suppressed. 
e
resulting output will then appear at the unshi�ed frequencyw with an amplitude modulated due to the periodically
varying response function of the antennae along the array.

ismodulation gives rise to two sideband peaks in the signal
that can help to discriminate a real high energy electron signal
from background signals caused for example by sidebands
from lower energy signals.

A simulation performed byMonreal and Formaggio [170]
for 105 tritium decays observed within a 30 es interval is
shown in Figure 28. As discussed above, signals of high
energy electrons show up as triplets of lines in the lower

part of the frequency spectrum. Because this region is also
populated by sideband signals from lower energy electrons,
the coincident detection of at least two of the three lines
is required to con�dently identify an endpoint electron.
Extending this requirement to all three lines for the positive
identi�cation of a high energy electron, a total source strength

of ca. 109 Bq can be allowed to keep background from
accidental coincidences on an acceptable level.


e proposed technique presents very di�erent system-
atic errors than those present in MAC-E �lter experiments
like KATRIN. Advantages are the ability to correct for
�uctuations of the source density, as the complete spectrum
is monitored by the experiment. 
e absence of an electro-
staticspectrometer should enable a more scalable experiment
as the energy resolution is not limited by the size of a
MAC-E �lter, but by the observation time for individual
electrons and ultimately by the irreducible energy spread
due to the excitation of rotational and vibrational �nal states
of the daughter molecule emerging from the tritium decay.
On the other hand, care has to be taken to eliminate the
e�ects of Doppler shi�s that alter the frequency picked up
by the microwave antennae. Inhomogeneities in the f-�eld
are a source of line broadening, while dri�s of the magnetic
�eld will shi� the overall spectrum. Electron-T2 scattering
and signal pileup will limit the allowed source density and
therefore in�uence the achievable signal rate in the important
endpoint region of the spectrum.

To verify the ability to detect the cyclotron emission
of individual electrons and to investigate the achievable
resolution, a test experiment [171] is currently being set up at
the University of Washington. In the setup, a small magnetic
bottle within a 1 T superconductionmagnet is used to capture

17.8 keV conversion electrons from a 83mKr source. Di�erent
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(a) (b)

Figure 29: (a) AgReO4 crystals glued to a 6 × 6 pixel XRS thermistor array. (b) View of the 6 × 6 array with readout lines (images courtesy of
Nucciotti [177]).

antenna designs will be tested in an attempt to observe the
cyclotron emission from these electrons.

5.2. MARE. 
e “Microcalorimeter Arrays for a Rhenium
Experiment” (MARE) collaboration is working to further
the development of sensitivemicrocalorimeters to investigate
187Re �-decay. 
e current activities in the MARE collabo-
ration are organized in two phases [172]: in MARE-1 several
groups are working on alternativemicrocalorimeter concepts
which will be tested by setting up neutrino mass experiments
with sensitivities in the order of a few eV. Besides the selection
of the most sensitive detector technology, this phase will
also be used to investigate the use of the EC decay of
163Ho as an alternative to the study of rhenium �-decay to
determine the neutrino mass [173] (see also Section 5.3). 
e
consideration of 163Howas triggered by persisting di�culties
with superconductingmetallic rhenium absorbers coupled to
the sensors [174]. 
ermalization of the energy deposited in�-decays seems to be hindered by the excitation of long lived
states in the rhenium absorber. 
e nature of these states can
presently only be speculated upon [175]. A�er selecting the
most successful technique, a full scale experiment with sub-
eV sensitivity to the neutrino mass will then be set up in
MARE phase 2.


e technical developments generally aim at two main
goals: �rst to improve the energy resolution of the detectors
and secondly to shorten the response time of the signals in
order to reduce pileup problems. 
e various groups in the
MARE collaboration work on di�erent techniques to achieve
these goals.

Groups from University Milano-Bicocca, NASA/GSFC,
and Wisconsin are working together to develop arrays of
silicon implanted thermistors coupled to AgReO4 absorbers
[176] (see Figure 29). 
e experiment that is currently being
set up can accommodate up to eight 36 pixel arrays with
0.5mg AgReO4 absorbers of 0.27 Bq activity each. 
e
absorber crystals used are cut in a regular shape of 600 ×600 × 250 em3 from large single crystals and are glued
to the thermistors with an intermediate layer of thin pure
silicon spacers. For readout of the thermistors a cold bu�er
stage using JFETs at 120K is installed as close as possible

to the sensors, followed by a main ampli�er stage at room
temperature. With this system, it is possible to achieve an
energy and time resolutions of 25 eV and 250es, respectively
[174]. A�er a �rst test run with 10 AgReO4 crystals on one
array and two Sn absorbers on a second array to investigate
the environmental background near the rhenium endpoint,

a 187Re �-decay measurement with 72 channels should start
and provide a sensitivity of 4.5 eV at 90% C.L. within three
years running time [174]. With all 8 arrays instrumented a

sensitivity of 3.3 eV at 90% C.L. would be reached with 7 ⋅ 109
rhenium decays.

Besides their work on thermistors with AgReO4 absor-
bers, the group fromMilano-Bicocca is also investigating the
use of Microwave Kinetic Inductance Detectors (MKIDs) for
measurements of 163Ho EC decays. 
ese devices are super-
conducting resonators in the 1–10GHz region that exploit
the temperature dependence of superconducting �lms. An
advantage with these sensors is the easy readout of a few
thousand detectors using frequency multiplexing techniques
[178].


e University of Genoa is working together with groups
from University of Miami and University Lisbon/ITN on
the development of Transition Edge Sensors (TES) coupled
to metallic rhenium absorber crystals [179]. TES sensors
exploit the sharp rise of resistance with temperature of
a superconductor operated at the phase transition from
normal to superconducting behaviour. 
is allows for a very
sensitive detector compared to conventional semiconductor
thermistors, but has the drawback of being less stable in
operation and having a lower saturation energy. 
e sensors
are based on a Ir-Au bi-layer con�gured in a double S-shape.

enormal resistance of the circuit is 2Ω and by adjusting the
layer thickness, the transition temperature is brought to ca.
80mK. 
e superconducting layer is deposited on a silicon
substrate onto which, on the other side, a superconducting
rhenium absorber of 200–300mg is glued (see Figure 30).
Two Al-Si wires are used for readout of the TES and for
connection to a heat bath cooled by a dilution refrigerator.
With this design an energy resolution of 11 eV FWHM and
a rise time of 160 es have been achieved [179]. 
eir planned
phase 1 experimentwill accommodate 300 TES detectorswith
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ter developed at Genoa.

about 0.25 Bq activity per element, which would allow a
sensitivity on the neutrino mass of 2 eV with three years
worth of data taking. As an alternative to rhenium the group
at Genoa is also working on the development of TES sensors

with 163Ho loaded absorbers.
At the University of Heidelberg, work is ongoing on the

development of so-called Metallic Magnetic Calorimeters
(MMC) [180]. In contrast to TES sensors or thermistors
that exploit the change of resistivity of the sensors with
temperature, these detectors are measuring the change in
magnetization of a paramagnetic material. Promising results
have been obtained with gold absorbers, where resolutions
down to 2 eV FWHM and signal rise times of about 90 ns
have been achieved for so� X-rays around 6 keV energy [181].

e resolution with rhenium absorbers, however, was found
to be 44 eV FWHM at signal rise times below 10 es. 
e use
of MMC detectors with holmium implanted absorbers pro-
duced more encouraging results and led to the formation of
the ECHO collaboration to further investigate this technique
(see Section 5.4).

All these activities should �nally lead to a selection of
the most suitable technique for a rhenium or holmium based
large-scale neutrinomass experiment with sub-eV sensitivity.
According to [172], a staged approach, where a total of �ve104 detector arrays is deployed one per year, would, a�er 10
years running time, enable a statistical sensitivity better than
0.25 eV. One has to keep in mind however that e�ects like
the beta-environmental �ne structure (see Section 3.5) are
di�cult to estimate and have to be investigated in parallel to
the technical developments within the next years.

5.3. Electron Capture on 163Ho. A promising alternative to�-decay measurements is the study of electron capture (EC)

decays of 163Ho to measure the neutrino mass. 
e decay
process considered is

163Ho+ + R− Q→163 Dy∗� + �� Q→163 Dy + �� + ��. (53)


e deexcitation spectrum of the intermediate state 163Dy∗�
is given by a series of lines at energies �� which correspond
to the dissipated binding energy of the electron hole in the
�nal atom. 
e ?-value of the reaction is given by the mass
di�erence of mother and daughter nucleus in the ground

state. Like the electron energy spectrum in �-decay s this
spectrum depends on the square of the neutrino mass [182]

Ḣ (��) = �y����� =
 2�cos2N�4�2 (? − ��)√(? − ��)2 − �2��

⋅ ∑
�
��q��2� f� Γ�2� 1

(�� − ��)2 + Γ2� /4 .
(54)


e measured calorimetric energy �� when the source
is embedded in a microcalorimeter contains the complete
deexcitation energy of the daughter atom that is dispersed in
the form of electrons and X-rays. 
e atomic levels involved
are described by Breit-Wigner resonances with �nite widthsΓ�. Additionally, �� is the fraction of occupancy of the zth
atomic shell, q� is the nuclear shape factor, �� is the squared
Coulomb amplitude of the electron radial wave function at
the origin of the electron radial wave function and f� is an
atomic correction for electron exchange and overlap.
e use

of 163Ho is favored due to its very low?-Value in the range of
2.3 keV to 2.8 keV [182]. Due to the low?-value and selection
rules only electrons from the �1, �2, H1, H2, {1, {2, and;1 shells can be captured and the spectrum is expected to
have the shape shown in Figure 31(a), with the in�uence of
the neutrino mass most pronounced near the endpoint as
shown in Figure 31(b). 
e count rate in the endpoint region
strongly drops with increasing distance between the closest
atomic level and the ?-value of the reaction. At the same
time the amount of activity that can be allowed in a single
calorimetric detector has to be limited in order to reduce the
unresolvable pileup of signals which otherwise distorts the
measured spectrum. In order to gather the required statistics
to reach sub-eV sensitivity with this method it is therefore
necessary to operate large numbers of small detectors in
parallel.

In contrast to the calorimetric method described above,
the �rst measurements applying 163Ho EC decay to constrain
the neutrino mass actually made use either of X-rays emitted
a�er the decay [183] or of inner Bremsstrahlung photons
created in the process of radiative electron capture [46].
Studying X-rays emitted a�er the EC decay allows one to
determine the ratios of capture rates from the � and H
shells as well as the absolute� capture rates, from which the
neutrino mass can be reconstructed. Applying this method,
Yasumi et al. obtained an upper limit on the electron neutrino
mass of�(��) < 490 eV at 68% C.L. [48]. On the other hand,
Springer et al. made use of the inner Bremsstrahlung method
to obtain an upper limit of�(��) < 225 eV at 95% C.L. [47].

First measurements of the calorimetric 163Ho EC spec-
trum [184–186] have not yet achieved su�cient sensitivity to
improve on the above mentioned limits due to limitations in
energy resolution and statistics of the measurements. A very
recent measurement of the calorimetric deexcitation spec-
trum using Metallic Magnetic Calorimeters (see Section 5.4)
reached a high energy resolution of 12 eV FWHM [175], but

was hampered by a background of EC decays from 144Pm that

contaminated the detector during the 163Ho implantation
process.
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Figure 31: Deexcitation spectrum of 163Ho for ? = 2.5 keV (a). (b) shows a zoom into the endpoint region of the spectrum with the e�ect of
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5.4. ECHO. Groups from Heidelberg University and MPIK,
the Saha institute, ISOLDE/CERN, and the Petersburg
Nuclear Physics institute are working on the development

of the Electron Capture 163Ho experiment ECHO [175],
that is based on micro-structured MMC detectors [187]. In
these detectors, the temperature change following an energy
absorption is measured by the change of magnetization of a
paramagnetic sensor material (Au : Er) sitting in an external
magnetic �eld.


e MMC detectors developed by the Heidelberg group
consist of pairs of superconducting meander shaped Nb
pickup coils covered with planar Au : Er sensors (see
Figure 32(a)). To produce amagnetic �eld in the sensormate-
rial, a persistent current is injected into the superconducting
loop formed by the two meanders. A temperature rise in
one of the sensors leads to a decrease in magnetization of
the material (see Figure 32(b)) and consequently to a small

current 9* through the input coil of a SQUID circuit con-
nected for readout in parallel to the meander coils. 
e sen-
sors, which are operated at temperatures below 100mK, are
coupled via thermalization leads to the heat-sink areas on the
chip that act as a thermal bath. Absorbermaterials containing
radioisotopes can be coupled to the Au : Er sensor areas.
Energy deposited in the absorber due to a radioactive decay
is thermalized and causes a temperature pulse in the sensor.

For Holmium EC decay measurements the relatively
short half-life of the isotope of about 4570 years makes it

possible to work with 163Ho implanted gold absorbers that
are deposited onto the Au : Er sensors. In a measurement
with a prototype detector [175], this technique enabled an
energy resolution of 12 eV (FWHM) and fast rise times of
the signals of about 90 ns. Figure 33 shows the calorimetric
spectrum obtained in that measurement from which a ?-
value of (2.80 ± 0.08) keV has been extracted. 
is is not
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compatible with the recommended value from atomic mass
measurements of ? = (2.555 ± 0.016) keV [189], but agrees
with other calorimetric measurements [186]. 
e reasons
for this discrepancy are suspected to be uncertainties in
the theoretical parameters required to extract the ?-value
(namely the square of the electron wavefunction at the
nucleus and exchange and overlap corrections as well as the
width of the peaks Γ�). Clearly more investigations are needed
to resolve this discrepancy, as the ?-value is crucial for the
interpretation of future neutrino mass experiments based on
Holmium EC decay.

Besides the single pixel performance, where work is
ongoing to further improve the energy resolution into theΔ� < 3 eV range, the use of MMC detectors in a neutrino
mass experiment requires parallel operation and readout
of a large number of detector pixels in order to gather
the necessary statistics. 
e ECHO team proposes to read
out arrays of MMC detector pixels using frequency domain
multiplexing techniques in the microwave region. For this
purpose the SQUIDs of the individual detector pixels are
coupled to superconducting resonators, each operating at a
characteristic frequency between 4 and 8GHz and connected
to a single readout line.

In order to set up a competitive neutrinomass experiment
based on the EC decay of 163Ho, e�orts are made to improve
on the experimental and theoretical aspects of the method.
Precision mass measurements using high resolution Penning
traps [25] should enable a determination of the ?-value
of the decay with eV accuracy. Alternative methods are

tested to produce a high purity 163Ho source, as EC decays

of 144Pm, that was implanted together with the Holmium
ions, contributed the largest background to the present

measurement. An improved description of the atomic physics
aspects of the decay will be worked on to obtain a more

accurate shape of the 163Ho calorimetric spectrum. 
e aim
of the these e�orts of the ECHO collaboration is to set up a
�rst neutrinomass experimentwith su�ciently large detector
arrays (≤1000 sensors) to reach a sensitivity on the electron
neutrino mass in the few eV range. If this is successful, a
large-scale experiment with up to 105 detectors can then be
deployed to reach sub-eV sensitivity.

6. Conclusion

Direct neutrino mass measurements only rely on kinematic
variables in �-decay (as well as energy-momentum conser-

vation) to deduce the average electron neutrino mass �2(��)
in a model-independent way. 
e experimental observable�2(��) in �-decay (or EC) is formed by the incoherent sum
of the neutrino mass eigenstates �(��), resulting in a tiny
spectral modi�cation in a narrow region close to �0, where
the emitted neutrino is still nonrelativistic. Experimental
challenges in �-spectroscopy are thus related to obtaining
excellent statistics close to the �-decay endpoint, favoring �-
emitters with a very short half-life such as tritium and a low

endpoint energy such as 187Re, tritium and the EC isotope
163Ho, as well as to maintaining a very small background rate
a �0.
e latter is a nontrivial issue, given that direct neutrino
mass experiments are performed at the surface of the earth,
where they are exposed to the full �ux of cosmic rays.
Finally, an excellent energy resolution with precisely known
characteristics as well as an excellent control of systematic
e�ects is mandatory. 
ese requirements have resulted in the
development of two generic experimental techniques.

On the one side, there is the calorimetric approach, where
the �-emitter is embedded into or identical to the detector,
usually operated as a microcalorimeter (absorber materials

include AgReO4 crystals or
163Ho implanted gold absorbers).


is method allows to measure the entire decay energy;
however, the entire �-spectrum has to be recorded. 
is
calls for the operation of large arrays of microcalorimeters
to circumvent potential pulse pileup e�ects due to the rather
slow signal read-out of bolometers. 
e main focus in this
�eld is thus targeted at developing new read-out schemes to
improve the energy resolution (down to a few eV) while at
the same time improving signal read-out times (down to a
few es).

Over the past years, substantial progress has been made
by several groups (MARE, ECHO) with regard to improved
read-out methods, which now include silicon implanted
thermistors, transition edge sensors (TES) and microwave
kinetic inductance detectors (MKID). 
ese methods are
complemented by metallic magnetic calorimeters (MMC),
which measure the change in magnetization. 
e �eld is
characterized by a rapid progress in this area, so that themost
important decision with regard to a future microcalorimeter
arraywith sub-eV sensitivity will be to select themost suitable
read-out technique for high-precision spectroscopy of the �-
decay of 187Re or the EC-process of 163Ho.
e big advantage
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here is the possibility to follow a staged approach by continu-
ously enlarging and upgrading the microcalorimeter array in
operation.

On the other side,there is the spectrometer approach,
where the �-emitter and the energy analysis of �-decay elec-
trons close to the endpoint by a spectrometer are separated.

is approach has been re�ned by a long list of tritium�-experiments. Over the past two decades the Mainz and
Troitsk experiments have pioneered the so-called MAC-E-
�lter technique, where �-decay electrons from a gaseous
or quench-condensed source are adiabatically guided to an
electrostatic retarding spectrometer for energy analysis in an
integral mode. 
is technique allows to combine a source of
high intensity with a spectrometer of high energy resolution
to perform superior �-spectroscopy. 
is technique has
improved the neutrino mass sensitivity to the present value
of 2 eV.


e successor to theMainz and Troitsk experiments is the
large-scale KATRIN project, which is currently being assem-
bled by an international collaboration at KIT.
e experiment
will combine a gaseous molecular tritium source of highest
intensity and stability with a very large electrostatic retarding
spectrometer of unprecedented energy resolution to improve
the experimental sensitivity by one order of magnitude to
200meV (90% C.L.). 
is sensitivity is the benchmark for
the entire �eld and will allow investigating almost the entire
parameter space of quasi-degenerated neutrino masses.

Over the past years, extensive R&D work and test mea-
surements by KATRIN groups have resulted in substantial
improvements of the performance of key components (e.g.,
with regard to source stability and HV stability). Moreover,
a variety of novel background reduction techniques in the
electrostatic spectrometers have been implemented success-
fully, o�ering the potential of measurements almost free of
background. An important tool in doing so has been the
kassiopeia code, which allows �eld calculations and particle
tracking with unprecedented precision and speed. 
e long-
term scanning of the tritium spectrum will prospectively
start at the end of 2015 with �rst KATRIN sub-eV results
shortly therea�er. At present the experiment is investigating
its physics reach in the search for sterile neutrinos from the
sub-eV up to the multi-keV mass regime, as well as for other
physics beyond the Standard Model.

A novel ansatz in �-spectroscopy is �nally pursued by
the Project 8 collaboration through developing methods to
detect the coherent cyclotron radiation emitted by individual�-decay electrons from a gaseous tritium source by a sensitive
array of microwave antennae. 
e project is also developing
other methods to detect this radiation and thus still in the
early stages of R&D work.


e challenges in further improving the precision in �-
spectroscopy to ultimately push the neutrinomass sensitivity
to the lowest possible value are formidable indeed, but
major advances have already been made in diverse areas
such as tritium process control, cryo-technology, ultra high
vacuum methods, precision high voltage, precision electron
spectroscopy as well as bolometer read-out technology, and
detector and electronics technology in general. Over the

next 5–10 years, we can thus expect high-quality and high-
precision neutrinomass results from the large-scale KATRIN
experiment, as well as from other promising techniques,
which are exploited in the framework of the MARE, ECHO,
and Project 8 collaborations.

In conclusion,wewould like to emphasize that it is only by
comparing high-precision results from direct neutrino mass
measurements with searches for neutrinoless double �-decay
and cosmological studies that we can obtain the complete
picture of neutrino masses to fully assess the unique role of
neutrinos in particle physics and in cosmology.
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[32] R. Dvornicky, F. Šimkovic, and A. Faessler, “Beyond the stan-
dard model interactions in �-decay of tritium,” Progress in
Particle and Nuclear Physics, vol. 64, no. 2, pp. 303–305, 2010.

[33] J. Bonn, K. Eitel, F. Glück, D. Sevilla-Sanchez, N. Titov, and K.
Blaum, “
e KATRIN sensitivity to the neutrino mass and to
right-handed currents in beta decay,” Physics Letters B, vol. 703,
no. 3, pp. 310–312, 2011.

[34] A. Saenz, S. Jonsell, and P. Froelich, “Improved molecular �nal-
state distribution of HeT+ for the �-decay process of T2 ,”
Physical Review Letters, vol. 84, no. 2, pp. 242–245, 2000.

[35] N. Doss, J. Tennyson, A. Saenz, and S. Jonsell, “Molecular
e�ects in investigations of tritium molecule � decay endpoint
experiments,” Physical Review C, vol. 73, no. 2, pp. 1–10, 2006.

[36] N. Doss and J. Tennyson, “Excitations to the electronic con-
tinuum of 3HeT+ in investigations of T2�-decay experiments,”
Journal of Physics B, vol. 41, no. 12, Article ID 125701, 2008.

[37] B. J. Mount, M. Redshaw, and E. G. Myers, “Q value of 115In →
115Sn(3/2+): the lowest known energy � decay,” Physical Review
Letters, vol. 103, Article ID 122502, 2009.

[38] J. S. E. Wieslander, J. Suhonen, T. Eronen et al., “Known Q
value of any nuclear decay: the rare �− decay of 115In(9/2+) →
115Sn(3/2+),” Physical Review Letters, vol. 103, Article ID 122501,
2009.
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energy of the weak 32-keV gamma transition observed in 83�Kr
decay,” Nuclear Instruments and Methods in Physics Research A,
vol. 560, no. 2, pp. 352–359, 2006.

[155] R. Marx, “New concept of PTBs standard divider for direct
voltages of up to 100 kV,” IEEE Transactions on Instrumentation
and Measurement, vol. 50, no. 2, pp. 426–429, 2001.

[156] A. Krieger, C. Geppert, R. Catherall et al., “Calibration of the
ISOLDE acceleration voltage using a high-precision voltage
divider and applying collinear fast beam laser spectroscopy,”
Nuclear Instruments andMethods in Physics ResearchA, vol. 632,
no. 1, pp. 23–31, 2011.

[157] B. A. Vandevender, L. I. Bodine, A. W. Myers et al., “Per-
formance of a TiN-coated monolithic silicon pin-diode array
under mechanical stress,” Nuclear Instruments and Methods in
Physics Research A, vol. 673, pp. 46–50, 2012.

[158] J. Abraham, P. Abreu, M. Aglietta et al., “
e �uorescence
detector of the Pierre Auger Observatory,” Nuclear Instruments
andMethods in Physics ResearchA, vol. 620, no. 2-3, pp. 227–251,
2010.

[159] M. Howe and J. Wilkerson, ORCA webpage at UNC.



Advances in High Energy Physics 39

[160] H. J. de Vega, O. Moreno, E. Moya de Guerra et al., “Search
of keV sterile neutrino warm dark matter in the rhenium and
tritium beta decays,” Nuclear Physics B, vol. 866, no. 2, p. 177,
2013.

[161] M. Zacher, Design of the high-�eld region of the KATRIN
spectrometers and a pulsed angularselective UV laser photoelec-
tron source for investigating their transmission functions [Ph.D.
thesis], University of Münster, 2012.

[162] S. Mertens, “Electromagnetic design of the spectrometer sec-
tion of the KATRIN experiment,” Progress in Particle and
Nuclear Physics, vol. 64, no. 2, pp. 294–296, 2010.

[163] M. Beck, K. Valerius, J. Bonn et al., “E�ect of a sweeping con-
ductive wire on electrons stored in a Penning-like trap between
the KATRIN spectrometers,” European Physical Journal A, vol.
44, p. 499, 2010.

[164] B. Hillen, Untersuchung von Methoden zur Unterdrückung
des Spektrometeruntergrunds beim KATRIN Experiment [Ph.D.
thesis], University of Münster, 2011.

[165] F. M. Fränkle, L. Bornschein, G. Drexlin et al., “Radon induced
background processes in the KATRIN pre-spectrometer,”
Astroparticle Physics, vol. 35, pp. 128–134, 2011.

[166] S. Mertens, G. Drexlin, F. M. Fränkle et al., “Background due
to stored electrons following nuclear decays in the KATRIN
spectrometers and its impact on the neutrino mass sensitivity,”
Astroparticle Physics, vol. 41, pp. 52–62, 2013.

[167] S. Mertens, A. Beglarian, L. Bornschein et al., “Stochastic
heating by ECR as a novelmeans of background reduction in
the KATRIN spectrometers,” Journal of Instrumentation, vol. 7,
Article ID P08025, 2012.

[168] M. Jerkins, J. R. Klein, J. H. Majors et al., “Using cold atoms to
measure neutrino mass,” New Journal of Physics, vol. 12, Article
ID 043022, 2010.

[169] E. W. Otten, “Comment on “Using cold atoms to measure
neutrino mass”,” New Journal of Physics, vol. 13, Article ID
078001, 2011.

[170] B. Monreal and J. Formaggio, “Relativistic cyclotron radiation
detection of tritium decay electrons as a new technique for
measuring the neutrino mass,” Physical Review D, vol. 80,
Article ID 051301, 2009.

[171] J. Formaggio, “Project 8: using radio-frequency techniques to
measure neutrino mass,” http://arxiv.org/abs/1101.6077.

[172] A. Nucciotti, “
e MARE project,” Journal of Low Temperature
Physics, vol. 151, pp. 597–602, 2008.

[173] M. Galeazzi, F. Gatti, M. Lusignoli et al., “
e electron capture
decay of 163Ho tomeasure the electron neutrino mass with sub-
eV accuracy,” http://arxiv.org/abs/1202.4763.

[174] E. Ferri, “MARE-1 in Milan: status and perspectives,” Journal of
Low Temperature Physics, vol. 167, p. 1035, 2012.

[175] P. C.-O. Ranitzsch, J.-P. Porst, S. Kempf et al., “Development
of metallic magnetic calorimeters for high precision measure-
ments of calorimetric 187Re and 163Ho spectra,” Journal of Low
Temperature Physics, vol. 167, pp. 1004–1014, 2012.

[176] S. Kra�-Bermuth, C. Arnaboldi, E. Ferri et al., “Development
and characterization of microcalorimeters for a next generation
187Re beta-decay experiment,” Journal of Low Temperature
Physics, vol. 151, pp. 619–622, 2008.

[177] A. Nucciotti for the MARE collaboration, 
e MARE experi-
ment and its capabilities to measure the mass of light (active)
and heavy (sterile) neutrinos, presentation at the Workshop
CIAS Meudon, 2011.

[178] M. Faverzani, P. Day, A. Nucciotti, and E. Ferri, “Developments
of microresonators detectors for neutrino physics in milan,”
Journal of Low Temperature Physics, vol. 167, p. 1041, 2012.

[179] R. Vaccarone, F. Strata, F. Gatti et al., “
e design of a frequency
multiplexed Ir-Au TES array,” Journal of Low Temperature
Physics, vol. 151, no. 3-4, pp. 921–926, 2008.

[180] L. Gastaldo, J. P. Porst, F. Von Seggern et al., “Low temperature
magnetic calorimeters for neutrino mass direct measurement,”
in Proceedings of the 13th International Workshop on Low
Temperature Detectors (LTD-13 ’09), vol. 1185, pp. 607–611,
Stanford, Calif, USA, July 2009.
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