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Abstract Precision spectroscopy of the electron spectrum
of the tritium B-decay near the kinematic endpoint is a direct
method to determine the effective electron antineutrino mass.
The KArlsruhe TRItium Neutrino (KATRIN) experiment
aims to determine this quantity with a sensitivity of better
than 0.3 eV (90% C.L.). An inhomogeneous electric poten-
tial in the tritium source of KATRIN can lead to distor-
tions of the B-spectrum, which directly impact the neutrino-
mass observable. This effect can be quantified through pre-
cision spectroscopy of the conversion-electrons of co-circu-
lated metastable 33™Kr. Therefore, dedicated, several-weeks
long measurement campaigns have been performed within
the KATRIN data taking schedule. In this work, we infer
the tritium source potential observables from these measure-
ments, and present their implications for the neutrino-mass
determination.

1 Introduction

The discovery of neutrino flavor oscillations [1,2] confirmed
that neutrinos possess mass, contrary to the original assump-
tion in the Standard Model of particle physics. Although
oscillation experiments provide insights into the differences
in squared neutrino-mass eigenvalues, the absolute scale of
neutrino masses remains a key unknown parameter in cos-
mology, nuclear, particle, and astroparticle physics.

Precision measurements of the kinematics of weak decays,
notably tritium B-decay, are the most model-independent
experimental approaches for determining the neutrino mass
[3]. All recent B-decay experiments have employed the
molecular form T, as electron source [4—7], which follows
the decay scheme:

T, — *HeTT +e™ + ve. ()

The decay energy is distributed to the kinetic energy and
rest mass of the generated particles, as well as to the inter-
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nal excitations of the 3HeT™ molecular ion. Analysis of the
electron energy near the endpoint of the § spectrum allows
the determination of the effective squared neutrino mass
mé =) |Uei|2mi2.

The KArlsruhe TRItium Neutrino experiment (KATRIN)
[8,9] uses a gaseous molecular tritium source with a high
activity of A = 10'! Bq together with a MAC-E filter
type [10] integrating spectrometer with (1 eV) resolution.
Recently, KATRIN obtained a new world-leading neutrino-
mass upper limit of 0.45 eV (90% confidence level (C.L.))
from the first five measurement campaigns [11]. KATRIN
will continue to collect data until the end of 2025 and will
achieve a final sensitivity of better than 0.3 eV.

The sensitivity of the neutrino-mass measurement depends
not only on the statistics in the endpoint region, but also on the
control, mitigation and understanding of systematic effects.
In this paper we focus on the source section, in which the
B-electrons are generated from tritium, and its systematic
effects on the neutrino-mass observable.

Spatial or temporal inhomogeneities of the source electric
potential could lead to a distortion of the B-spectrum and thus
to a bias of the neutrino-mass observable [12]. The quantifica-
tion of such inhomogeneities is performed by using gaseous
83mKr as a calibration source in co-circulation with tritium
and analyzing the 33™Kr conversion-electron line spectrum.

The mathematical framework for obtaining source-po-
tential observables from the 33™Kr spectra is described in
[13,14]. In the paper at hand, we present the results for
source-potential observables obtained in two dedicated mea-
surement campaigns. First, we introduce the KATRIN exper-
iment and its tritium source in Sect. 2, and the krypton mea-
surement campaigns in Sect. 3. Thereafter, the data analysis
is presented (Sect. 4), the results are discussed, and the impli-
cations for the neutrino-mass analysis are laid out (Sect. 5).

2 The KArlsruhe TRItium Neutrino experiment

In the following paragraphs, the relevant components of the
KATRIN experiment and the processes within the source are
described.
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Fig. 1 The KATRIN beamline. Tritium is circulated through the source
section. The B-decay electrons from the tritium decay are guided through
the transport and pumping section into the main spectrometer, where
an integral measurement of their energy is performed. The spectrome-
ter follows the MAC-E filter principle, where the electrons’ momenta
are magnetically collimated parallel to an electrostatic retarding field.
Electrons with surplus energy can pass and are counted at a detector.

2.1 Experimental setup

The KATRIN experiment is located at the Karlsruhe Institute
of Technology, which operates the Tritium Laboratory Karl-
sruhe (TLK). This facility is capable of providing the large
amounts of high-purity tritium required to operate the tritium
source of the KATRIN experiment [15]. Figure 1 shows a
sketch of the beamline.

Molecular tritium is supplied to the windowless gaseous
tritium source (WGTS) [16] from a dedicated tritium circu-
lation loop system [17] at a rate of about 40 g days~! and at
a purity of > 95% [18]. Half of the electrons of the isotropic
B-decay are guided in a cyclotron motion by a solenoid field
at about B = 2.5 T in the direction of the main spectrome-
ter (downstream direction). The tritium gas is pumped out by
the differential and cryogenic pumps of the transport section,
achieving a total reduction of the tritium flow along the beam-
line by 14 orders of magnitude [19,20]. The tritium source
tube is operated at Ty = 80 K, as this is a temperature that
allows for the co-circulation of meta-stable 83™Kr [21].

To filter the electron energy with sufficient precision, the
MAC-E filter principle [10] is applied in the main spectrom-
eter. The strong magnetic field in the source drops to Bana
(which is on the order of 100 L T) in the so-called analyzing
plane in the main spectrometer. The conservation of the elec-
trons’ orbital magnetic moment leads to a collimation of the
electrons’ momenta into the forward direction. At the same
time, the electrons run up an electrostatic retarding voltage
U, which can only be passed by electrons with sufficient
energy in forward direction. Electrons can still carry some
energy, associated with the transverse momentum relative to

Analysing plane
Uana(r)

Electron
o T2
@ SHeT*

, Segmented
K2 detector
Main spectrometer
Brax =4.2T

Bana = 2.7x 1074T

The retarding potential is defined by the difference of the spectrometer
(Uana) and source (Ug) potentials. The latter is influenced by the sur-
face of the walls, a bias voltage on the rear wall, and by a cold plasma
formed by scattering of the p-decay electrons on the gas molecules.
Gaseous 33™Kr can be co-circulated with tritium to study the source
potential

the magnetic field, coming from not-collimated momentum,
which leads to a transmission width of the MAC-E filter of
AE = pBm 7t ] @)
Bmax 2

where y is the electron Lorentz factor [22]. The transmis-
sion of electrons through the spectrometer depends on the
energy and pitch angle in the source, the reduction of mag-
netic field towards the analyzing plane, and the retarding
voltage. Studies have shown that there is a trade-off between
a low magnetic field in the analyzing plane, which enables
high resolution, and higher fields, which reduce background
electron rates [23]. Additionally, electrons with high starting
angles are reflected by the magnetic mirror effect, which is
determined by the pinch magnetic field B« in front of the
detector. Electrons fulfilling the transmission conditions are
counted at the focal plane detector (FPD) [24]. The segmen-
tation of the FPD into 148 pixels provides a spatial resolu-
tion of the counted electrons. The integral B-spectrum is then
scanned by a stepwise variation of the retarding potential
energy qU, with ¢ = —e as the electron charge.

In the isotropic tritium source, half of the electrons are
guided towards the rear wall (RW) of the source (upstream
direction). The rear wall is a gold-coated stainless steel disc.
A bias voltage is applied to it, thereby influencing the source
potential.

2.2 Formation of a cold plasma and electric potential of the
tritium source

In the KATRIN source, tritium gas is injected at constant
flow into the beam tube (BT) center. At both ends of the

@ Springer
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beam tube, the gas is pumped off, thereby forming a stable
tritium column density (CD), that is the number of molecules
per area when integrating over the source length.

A large fraction of B-electrons undergoes scattering on
the source gas, leading to energy losses, dissociation, and
ionization. Every primary decay electron generates about 10
times more secondary particles [25]. The resulting number
density of charged particles of 10! to 10'> m~3 makes the
KATRIN source alow-density, low-temperature plasma [26].
A detailed description needs to consider the surface poten-
tials, the properties of the neutral gas, geometries, and the
confinement of the charges by the magnetic field.

Substantial efforts have been made to simulate these
underlying processes in high detail. The plasma to be
described is classified as bound, strongly magnetized, partly
collisional, and partly ionized [27]. For the KATRIN goal,
these simulations need to provide the spatial potential dis-
tribution and insight into plasma instabilities. Initial stud-
ies assumed a diffusive plasma with total thermalization of
all charged particles in the source. Nastoyashchii et al. [25]
approached the question of the WGTS plasma with Monte
Carlo simulations, in which only the mean electron spec-
trum for the entire source was derived. L. Kuckert used a
drift-diffusion fluid-dynamical approach [26].

Recently, J. Kellerer and F. Spanier employed a two-
stage simulation methodology, designed to more accurately
model the properties of plasma within the source. Atomic
interactions, specifically collisions of charged particles with
neutral gas, are modeled within a Monte Carlo framework
[28]. Its output is subsequently integrated into particle-in-
cell simulations to account for plasma effects [27]. These
computationally expensive simulations reveal the presence
of a non-thermal transitional energy range, distinct from
the B-electrons and thermalized electrons within the elec-
tron energy spectrum, which exerts a significant influence on
the properties of the plasma.

The simulations predict a longitudinal inhomogeneity
of the potential on a 10mV scale. However, the lack of
knowledge regarding the input parameters for the simula-
tion, such as the boundary conditions at the rear wall and the
source’s permittivity, hinders the precise prediction of this
value. To circumvent this source of uncertainty, we apply
a phenomenological approach of direct measurement of the
source-potential inhomogeneity’s effect on the p-spectrum
(Sect. 2.3), and we minimize that inhomogeneity by adjust-
ing the rear-wall voltage (Sect. 2.4).

2.3 Observables of the source potential and their impact on
the neutrino mass

While the segmented detector resolves the measured spec-

trum in the (7, ¢) plane in cylinder coordinates, a variation
of the source potential in the z direction is averaged over the

@ Springer

10m long WGTS beam tube. The z-averaged source potential
(Usre) 7 (1, @) is obtained from integration over U (7, ¢, 2)
weighted with the z-dependent gas distribution and scattering
probability, shown in Fig. 2.

However, a longitudinal inhomogeneity of the source
potential leads to a distribution of the starting electron energy,
which has to be convolved with the energy spectrum. At lead-
ing order, a longitudinal inhomogeneity is described by a
Gaussian broadening parameter oy, which is the standard
deviation of the source potential energy of the unscattered
electrons. This observable has been introduced in a similar
way in the investigations of [12]. A detailed illustration of the
phenomenological model of the source-potential observables
is shown in Fig. 2.

Scattered electrons predominantly originate from the rear
part of the source and unscattered electrons from the front
part. Hence, a second observable A ¢ describes the difference
in mean potential energy of singly-scattered and unscattered
electrons. It is a measure of the asymmetry of the poten-
tial with respect to the central injection point. The numerical
indices 0 and 1 indicate the number of scatterings an elec-
tron has undergone. While the zeroth order is strongly domi-
nant, this description can be extended to electrons of multiple
scatterings, and an effective value Ap combining all relevant
scatterings can be constructed.! More details are provided in
[13].

If not taken into account, the inhomogeneous source
potential leads to a bias of the squared neutrino-mass result
(13]

Amg = —2(05 + 0agq) — Z &i Ao (3)

i>0

—202% — ¢ Ap. 4)

Here the parameter aazdd contains additional broadening
contributions, such as hypothetical temporal fluctuations. &
describes the susceptibility of the squared neutrino mass m2
to the asymmetry parameter Ap, and is on the order of 1
eV. It depends on the fraction of scattered electrons and is
determined from Monte Carlo simulations [13]. Given that
the expected inhomogeneity of the potential is on a 10 mV
scale, the second term in Eq. (4) is strongly dominant. If
the source-potential observables vary radially or with time,
Eq. (4) holds for the respective averages.

The A;p and op parameters both describe certain proper-
ties of the longitudinal starting potential V (z) in the source.
They are naturally related to each other, which is described

! This is not necessary for the source-potential broadening: The oj-¢
can be simply approximated by oy, since the source-potential inhomo-
geneity is negligible compared to the width of the energy-loss distribu-
tion of scattered electrons.
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Fig. 2 Visualization of the relation between longitudinal starting
potential and measurable observables. z = 0 corresponds to the gas
injection point of the tritium source. The positive z-axis points towards
the KATRIN spectrometer (upstream), while the negative z-axis points
towards the rear wall. a Exemplary longitudinal starting potential
Ugc(z, r, ¢) for arbitrary values of r and ¢, according to [26]. b Lon-
gitudinal gas profile (solid line) and scattering probability for electrons
leaving the KATRIN source in downstream direction without scattering
(dashed red line) or with a single scattering event (dashed blue line).
The plot shows that unscattered electrons preferentially originate from
the downstream part of the source while singly scattered electrons orig-

in detail in [13,14]. The following paragraph contains a brief
summary of these references.

The energy shift A;o describes how asymmetric potentials
affect electrons that have undergone i -fold scattering, relative
to unscattered ones. This effect depends on how the spatial
shape of the starting potential aligns with the spatial differ-
ences in the electron distributions of unscattered (red) and
1-fold scattered (blue) electrons (see Fig. 2). This is done by
evaluating the correlation of the difference between the scat-
tered and unscattered distributions with the starting potential.
We can relate the shift, A;q, to the overall inhomogeneity of
the potential op by further introducing «; as a measure of
the spread of the weighting function, which is thus a mea-
sure of how much the scattered distribution deviates from the

Fractions of electrons leaving source

Aungeqod

Bunieneog

o

inate largely from the upstream part. Higher order scattering is not dis-
played. ¢ Electron starting potential distribution in the KATRIN source,
considering the source gas profile and the scattering probabilities, for
both unscattered and singly scattered electrons [13]. d For illustration
purposes: Starting potential distribution approximated by a Gaussian
for unscattered and single scattered electrons. The average potential is
described by (Ugrc) (r, ¢), the variance of distributions by 002 and 0]2,
indicating the source-potential broadening. The shift between the distri-
butions is denoted by Ao and accounts for asymmetries in the potential
[13]

unscattered case. This leads to a bound, that links the energy
shift to the size of the potential variations

(&)

[Ajol < kio0 ,

defining the maximal impact of potential asymmetries on
observable shifts [13, 14].

k1 is estimated to be 0.69 for 75% column density of tri-
tium and 0.62 for 40% column density, with respect to a nom-
inal column density of 5 x 10!7 molecules per cm”. Equa-
tion (5) holds for the longitudinal component oy of the total
broadening o ; However, since o is always larger than oy, it
is conservative to use a measured value o to constrain A;q

@ Springer



757 Page 6of 13

Eur. Phys. J. C (2025) 85:757

by this equation. An analogous equation with a combined
coefficient k holds for Ap. The k values are reported in [13].

By determining o and Ap and considering them as model
inputs of the neutrino-mass analysis, the neutrino-mass bias
as predicted by Eq. (4) can be circumvented. The design

goals for KATRIN stipulate uncertainty contributions on mé

by individual systematic effects below 7.5 x 1073 eV2 [29].
To meet this requirement A1g needs to be determined with a
precision of a few meV. This is done with experimental cam-
paigns using 83™Kr, which allow for an in-situ measurement
of the parameters og and Ajg.

2.4 Influence of the rear-wall voltage on the source
potential

For neutrino-mass measurements, it is preferable to operate
the source in a setting with minimal radial inhomogeneity
of the source potential, in order to simplify the neutrino-
mass analysis. Therefore, a simple empirical approach for
the radial dependence of the source potential is made.

Energies measured with the KATRIN setup are shifted
from the true value by the difference of the main spectrometer
(MS) work function @\s and the source potential energy.
Neglecting an azimuthal dependence of the source potential,
the observed energy of unscattered electrons is given by

Eobs,O(V) = Etrue — Pms + ¢ (Usie) (). (6)

Plasma simulations, for instance those conducted in [26], pre-
dict that the source volume adopts mainly the electric poten-
tial energy of the rear wall @rw + q Urw, where @Ry is the
mean work function of the rear wall and Urw is a bias voltage
applied to the rear wall. This coupling of the plasma poten-
tial to the rear wall is only fully realized if the bias voltage
compensates the difference of @rw to the mean work func-
tion @pt of the grounded cylindrical beam-tube walls, i.e.
in the case where —qUrw = @rw — @pT. Otherwise, outer
parts of the source volume would exhibit weaker coupling to
the rear wall, given their proximity to the beam-tube walls.
These considerations, combined with observations outlined
in [30], motivate the following simplified empirical model of
(Uste)z (r):

q(Usie)(r) = c(r)(@®rw + qUrw) + (1 —c(r)®@pr (1)
= ¢(r)(qUrw + A®PrwBT) + PBT, (8)

using the definition A@rwpT := PrW — PBT. The so-called
coupling coefficient 0 < ¢(r) < 1 depends on the radial dis-
tance to the beam axis r. By adjusting the rear-wall voltage
such that —q Urw is equal to the difference in work function
between the rear wall and the beam tube, the coupling coef-
ficient in Eq. (8) vanishes. This setting is called the optimal
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rear-wall voltage Urw,opt. At this specific rear-wall voltage,
the radial inhomogeneity of the potential is minimized. How-
ever, it is anticipated that a correlation exists between the
radial and longitudinal (z) inhomogeneities. As a result, this
configuration suggests a near-minimal longitudinal inhomo-
geneity. Drifts of the rear-wall and beam-tube work func-
tions lead to a change of the optimal rear-wall voltage over
the course of weeks, which is monitored by calibration mea-
surements and accounted for in the data analysis.

3 Krypton measurements for source-potential
investigations

83mKr is widely used as a calibration source in parti-
cle physics experiments due to its quasi-monoenergetic
conversion-electron lines and its fast decay, meaning that
it does not contaminate the experiment. At KATRIN, its
gaseous form at standard measurement conditions is vital
to determine the spatially extended potential of the source.
The following paragraphs describe the conversion-elec-
tron spectrum of the 83™Kr isotope and the application of
gaseous S>MKr in the calibration measurement campaigns.

3.1 83mKy conversion electrons and suitable lines

83mKris produced by the electron capture of 83 Rb with a half-
life of 86.2d. The metastable isotope decays with a half-life
of 1.83h in a 32.2 keV nuclear y transition to an intermedi-
ate state of 9.4 keV, and then via a second y transition with
a half-life of 155ns into the ground state [31]. Both transi-
tions are highly converted and exhibit a spectrum of quasi-
monoenergetic conversion-electron lines. The mean energy
1 of the conversion electron is given by

# = Etrans — Erec — Ebind, 9
where Eps 1S the nuclear transition energy, Ere. is the recoil
of the conversion-electron emission, and Epipq is the binding
energy of the subshell the electron was emitted from.

For calibration purposes at KATRIN, conversion-electron
lines from the 32.2 keV transition are used, as they exhibit
energies above the endpoint of the tritium p-decay spectrum.
Two lines are the most suitable: First, the L3-32 line offers
high intensity. Measurements of its line position allow for
fast investigations of source-potential shifts. However, its
~ 1 eV natural line width [31], given by the lifetime of the
vacancy in the electron shell, limits its applicability to inves-
tigate the energy broadening. To assess the source-potential-
related broadening of a few meV magnitude through fitting
this relatively broad peak, it is essential to ascertain the rela-
tive accuracy of the Lorentzian line width at the 1073 level,
which is highly challenging [13].
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Fig. 3 Integral spectrum of the N3-32 line doublet and the N1-32 line
of $3MKr from internal conversion. The spectrum consists of an unscat-
tered portion (green) and a singly scattered portion (purple) which is
shifted by approximately 13 eV towards lower energies due to inelastic
energy losses. The inhomogeneous source potential is characterized by
a line broadening o and an additional shift Ajy between the spectra
of singly scattered and unscattered electrons. Both parameters can be
directly determined from the spectrum of 33™Kr. The region of singly
scattered electrons from N3-32 overlaps with the unscattered N1-32
line

The lines of the N»3-32 doublet have negligible natural
width, allowing for precise determination of broadenings.
This is because the N3 subshell is the outermost occupied
subshell in the 83™Kr atom, meaning that the vacancy of
the conversion-electron emission could only be refilled by
electrons from the surrounding gas in the WGTS. Estimates
of the interaction rate with atoms or free electrons in the
source yield an expected line width on the order of 10710 eV,
which is negligible. The natural line width of the N>-32 line is
equally negligible, since the filling of the N3 shell by N3 elec-
trons is suppressed by the corresponding selection rules. As
the N»3-32 doublet has an intensity approximately 50 times
lower than L3-32 [31], a high source strength is needed for
measuring these lines. The N»3-32 doublet is accompanied
by the N;-32 line and nearby shake lines. The integral line
spectrum for the N123-32 lines as measured at KATRIN is
shown in Fig. 3.

The analysis of the Nj»3-32 spectra should directly
yield the source-potential broadening oy and the asymmetry
parameter A1, but needs to consider systematic effects. Cur-
rently, the N1-32 and shake-line parameters are determined in
dedicated measurements at KATRIN. They are required for
the precise determination of the asymmetry parameter Ajg
because these lines overlap with the region of singly scat-
tered electrons from N»3-32. Furthermore, the energy loss of
32 keV electrons inelastically scattering on T is currently
under investigation. In a reassessment of the recorded data we
aim to directly determine the asymmetry parameter A in a
future publication. This work focuses solely on determining
the broadening of the N»3-32 lines, and Ajg is constrained
using Eq. (5).

3.2 The 8™Kr calibration campaigns KrM5 and KrM9

Neutrino-mass measurement campaigns have been recorded
using different tritium column densities, which, in principle,
can change the source plasma and thus the electric poten-
tial. Consequently, 83™Kr campaigns have been carried out
under various source conditions, shown in Table 1. In this
work, two dedicated measurement campaigns using $3™Kr
are discussed.

First, the KrM5 campaign was conducted right after the
fifth neutrino-mass measurement campaign KNMS5 [11].
83mKr was produced using a high-activity 83Rb source with
an initial activity of = 10 GBq, produced by NPI ReZ. At the
beginning of KrM5, a measurement of the L.3-32 line was
carried out at varying rear-wall voltages over the course of
5.5 days (Table 1, measurement a). The column density of
co-circulated tritium was 75% of the design value of 5e17
molecules per cm?, and is the standard for neutrino-mass
measurements since KNM3-NAP (cf. Table 4) [11]. This
measurement allowed the determination of the optimal rear-
wall voltage set-point, as defined in Sect. 2.4 and obtained
in Sect. 4.1. This voltage was then applied to the following
measurements:

A dedicated high-statistics measurement of the N-32 lines
was performed at 75% column density to precisely determine
the broadening of the source potential o (Table 1, measure-
ment b). Over the course of 25 days, 180 spectra containing
the energy-loss region for the singly scattered electrons were
recorded.

The measurement of the N-32 lines was repeated at a col-
umn density of 40% to determine the dependence of the
source-potential broadening on the column-density setting
(Table 1, measurement c). The data set consists of 16 spectra
recorded over the course of one day. The shorter measure-
ment time in the 40% setting is sufficient, since the krypton
activity in the source is increased by a factor of around 500
in this setting with respect to the 75% setting [21].

While neutrino-mass measurements are preferably per-
formed at the optimal rear-wall voltage, drifts of the surface
potential of the rear wall and the source beam-tube walls may
occur. In order to investigate the rear-wall voltage depen-
dence of the source-potential observables, the N-32 lines
were measured at different rear-wall voltages, once at 40%
column density and once at 75% column density (Table 1,
measurements d and e).

Two years after KrM3, another set of krypton spectra was
taken in the KrM9 campaign, following the KNMO neutrino-
mass measurements (Table 1, measurements f and g). The
83Rb source activity was around 9GBq. The work functions
of the surfaces within the source, the beam tube and the rear
wall, underwent drifts in the intermediate time span. More-
over, the rear-wall surface was subjected to two intensive
ultraviolet/ozone cleaning sessions in the interval between

@ Springer



757 Page 8 of 13

Eur. Phys. J. C (2025) 85:757

Table 1 Overview of settings for $3™Kr conversion-electron line mea-
surements for characterization of the source-potential systematics at
KATRIN. The top part of the table contains measurements from the
KrMS5 campaign, and the bottom part measurements from the KrM9
campaign. The various measurements differ in the scanned line, tritium
column density and rear-wall voltage

Measurement Line CD RW Voltage Duration
a L3-32 75% —06Vto02V 5.5 days
b Nj3-32 75% —-03V 25 days
c Nj3-32 40% —-03V 1 days

d Nj3-32 40% —0.6Vto02V 1.5days
e Nj3-32 75% —0.6Vto02V 1.5days
f Nj3-32 75% 05V 15 days
g Nj3-32 40% 05V 1 days

KrM5 (June to August 2021) and KrM9 (May 2023) [32].
Consequently, an effective shift of the optimal rear-wall volt-
age of 0.8 V was observed, which required a corresponding
adjustment in the set voltage of the rear wall. The N-line
region was scanned at a column density of 75% for another 15
days, accumulating 97 scans. Furthermore, a one-day mea-
surement was performed with 10 scans of the N-line region
at a column density of 40%.

The analysis of all data sets is described in detail in Sect.
4.

4 Data analysis

In order to infer the optimal rear-wall voltage Urw,opt, the
source-potential broadening oy, and the asymmetry parame-
ter Ao from the recorded 83™Kr line spectra, a model of the
line shapes and the transmission properties of the experiment
is fit to the data.

To account for the broadening, the natural Lorentzian line
shape with line position p and width I" is convolved with
a Gaussian shape of variance o2, giving the Voigt profile
V(E, i, o, ). Scaled by the line amplitude A one obtains
the differential rate of a single line D(E, A, u, o2, I'). The
differential spectrum of multiple lines consists of the sum of
Voigt profiles.

The L3-32 line has a line position of u = 30472.2(5) eV
and an intrinsic width of I = 1.19(24) eV [31]. The Ny3-
32 line doublet consists of the N»-32 line at 32136.7(5) eV
and the N3-32 line at 4+ 0.670(14) eV relative to the N»-32
line [31]. For the data analysis, the natural line widths of
N»-32 and N3-32 are assumed zero, as described in sec. 3.
The modeling of the integrated spectrum measured with the
KATRIN main spectrometer is based on [22]. The integrated
spectrum Z of the krypton conversion-electron lines can be
written as

@ Springer

o8] Omax

Z(qU) :/dE /de F(E, qU, 0)sin0Py(0, pd)D(E)
0 0
+Pong. (10)

The differential spectrum D is convolved with the experi-
mental response, reflecting the transmission properties .7~
of the MAC-E filter, as well as inelastic scattering of elec-
trons on tritium molecules in the source by Py (6, pd). The
functions are convolved with respect to the pitch angle 6 of
the electrons relative to the magnetic field line, coming from
the isotropic angular distribution of the source. The maxi-
mum pitch angle Onax With which an electron can pass the
main spectrometer is defined by the magnetic reflection at

gi The transmission

'max

the pinch magnet, 6h,x = arcsin
condition for the electrons is

1ot £ (1 - sin? 0 Bm ) > gu,

0 else.

F(E,qU,0) = {
(1)

Electrons have a probability 1 — Py (6, pd) for inelastic scat-
tering in the source at a column density pd. Although the
analysis interval mainly selects unscattered electrons,? the
pitch-angle dependence of the zero-scattering probability
modifies the shape of the integrated spectrum. The scattering
probabilities are calculated by assuming the scattering to be
a Poisson process,> and by incorporating simulations of the
tritium and krypton gas distributions in the source [13]. An
additional correction of the spectrum model accounts for the
angular-dependent detection efficiency of the FPD, which is
modeled by a second-order polynomial expansion in 6 [11].
Furthermore, energy losses of electrons due to synchrotron
radiation in the source and transport section occur and are
considered in the analysis [22]. Finally, a ¢ U -independent
background %}, is added to the model.

Simulations of the electromagnetic fields in the spectrom-
eter are incorporated in the analysis, in order to account for
the inhomogeneities of the electric potential in the analyz-
ing plane and of the maximum magnetic field. The analyzing
plane magnetic field is treated as a nuisance parameter, except
where noted differently.

In accordance with the tritium B-analysis, 22 pixels shad-
owed by structural components of the beamline or with high
intrinsic background [11] are excluded from the analysis of
the 33MKr data.

2 The analysis window contains a tiny fraction of electrons of other
krypton lines that have scattered inelastically off trittum. They were
shown to have a negligible impact on the determination of the line
broadening and position.

3 Deviations from the Poisson distribution have been investigated and
found to be negligible.
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Fig. 4 Measurement of the L3-32 line position p as function of rear-
wall voltage Urw. The line position (colored) depends on both the
rear-wall voltage and the radial distance from the source tube center,
as measured by the radius of the rings at the focal plane detector. The
standard deviation of ring-wise line positions (black) per rear-wall volt-
age set point is minimal around — 0.3 V, which was identified as the
optimal rear-wall voltage and used for the subsequent measurements

4.1 L3-32 measurements for the determination of the
optimal rear-wall voltage

In the KrMS5 campaign, measurements of the L3-32 line
were performed at nine different rear-wall voltages to obtain
the optimal rear-wall voltage. After every 12h Urw was
changed. In the analysis, the FPD pixels are grouped into
11 concentric rings of 4-12 pixels each to more easily study
the radial dependence of the source potential. The By, values
are set to the average simulated values in the respective rings.
For simplicity the Lorentzian width is treated as a nuisance
parameter to include all broadenings, while the Gaussian
broadening component of the spectrum is neglected. Figure 4
shows the distribution of ring-wise line positions as function
of Urw. The radial spread of line positions is minimal at
Urw ~ —0.3 V, which was adopted as the optimal rear-wall
voltage for the subsequent KrM5 measurements.

4.2 N-32 measurements for the determination of the
source-potential broadening

The differential spectrum of the N»3-32 doublet is given by
a sum of Voigt functions,

D(E) = Ax, - [v (E Ny 02, T = 0)

+ RnsN, -V (E» UN, + AUN;, N, 02, r = 0)],
(12)

where AN, and un, are the amplitude and line position of
N>-32, Rn; N, is the amplitude ratio of N3-32 to N»-32 and
AN, N, 18 their distance. The squared Gaussian line broad-
ening o2 is common for all lines in the spectrum. To obtain

Table 2 Additional broadenings due to fluctuations of the high voltage
and the Doppler effect, applicable for the N-32 line measurements at
the optimal rear-wall voltage. The uncertainties of all other broadening
contributions lie below 107¢ eV? and are neglected

40% CD 75% CD
ofy (1073 eV?) in KrM5 03+0.1 0.21 £0.05
oy (1073 eV?) in KrM9 0.18 £ 0.07 0.16 + 0.04
TBoppler (1072 €V?) 2.98 & 0.06 2.98 +0.06

this broadening, the fit interval was set to a 6 eV range around
the N»3-32 doublet.

Simulations on Asimov data [33] were performed deter-
mining the impact of the systematic uncertainties, including
the influences of the magnetic fields and the parameters of
the neighboring 83™Kr shake and N lines, thereby assuring
their proper treatment in the analysis. The largest systematic
uncertainty on the broadening (3 x 107° eV?) stems from
the assumed B value, which is already negligible.

Furthermore, in all analyses the parameters un, and An,
are treated as nuisance parameters incorporating experimen-
tal energy shifts and rate scaling. They are fit with pixel-wise
resolution, along with By, and Zp,.

The parameters Rn; N, and Apun,, N, are intrinsic to the
83mKr spectrum and do not depend on the measurement cam-
paign. They were determined from the KrM5 75% measure-
ment to be 1.530(13) and 0.665(2) eV, respectively (statisti-
cal uncertainties only), in agreement with [31]. The achieved
sensitivity allows them to be fixed in all other analyses, which
improves the fit convergence.

The o2 fit parameter is constrained to the positive region.
The following contributions aazdd additional to the source-
potential broadening Ug are subtracted from o2 after the
fit: an @'(10~* eV?) intra-pixel variance of electric poten-
tial in the analyzing plane ogp obtained from simulations,
broadening afw coming from instabilities related to the high-
voltage system [34] quantified by measurements, and the
squared Doppler broadening G]%oppler [22] caused by the ther-

mal motion of the 33™Kr atoms (cf. Table 2). It is assumed
that thereby all additional broadening contributions are cov-
ered and the bare source-potential broadening og is obtained.
If there are further contributions, it would mean that a more
conservative limit on Ajg is set, as discussed in Sect. 2.3.

4.2.1 High-statistics measurement at 75 and 40% column
density

The source-potential broadening both at 75 and 40% of nom-
inal tritium column density was measured first in the KrM5
campaign, and again in the KrM9 campaign. The analysis of
both measurement campaigns is performed in the same way.
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Fig. 5 Spectral fit of patch O of the 75% column-density measurement
taken during KrM5. The recorded detector count rate, fit and normalized
residuals are shown over the retarding potential set points gU. The
numbers and positions of the pixels of patch 0 are shown in the FPD-
wafer schematic

In a first step, the temporal stability of the source potential
over the duration of the longer, 75% column density mea-
surement was confirmed by analyzing the line positions un,
of the individual scans. Accordingly, all scans within one
campaign are combined, allowing for a pixel-resolved anal-
ysis. For the measurement at 75% column density the same
14 patches as in the neutrino-mass analysis are used [11],
consisting of 9 pixels each. For every FPD patch one fit is
performed. o2 as well as R, N, and Aun;.N, are common
parameters among the pixels in a patch. Given the high statis-
tics of the measurement at 40% column density, an individual
analysis for each pixel is performed.

4.2.2 Measurement at non-optimal rear-wall voltages

To investigate the dependence of the source-potential broad-
ening on the rear-wall voltage, measurements at 40 and 75%
nominal tritium column density were performed in KrM5.
The rear-wall voltage was varied between — 0.6 V and 0.2
V and all scans for each rear-wall voltage set-point and tri-
tium column density are combined. Pixel-resolved fits are
performed, and the fit results are averaged over the whole
detector.

5 Results and impact for the KATRIN experiment

Following the aforementioned analysis procedure, we present
the results of the 83™Kr measurement campaigns KrM5 and
KrM9. Figure 5 shows an example fit of one of the KrM5
spectra.

First the radial dependency of the line broadening mea-
sured at the optimal rear-wall voltage is shown and the mean

@ Springer

KrM5 40 % CD

4 b KiM940%CD
%
iQ o T IO +i,+ +
| Wi dianain g §
0 % 50 75 100 135 150
Pixel
4
% | by \
SN ARETRARRRY
s b OKM5 75% CD
=2 l t KiM975% CD

6 7 8 9 10 11 12 13
Patch

01 2 3 45

Fig. 6 Squared source-potential broadening 002 for the 40 and 75%
column-density measurements over radial FPD resolution, comparing
the measurement campaigns KrM5 and KrM9. From the bare fit broad-
ening o2, which is non-negative, additional broadening contributions
crazdd have been subtracted. Their uncertainties are not shown, since they
are fully correlated over all data points in a data set. Two noteworthy
features are visible: A dip in the broadening between pixel 25 to 50 and
an oscillating pattern in the KrM5 measurement at 40% column density
(yellow), and a small broadening in patch O of the KrM9 data set at 75%
column density (purple)

values are discussed. Furthermore, the impact of a non-opti-
mal rear-wall voltage set-point is investigated and finally the
implications for the neutrino-mass analysis are presented.

5.1 Source-potential broadening results of the
high-statistics measurements

In Fig. 6, the radially dependent source-potential broaden-
ing result from the high-statistics measurements is shown.
We observe two features: Firstly, we see an oscillating pat-
tern of 002 that increases for outer pixels and has an over-
all drop in the range between pixel 25 and 50 in the KrM5
measurement at 40% column density. Secondly, there is a
quite small broadening of patch 0 in the KrM9 measure-
ment at 75% column density. Despite thorough investiga-
tions of the analysis strategy, data quality, and experimental
conditions, no origin of these features was found. The fea-
ture in the KrM5 40% data set is assumed to be a physical
effect of the source. This is the only dataset that showed on
average increased x2/ndf = 1.38 for 35 degrees of free-
dom (ndf) per fit, which was accounted for by increasing the
uncertainties by / x2/ndf. However, the impact on the final
uncertainty is negligible, since it is dominated by the uncer-
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Table 3 Mean squared source-potential broadenings obtained from the
N-32 measurements at the optimal rear-wall voltage. The values are
uniform averages of the measurements and include the corrections aazdd
discussed in Sect. 4.2, which dominate the uncertainties

40% CD 75% CD
o2 (1073 eV?) in KtM5 1.0(2) 1.0(2)
og (1073 eV?) in KrM9 0.3(1) 0.4(2)

tainty of the high-voltage broadening correction. The feature
in KrM9 is assumed to be a statistical fluctuation. Beyond
that, good homogeneity is observed. Thus, we construct an
average value of the broadening over the radius; for the 40%
measurements we use a constant fit, while in the 75% mea-
surements we perform a likelihood profiling over the broad-
ening to correctly consider the asymmetrical uncertainties of
patch 0. The final values are shown in Table 3.

The broadening values for the measurements at 40 and
75% column density of the same campaign agree within
uncertainties. This implies that the source potential is not
dominated by the density of the charges within the source.
However, the values differ between the two campaigns, indi-
cating that the source potential is more influenced by the
work functions of the source walls.

One effect producing a source-potential broadening could
be an inhomogeneity of the work functions, which may
change over time, e.g. because of accumulation of tritium
on the surfaces. Inhomogeneous work functions could be
responsible for the features in Fig. 6, as well as the differ-
ence in the mean values between the krypton campaigns.

The surface conditions can change not only between, but
also within neutrino-mass measurement campaigns. Thus,
drifting work functions can lead to a non-optimal rear-wall
set point, and the effect on the source-potential broadening
is discussed in the following section.

5.2 Rear-wall voltage dependency of the source-potential
broadening

In Fig. 7, the source-potential broadening as a function of
the rear-wall voltage at 40% column density and 75% col-
umn density is shown. Within their uncertainties both mea-
surements are consistent with each other, and the broaden-
ing at the optimum voltage is also consistent with the high-
statistics measurement. In the high-statistics 40% measure-
ment, a significant dependence of the broadening on the rear-
wall voltage can be observed. Based on measurements of the
rear wall current [30] we expect a maximum deviation of
\URw,opt — URw,SetI = 0.1 V of the optimal rear-wall voltage
from the rear-wall voltage set point in neutrino-mass mea-
surements. A linear function fit to the 40% column-density
values is applicable within an interval of 0.4 V around the
optimal rear-wall voltage of — 0.3 V, yielding a slope of

A t  KrM575% CD KrM5 40 % CD
< ~
i \ oo l
SR t ~ i \
e } *

N \
—0.6 —0.4 —0.2 0.0 0.2
Urw (V)

Fig. 7 Source-potential broadening 002 as a function of the rear-wall
voltage, measured at 75 and 40% column density. From the bare fit
broadening o2 of the N»3-32 lines, which is constrained to the non-
negative parameter region, contributions afdd have been subtracted.
The error bars contain statistical and high-voltage-related uncertainty,
which is uncorrelated between the data points. A slight slope of
—2.0(6)1073 eV2/V within an interval of 0.4 V around the optimal
rear-wall voltage of — 0.3 V is observed for the measurement at 40%
column density. This dependency is not visible in the measurement at
75% column density within the margin of errors

2
JL = —2.0(6) x 107* eV2/V. Based on this, an addi-

tional systematic uncertainty on the broadening is taken into
account, following

2

d
29 _ 02 x 1073 eV2,

sl = |Urw,opt — URwset| -
opt, RW >Op! > | dURW

(13)

5.3 Derived source-potential observables for the
neutrino-mass analysis

As shown in the previous sections, the source-potential
broadening obtained differs between the 8*™Kr measurement
campaigns. This could be an effect of the surface conditions
of the source. The KNM1-5 analysis is based only on the mea-
sured source-potential broadening of KrM5, as this leads to a
more conservative estimation of the systematic effect on the
neutrino mass. It is important to acknowledge that subsequent
to the KrM5 measurement, two rear wall cleaning procedures
employing UV/ozone treatments were conducted, leading to
a significant modification of the surface conditions.

The neutrino-mass measurement campaigns of KNM1-5
were taken at four different tritium column densities and at
different temperatures. Since no column-density dependence
of the source-potential broadening was observed, the same
mean broadening for all neutrino-mass measurement cam-
paigns was used in the KNMI1-5 analysis [11]. To account
for the differing temperatures of KNM1&2 compared to the
83mKr measurements, the uncertainty of the broadening is set
equal to its mean to be conservative. Even with this conserva-
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Table 4 Source-potential inputs for the neutrino-mass analysis for dif-
ferent campaigns (Naming of the campaigns in accordance with [11]).
The source-potential broadenings are derived from the KrM5 values
from table 3, accounting for an additional systematic uncertainty due to

possible deviation from the optimal rear-wall voltage during neutrino-
mass measurements, and an extrapolation for KNM1&2. The values of
the effective parameter Ap are calculated following Sect. 2.3

Campaign Configuration Data set (702 (x 1073 eV?) Ap (meV)
KNM1 20% CD, 30K Extrapolation from KrM5 1£1 0£20
KNM2 84% CD, 30K Extrapolation from KrM5 1+1 0£24
KNM3-SAP 40% CD, 80K KrM5, 40% CD 1.0£0.3 0£20
KNM3-NAP, KNM4, KNM5 75% CD, 80K KrMS5, 75% CD 1.0£0.3 0£22

tive approach, the source potential is not among the leading
systematic effects in KNM1&2.

The inputs for the neutrino-mass campaigns are shown in
Table 4. The upper limit of the effective asymmetry parameter
Ap is calculated using the principle laid out in Eq. (5), with
the individual source-potential broadenings for each cam-
paign and « coefficients fitting to the corresponding column
density.

The values shown in Table 4 differ slightly compared to
the values used in the most recent neutrino-mass analysis
[11]. The values shown here present our improved knowl-
edge, including the effect of the angular dependent detec-
tion efficiency and the additional uncertainty due to the
non-optimal rear-wall voltage set point. The changes of the
source-potential broadening are within one third of the now
slightly larger uncertainty. The dominating input, the limit on
the asymmetry parameter, changes insignificantly by 1mV.
The related change of the estimated squared neutrino mass
on the order of 1073 eV? is negligible.

6 Conclusions and outlook

The understanding of systematic effects that modify the elec-
tron spectrum of B-electrons is essential to achieve a high sen-
sitivity on the neutrino mass with the KATRIN experiment.
Of key importance is the knowledge of the inhomogeneity
of the electric potential in the tritium source in which the
electrons are generated. B-decay and subsequent secondary
ionization, dissociation, and recombination processes lead
to the formation of a cold plasma, whose electric potential
distribution is influenced by external fields, the gas density
and flow, the work functions of the source, and the voltage
applied to the rear wall of the experiment. Since numerical
approaches for the quantification of these effects proved to be
insufficient, in-situ measurements were adopted to determine
the source-potential inhomogeneity. The latter is quantified
by two observables: a Gaussian broadening oy, measuring
the overall inhomogeneity, and a parameter Ap, measuring
the asymmetry of the potential with respect to the central
injection point of the source. Precision spectroscopy of con-
version electrons from the meta-stable 33™Kr co-circulated
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with the tritium gas in the KATRIN source has been refined
over the last years with regard to the theoretical understand-
ing of the concept [13,14] and the technical implementation
[21]. Subsequent optimizations of the performing of effec-
tive measurement campaigns with a high activity 83 Rb/33™Kr
source, and the accurate inference of the source-potential
observables from the data are reported in this work.

The source-potential broadening for different gas densities
was measured in two high-statistics measurement campaigns,
KrMS5 in 2021 and KrM9 in 2023. Within the campaigns the
broadening does not show a dependency on the gas density,
while it differs by up to 3 sigma between the campaigns.
To quantify the effect of the source-potential inhomogene-
ity on the neutrino-mass analysis we use the more conser-
vative broadening estimate. While the data recorded in the
KrMS5 and KrM9 campaigns also allows the determination
of the Ap parameter, currently it is dominated by system-
atic effects related to the modeling of the intrinsic $3™Kr
spectrum. Instead, we use a phenomenological approach to
constrain Ap by the measured broadening in the most con-
servative way.

With the estimates of the source-potential inhomogene-
ity derived in this work one finds a neutrino-mass system-
atic effect on the order of 2 x 1072 eVz, which is sufficient
for the intermediate neutrino-mass result of KATRIN [11],
but exceeds the 0.0075eV? systematic budget for the final
KATRIN result [35]. By understanding the systematic effects
inthe Ap analysis, it is possible to reduce the source-potential
related neutrino-mass systematic by a factor of up to 3 with
the existing 33™Kr data. This would be sufficient for the final
KATRIN analysis.

However, the difference observed between the two kryp-
ton campaigns led us to question the long term reliability
of the source-potential estimates. Currently, work-function
drifts are being considered as the main origin of this effect.
In 2025, a concluding set of 83™Kr measurements will help
us to understand the underlying physical processes and their
effect on the observables, allowing reliable estimates for the
final KATRIN analysis.
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