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28.02.2019 Fitrium analysis strategy 4

Detector segmentation
• single-pixel fits to check pixel map (combine runs to get statistics)
• combined analysis: multi-pixel fit (spectra from all pixels in single likelihood)

– common 𝑬𝟎 and 𝒎𝝂
𝟐, free norm. and backgr. per pixel → 2 ∙ 2𝑁pix free parameters

single-pixel fits 
using 10 runs
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From commissioning to ν-mass data-taking
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Completion of beamline 
“First Light” demonstrates 
transmission of electrons

“First Tritium” campaign 
first β-spectra and verification 
of system stability
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Fig. 7 Fit of the golden data selection in three selected fit ranges using the covariance matrix approach. The error bars are increased by a factor of
50 to make them visible. The residuals are normalized to the total uncertainty. The light-blue area indicates the statistical and the dark-blue area
the systematic contribution to the total uncertainty. In this display of the systematic uncertainty band, only the diagonal entries of the covariance
matrix are shown. a) Nominal fit range of qUi � E0 �100eV, c2 = 7.9 (11 dof). b) Mid-extended range to qUi � E0 �200eV, c2 = 12.7 (15 dof).
c) Large-extended range to qUi � E0 �400eV, c2 = 13.8 (17 dof).

Sept. 2019: 
Release of first 
ν-mass result!

First ν-mass campaign 
start of scientific harvest 
of KATRIN

Krypton campaign 
precision spectroscopy of 
monoenergetic electrons

Systematics campaign 
response function with 
precision electron gun
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[arXiv:1909.06048]
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Precision β-electron spectroscopy: ingredients
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Retardation voltage at ppm stability
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Precision high voltage supply & monitoring
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Relative stability was instrumental for the 2019 first science run and keeps improving:

Active post-regulation of retarding potential at the main spectrometer

April 2019 August 2019

Absolute calibration (needed for syst. checks with 3He-3H mass difference) 
also reaches ppm level through new method   [Rest et al., Metrologia 56 (2019) 045007]
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83mKr 83Rb

    EC:  
T1/2 = 86 d41.6 keV

9.4 keV

IC, ! 
T1/2 = 1.8 h

IC, !; " = 150 nsstable

83
36 tritium E0  

at 18.6 keV

Precision calibration sources (1): Krypton

Nuclear/atomic standard widely used in neutrino and dark matter experiments 
Short half-life eliminates risk of contamination 
Mono-energetic (< 3 eV) conversion electrons, isotropic angular distribution 
Convenient range of line energies

System characterization: transmission of MAC-E filter, detector properties, system 
alignment, absolute energy scale calibration, …

104 Characterisation of the KATRIN tritium source and evaluation of systematic e�ects

Figure 5.1.: Conversion electron spectrum of 83mKr. The plot shows the full
conversion electron spectrum of 83mKr. The lines cover a wide energy interval from 7 keV
to 32 keV. The intensities sum up to 100 % for the 9.4 keV and 32 keV transition individually
(see figure 5.3). The properties of the conversion electron lines are listed in table 5.2.

gaseous source operation, one for the condensed source operation. Since the setup and
the handling of both sources is not trivial, the main motivation was to get a first test of
the final setups of the 83mKr sources with the entire KATRIN beam line and to test their
performance. For the gaseous source, the main goal was to demonstrate its capability to
measure the potential inside the WGTS as described in section 4.2.13. Since no tritium
would be in the source during the proposed measurement campaign and therefore also
no plasma potential created, it should be demonstrated that a conversion line position
can be measured with meV precision, which is one important prerequisite for the poten-
tial determination. Moreover, during the preparation of the measurements, it became
more and more obvious that the 83mKr campaign would have benefits for several more
aspects of the KATRIN commissioning: the gaseous 83mKr in the WGTS would be the
first possibility to test the KATRIN analysis chain from raw data to a high-level analysis
with uniformly distributed electrons of isotropic angular emission, just as in the tritium
case. Furthermore, it gave the first opportunity to train the control of the full KATRIN
beam line including the operation of all superconducting magnets at once at standard
field settings and the operation of the main spectrometer for voltages from 0 kV to ≠35 kV.
Finally, there was the opportunity to characterise important properties of KATRIN, for in-
stance the linearity of the overall energy scale, the system alignment and detector properties.

Thus, this two-weeks measurement campaign became one of the major milestones of the
KATRIN experiment. As the next sections show, the findings of the 83mKr measurements
in summer 2017 were the basis for the first tritium operation of KATRIN in 2018.

5.1.2. Setup and Measurement Goals

Running the source cryostat in 83mKr mode requires important changes to the WGTS
operation, since the beam tube temperature has to be raised from 30 K to 100 K (see also
sections 3.2.1 and 6.2.1). However, as the loops were not in operation during the gaseous
83mKr measurements presented here, also other KATRIN components were not operated
under the standard conditions described in chapter 3. The following list gives a short

[JINST 13 (2018) T02012 & P04018, and further works]
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Three 83mKr calibration sources for KATRIN

Gaseous 83mKr source 
• Krypton decays filling 

WGTS beam tube 
• Can be mixed with tritium 

to probe plasma

NPI Řež

[JINST 9 (2014) P12010, 
JINST 13 (2018) P04018]

Condensed 83mKr source 
• Thin film on cold substrate 

➜ no scattering 
• Spot-like source, moving 

across flux tube

U Münster

[RSI 84 (2013) 123103]

Implanted 83mKr source 
• Parallel measurement 

at Monitor Spectrometer 
• Excellent stability proven 

over many years

NPI Řež/U Bonn

[JINST 8 (2013) P03009 & T12002,  
JINST 9 (2014) P06022]
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Precision and stability traced with 83mKr
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Example: L3-32 line (30.5 keV, Γ ~1.4 eV)

✓ Sharp resolution (~2 eV at 30 keV)  
and excellent linearity of energy scale 

✓ 83mKr in empty beam tube, in D2 and in 
T2 to characterize gaseous source

preliminary

stability	goal	for	2-month	run	

✓ Highly stable overall system from source 
to detector 

✓ New calibration method of HV meas.  
(< 5 ppm) based on relative line positions

[EPJ C 78 (2018) 368; JINST 13 (2018) P04018; arXiv:1903.066452]



Precision calibration sources (2): e-gun
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Tunable beam energy and narrow 
energy spread (σE < 150 meV) 

Tunable ratio of Elong, Ecyclotron  
(emission angle) to characterize 
spectrometer transmission   

Beam intensity up to ~10 kcps 

Individual pixels; beam steering in x/y 
direction across full flux tube 

Pulsed emission for time-of-flight 
measurements

Requirements

[NJP 11 (2009) 063018; PPNP 64 (2010) 288; JINST 6 (2011) P01002; EPJ C77 (2017) 410]

Custom-made solution

UV optics for photoelectron creation 

Timing by pulsed UV laser 

Beam forming in staged E & B fields

C
F1

60
 fl

an
ge



!9

FPD pixel 0
FPD pixel 1
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[EPJ C77 (2017) 410, and further works]

energy difference filter — source, in eV

Precision calibration sources (2): e-gun
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Systematics campaign
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source gas
towards 

spectrometer & 
detector

~ 18 keV e-

Windowless

Tritium source

Transport

section

Spectrometer section (pre-
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70 m
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Requirements

 
● low endpoint energy
● high source luminosity
● high energy resolution
● very low background
● stability of the 

experimental parameters 

on the per mil to  ppm 

level

 

→ MAC-E filter concept

Tritium β-decay

E
0    

= 18.6 keV, T
1/2

 = 12.3 a

S(E) = 1 (super-allowed)

 

(modified by final states, recoil corrections, 

radiative corrections, ...)

Magnetic Adiabatic Collimation with Electrostatic Filter

A. Picard et al., NIM B 63 (1992)

Kinematic determination of m(ν
e
) MAC-E filter concept KATRIN experiment at KIT

statistical uncertainty for m2(ν
e
):

σ
stat

    ≈ 0.018 eV²

planned systematic uncertainty for m2(ν
e
):

 σ
sys,tot

 ≈ 0.017 eV²

 

→ sensitivity for m(ν
e
) upper limit: 

0.2 eV (90% C.L.)
 
→ observable with 5σ:

 m(ν
e
) = 0.35 eV

KATRIN design  

sensitivity: 

 

5 year 

measurement 

(eff. 3 y of data)

Integral beta spectrum   KATRIN response function

We acknowledge the support of Helmholtz Association (HGF), Ministry for Education and Research BMBF (05A17PM3, 05A17PX3, 05A17VK2, and 05A17WO3), Helmholtz Alliance for Astroparticle Physics (HAP), and Helmholtz Young Investigator Group (VH-NG-1055) in 
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97ER41033, DE-FG02-97ER41041, DE-AC02-05CH11231, and DE-SC0011091 in the United States.

High precision measurement of the energy losses due to scattering of electrons with molecules in the source
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Energy loss and response function in KATRIN
A.Lokhov and R. Sack for the KATRIN collaboration

Westfälische Wilhelms-Universität, Institut für Kernphysik, Münster.

Beta spectrum

⊗

● Fermi theory

● Neutrino mass

● Molecular effects

● Doppler broadening

● Radiative corrections

● ...

● Energy filtering

● Electron scattering in 

the gaseous source 

● Synchrotron radiation 

in strong magnetic 

fields

● B/E fields

● Adiabatic motion the 

region of interest

Experimental response

Integral spectrum

1) MAC-E-Filter transmission condition

2) Scattering energy losses

3) Scattering probabilities

4) Segments of the source

5) Inhomogeneities of the EM $elds

6) Synchrotron radiation in the source

  and transport sections

Transversal 
energy Time

(1)(1)

(2, 3, 4, 5 )(2, 3, 4, 5 )

(1)(1)

(6)

Ingredients of KATRIN response

– Temperature, gas density, magnetic field and 

electric potential could vary along the source

– Magnetic fields and electric potential vary 

along the analyzing plane in radial direction

The egun at KATRIN
Movable optic 
stage to select one 
of the 7 fibers

FibersBackplate at 
Vessel potential

Frontplate
Up to 5 kV more positive 
than backplate

Electrons start here

Rotate here to select angle 
relative to magnetic field

Available light sources:
LDLS:
- continuous wave
- adjustable wavelength
LASER:
- short pulses, 20-100 kHz
- 266 nm

Eloss measurement with different 
column densities of deuterium

Black curve shows 
transmission function 
without energy loss.

Colorful curves show  
transmission with 
energy loss at 
different column 
densities of 
deuterium gas.

The column density 
is estimated from the 
inlet pressure.

Each curve takes 
12 h measurement 
time with an egun 
rate of 8 kcps.

Idea: Use Time of Flight (ToF) to measure a differential Eloss spectrum
- synchronize e-gun and detector
- Use pulsed Laser with  20 kHz (1/f = 50 μs).
- Plot ToF: arrival time mod 50 μs.
- select electrons with flight times of 30 - 50 μs.

Why is it ‘differential’ ?
Spectrometer is a high pass filter.
The time of flight cut rejects electrons with high surplus energy
→ select particular energy

Differential time of flight (ToF) Spectrum 

A new energy loss model based on our measurements

Fit model:
- 3 Gauss curves to describe the excitation peak (1a+1b).
- BED Model1 to describe the ionization tail.
- Use ionization energy as transition point to BED Model.
- scale amplitude of tail to make it a steady function.

1Kim, Rudd ‘94 Phys. Rev. A 50, 3954; https://doi.org/10.1103/PhysRevA.50.3954 
2Aseev, V., Belesev, A., Berlev, A. et al. Eur. Phys. J. D (2000) 10: 39. https://doi.org/10.1007/s100530050525
3Abdurashitov, D.N., Belesev, A.I., Chernov, V.G. et al. Phys. Part. Nuclei Lett. (2017) 14: 892. https://doi.org/10.1134/S1547477117060024

Differential Spectrum created with time of 
flight method. 
Combined fit of differential and integral 
data. Multiple scattering according to 
poissonian probability:

P
S
(θ)=

(ρ lσ)s

s !
exp(−ρ lσ)

New parametrization for 
Eloss model

Global fit to integral and 
differential deuterium Eloss data

Our new model compared to 
existing models2,3

Response function with Aseev 
model and with the new KATRIN 

model

The energy loss model enters the 
response function in form of multiple 
convolutions with the transmission 
probability weighted with the 
scattering probabilities:

Comparison with older models

Summary & Outlook

● We have a detailed model of the KATRIN response function.

All major systematic effects of the experimental response 

are included.

● To achieve the KATRIN sensitivity we have measured the 

energy loss function of electron inelastic scattering on 

deuterium with high precision.

● Good energy resolution, stability of the High Voltage System 

and the ToF method allowed for building a new energy loss 

model based on this measurement.

● The energy loss function in tritium has been measured 

recently. A new parameter set based on  this data will be 

available soon.

Adiabatic transport → μ = E⊥/ B = const.
 

B drops by 2·104 from solenoid to analyzing plane → E  ⊥ → EII    
 

Only electrons with EII > eU
0
 can pass the retardation potential 

 

Energy resolution ΔE = E ,max, start⊥  · B
min

 / B
max

 ≈ 1 eV

Characterization of potential
inhomogeneities using
electrons of well defined
energy and angle from
suitable calibration sources
→ e-gun, CKrS, GKrS
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are key systematics in  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measurement of “response 
function”  
Measurements agree well with 
model over full range of gas 
densities (here: D2)



Energy loss function from time-of-flight
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Requirements

 
● low endpoint energy
● high source luminosity
● high energy resolution
● very low background
● stability of the 

experimental parameters 

on the per mil to  ppm 

level

 

→ MAC-E filter concept

Tritium β-decay

E
0    

= 18.6 keV, T
1/2

 = 12.3 a

S(E) = 1 (super-allowed)

 

(modified by final states, recoil corrections, 

radiative corrections, ...)

Magnetic Adiabatic Collimation with Electrostatic Filter

A. Picard et al., NIM B 63 (1992)

Kinematic determination of m(ν
e
) MAC-E filter concept KATRIN experiment at KIT

statistical uncertainty for m2(ν
e
):

σ
stat

    ≈ 0.018 eV²

planned systematic uncertainty for m2(ν
e
):

 σ
sys,tot

 ≈ 0.017 eV²

 

→ sensitivity for m(ν
e
) upper limit: 

0.2 eV (90% C.L.)
 
→ observable with 5σ:

 m(ν
e
) = 0.35 eV

KATRIN design  

sensitivity: 

 

5 year 

measurement 

(eff. 3 y of data)

Integral beta spectrum   KATRIN response function
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High precision measurement of the energy losses due to scattering of electrons with molecules in the source
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Energy loss and response function in KATRIN
A.Lokhov and R. Sack for the KATRIN collaboration

Westfälische Wilhelms-Universität, Institut für Kernphysik, Münster.

Beta spectrum

⊗

● Fermi theory

● Neutrino mass

● Molecular effects

● Doppler broadening

● Radiative corrections

● ...

● Energy filtering

● Electron scattering in 

the gaseous source 

● Synchrotron radiation 

in strong magnetic 

fields

● B/E fields

● Adiabatic motion the 

region of interest

Experimental response

Integral spectrum

1) MAC-E-Filter transmission condition

2) Scattering energy losses

3) Scattering probabilities

4) Segments of the source

5) Inhomogeneities of the EM $elds

6) Synchrotron radiation in the source

  and transport sections

Transversal 
energy Time

(1)(1)

(2, 3, 4, 5 )(2, 3, 4, 5 )

(1)(1)

(6)

Ingredients of KATRIN response

– Temperature, gas density, magnetic field and 

electric potential could vary along the source

– Magnetic fields and electric potential vary 

along the analyzing plane in radial direction

The egun at KATRIN
Movable optic 
stage to select one 
of the 7 fibers

FibersBackplate at 
Vessel potential

Frontplate
Up to 5 kV more positive 
than backplate

Electrons start here

Rotate here to select angle 
relative to magnetic field

Available light sources:
LDLS:
- continuous wave
- adjustable wavelength
LASER:
- short pulses, 20-100 kHz
- 266 nm

Eloss measurement with different 
column densities of deuterium

Black curve shows 
transmission function 
without energy loss.

Colorful curves show  
transmission with 
energy loss at 
different column 
densities of 
deuterium gas.

The column density 
is estimated from the 
inlet pressure.

Each curve takes 
12 h measurement 
time with an egun 
rate of 8 kcps.

Idea: Use Time of Flight (ToF) to measure a differential Eloss spectrum
- synchronize e-gun and detector
- Use pulsed Laser with  20 kHz (1/f = 50 μs).
- Plot ToF: arrival time mod 50 μs.
- select electrons with flight times of 30 - 50 μs.

Why is it ‘differential’ ?
Spectrometer is a high pass filter.
The time of flight cut rejects electrons with high surplus energy
→ select particular energy

Differential time of flight (ToF) Spectrum 

A new energy loss model based on our measurements

Fit model:
- 3 Gauss curves to describe the excitation peak (1a+1b).
- BED Model1 to describe the ionization tail.
- Use ionization energy as transition point to BED Model.
- scale amplitude of tail to make it a steady function.

1Kim, Rudd ‘94 Phys. Rev. A 50, 3954; https://doi.org/10.1103/PhysRevA.50.3954 
2Aseev, V., Belesev, A., Berlev, A. et al. Eur. Phys. J. D (2000) 10: 39. https://doi.org/10.1007/s100530050525
3Abdurashitov, D.N., Belesev, A.I., Chernov, V.G. et al. Phys. Part. Nuclei Lett. (2017) 14: 892. https://doi.org/10.1134/S1547477117060024

Differential Spectrum created with time of 
flight method. 
Combined fit of differential and integral 
data. Multiple scattering according to 
poissonian probability:

P
S
(θ)=

(ρ lσ)s

s !
exp(−ρ lσ)

New parametrization for 
Eloss model

Global fit to integral and 
differential deuterium Eloss data

Our new model compared to 
existing models2,3

Response function with Aseev 
model and with the new KATRIN 

model

The energy loss model enters the 
response function in form of multiple 
convolutions with the transmission 
probability weighted with the 
scattering probabilities:

Comparison with older models

Summary & Outlook

● We have a detailed model of the KATRIN response function.

All major systematic effects of the experimental response 

are included.

● To achieve the KATRIN sensitivity we have measured the 

energy loss function of electron inelastic scattering on 

deuterium with high precision.

● Good energy resolution, stability of the High Voltage System 

and the ToF method allowed for building a new energy loss 

model based on this measurement.

● The energy loss function in tritium has been measured 

recently. A new parameter set based on  this data will be 

available soon.

Adiabatic transport → μ = E⊥/ B = const.
 

B drops by 2·104 from solenoid to analyzing plane → E  ⊥ → EII    
 

Only electrons with EII > eU
0
 can pass the retardation potential 

 

Energy resolution ΔE = E ,max, start⊥  · B
min

 / B
max

 ≈ 1 eV

Characterization of potential
inhomogeneities using
electrons of well defined
energy and angle from
suitable calibration sources
→ e-gun, CKrS, GKrS

New parameterisation developed for e-D2 scattering (2018) and for e-T2 (2019). 
Response function model ready for ν-mass measurements. 

ToF signal from pulsed e-gun (70 ns at 20 kHz):  
High-pass filter turned into narrow band-pass ➜ recover “differential” spectrum.

[“MAC-E-ToF” idea by J. Bonn et al., NIM A421 (1999) 256; see also Steinbrink et al. NJP 15 (2013) 113020]
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Response function for ν-mass measurements
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KATRIN is made for precision electron spectroscopy.

➜ Requirements for neutrino-mass measurement are fulfilled! 

energy resolution,  

energy-scale linearity, 

energy-scale stability 
(short- and long-term),

efficiency of measures to retain 
and eliminate ions, 

constraints on source charging, 

detailed understanding of 
energy loss through scattering.  

tritium sourceelectron energy filter

Successive measurement campaigns (2017-2019) have verified

Summary


