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ABSTRACT

The KATRIN experiment aims at a direct and model independent determination of the neutrino mass with
0.2 eV/c? sensitivity (at 90% C.L.) via a measurement of the endpoint region of the tritium beta-decay
spectrum. The main components of the experiment are a windowless gaseous tritium source (WGTS),
differential and cryogenic pumping sections and a tandem of a pre- and a main-spectrometer, applying
the concept of magnetic adiabatic collimation with an electrostatic retardation potential to analyze the
energy of beta decay electrons and to guide electrons passing the filter onto a segmented silicon PIN
detector.

One of the important systematic uncertainties of such an experiment are due to energy losses of {3-
decay electrons by elastic and inelastic scattering off tritium molecules within the source volume which
alter the shape of the measured spectrum. To correct for these effects an independent measurement of
the corresponding energy loss function is required. In this work we describe a deconvolution method
to extract the energy loss function from measurements of the response function of the experiment at

different column densities of the WGTS using a monoenergetic electron source.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The KArlsruhe TRItium Neutrino (KATRIN) experiment aims at
determining the neutrino mass in a model independent way from
the kinematics of tritium B-decay. The observable in this case is
an “average electron anti-neutrino mass” given by the incoherent
sum of neutrino mass eigenstates weighted by the squared ele-
ments of the mixing matrix. The experiment combines a Window-
less Gaseous Tritium Source (WGTS) and a high resolution electro-
static retarding spectrometer (MAC-E filter) to measure the spectral
shape of B-decay electrons close to the endpoint energy at 18.6
keV with an unprecedented precision. KATRIN’s sensitivity to the
neutrino mass will be 0.2 eV/c? (at 90% C.L.) after 3 years worth
of data taking [1]. An observed mass signal of 0.35 eV/c? will have
a 50 significance at the expected level of statistic and systematic
uncertainties. In order to reach the desired sensitivity, all system-
atic effects of the measurement must be well under control with
the major systematic uncertainties being allowed to contribute no
more than Am?2 = 0.0075 eV?/c* to the systematic error budget.

An overview of the KATRIN experiment is shown in Fig. 1. The
experiment starts with the WGTS where molecular T, gas is in-
jected at the center of the source and removed at both ends by
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turbo-molecular pumps. The T, gas is kept at a constant tempera-
ture of 30 K within the source that is operated at a column density
of 5-107cm~2. The operational parameters of the source cryostat
are monitored by a complex sensor network and a dedicated cali-
bration and monitoring section at the rear of the source system [2].
About 1010 B-decay electrons are emitted per second into the ac-
cepted forward solid angle with pitch angles less than Opax = 51°
and are guided magnetically through the transport section to the
spectrometer tandem consisting of pre- and main-spectrometers.
The task of the transport section made up of a differential pump-
ing section and a cryo-pumping section is to suppress the flow of
T,molecules into the direction of the spectrometers by at least a
factor of 10™ in order to reduce experimental background from
tritium decays within the spectrometers. A first energy discrimi-
nation is performed by the pre-spectrometer which rejects the low
energy part of the B spectrum (up to 300 eV below the endpoint)
and thereby reduces the rate of electrons going into the main spec-
trometer to approximately 103s-1. Like the pre-spectrometer the
main spectrometer operates as a so-called MAC-E filter [3] and
has the task to perform a precise energy analysis of the decay
electrons.

In a MAC-E filter electrons are guided magnetically against
an electrostatic retardation potential that can only be surpassed
by electrons with sufficiently high longitudinal energy with re-
spect to the electric field. Here the longitudinal energy is given
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Fig. 1. Overview of the KATRIN experiment. The main components are: (a) calibration and monitoring system, (b) windowless gaseous tritium source, (c) differential and
(d) cryogenic pumping sections, (e) pre-spectrometer, (f) main spectrometer, (g) detector system. Overall length ca. 70 m.

by E = Eyin - cos? 0 with E, being the kinetic energy of the elec-
tron and 6 being the angle between electron momentum and mag-
netic field direction. The transverse energy is accordingly given by
E, = Eyy - sin? @. The spectrometer acts as a high pass filter with
a transmission function describing the observed electron rate as a
function of the electron surplus energy (see Section 3.1). To reduce
the amount of transversal energy of the electrons that is not ana-
lyzed by the spectrometer, the technique of magnetic adiabatic col-
limation is used. The idea is that the magnetic guiding field drops
by several orders of magnitude from the entrance of the spectrom-
eter to the analyzing plane, where the electric potential reaches its
maximum. If the gradient of the magnetic field is small enough,
such that the field is approximately constant along one cyclotron
loop of the electron movement, the magnetic moment of the cy-
clotron motion p = E, /B (non-relativistic) is constant, and as B
drops the transversal energy of the electrons is converted into lon-
gitudinal energy E; that can be analyzed by the spectrometer. By
varying the electric potential of the spectrometer it is then possible
to scan the relevant region around the endpoint energy of tritium
B-decay and accumulate a spectrum. Electrons with sufficient en-
ergy to pass the spectrometer are finally detected by a 148 pixel
silicon PIN detector [4] at the end of the setup.

Among the main systematical uncertainties of the experiment
are energy losses from inelastic scattering of electrons in the
source, fluctuations of the source density, fluctuations of the spec-
trometer analyzing potential, uncertainties in the transmission
function and uncertainties in the final state distribution of the
daughter molecules left after the decay reaction. A sophisticated
calibration and monitoring system is being set up to keep the
aforementioned systematic effects under control. While there is
some information on the energy loss of 18.6 keV electrons in
gaseous tritium or quench condensed deuterium from the former
neutrino mass experiments in Troitsk and Mainz [5], precise ex-
perimental information on energy losses of electrons with energies
near the endpoint of the tritium f spectrum are only available for
molecular hydrogen as target gas [6,7].

A measurement of the energy differential scattering cross sec-
tion of 18.6 keV electrons off molecular tritium is therefore highly
desirable. Such a measurement can be performed using a monoen-
ergetic source of electrons mounted upstream of the WGTS to de-
termine the response function of the overall experiment at differ-
ent column densities of the source. A deconvolution method suit-
able to extract the energy loss function from the data will be pre-
sented in the following sections.

Once the energy loss function for tritium is known with suffi-
cient accuracy, the same measurement setup can be used for an
independent check of the column density of the WGTS during in-
tervals between the regular measurement cycles of the KATRIN ex-
periment [1].

2. Energy loss function

The processes contributing to the energy loss of electrons
traversing the molecular tritium gas within the WGTS are excita-
tion of rotational and vibrational states of the T, molecules, exci-

tation of electronic molecular states, dissociation and ionization of
the molecules.

Aseev et al. [5] report on measurements of energy losses of
electrons in gaseous tritium and in quench condensed deuterium
films. Because of the limited energy resolution of a few eV the
shape of the energy loss spectrum was not directly extracted from
the data in their analysis, but approximated by a Gaussian rep-
resenting electronic excitations and dissociation and a one-sided
Lorentzian curve representing the continuum caused by ionization
of the molecules. The parameters of the two functions were then
adapted to fit the observed integral energy spectra obtained with
an 18.6 keV mono-energetic electron source for gaseous tritium or
from 17.8 keV mono-energetic conversion electrons from a 83MKr
film covered by various thicknesses of D, absorbers. In both cases,
energy losses caused by rotational and vibrational excitations of
the molecules without electronic excitation could not be resolved
and were neglected.

More detailed information is available for the scattering of
25 keV electrons from molecular hydrogen gas [6,7] where di-
rect measurements of the energy loss function with resolutions
down to 40 meV have been performed (see Fig. 2). This informa-
tion about the scattering of electrons from molecular hydrogen has
been implemented into a computer code by Gliick [8] that can be
used in simulations to generate energy losses AE and scattering
angles Ag in individual scattering events. The spectral shape pro-
duced with this routine is shown in Fig. 3. It is used in a toy Monte
Carlo simulation of the WGTS to evaluate the deconvolution meth-
ods described in the following sections.

The probability for an electron of kinetic energy E to lose a spe-
cific amount of energy AE in a single scattering event is described
by the differential energy loss function %. For our purpose, we
normalize the function by the total inelastic scattering cross sec-
tion o (or, obtaining’

do

) E/2
Sre  with fof(AE)dAEzl. (1)

F(AE) = Gi ~

The total inelastic scattering cross section for 18.6 keV electrons
off gaseous tritium is given by ot (Ty) = (3.40 +0.07) - 10~ 18 cm?
[5]. The above mentioned code by Gliick [8] for scattering of
18.6 keV electrons off hydrogen gives a total inelastic cross section
of O'tot (Hz) =3.7. 107]8 sz.

3. Deconvolution method

In the following sections we describe suitable mathematical
methods to extract the energy loss function of 18.6 keV electrons
in gaseous tritium from a series of measurements of the overall re-
sponse function of the experiment at different column densities of
the WGTS.

T The integral over the energy losses runs up to E/2 since the incoming electron
and the secondary electron in an ionisation process (assuming E is larger than twice
the ionisation energy) are identical quantum particles.
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