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Karlsruhe Tritium Neutrino Experiment (KATRIN)
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~ 2 ⋅ 10−13

endpoint region of spectrum contains most information

goal: measurement of tritium β- decay spectrum to investigate (determine) 
the electron antineutrino mass 
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Karlsruhe Tritium Neutrino Experiment (KATRIN)
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Windowless gaseous 
tritium source (1011 Bq)

Rear 
wall

Transport and 
pumping

Segmented 
detector

Main spectrometer

Magnetic Adiabatic Collimation 
with Electrostatic (MAC-E) filtering

ΔEFWHM = 1 - 2 keV

Integral mode = scanning over retarding potential

2 - 3 eV energy resolution (sigma)

measuring integral rate of electrons with 
kinetic energy above retarding potential 

Bsrc = 2.5 T Bana =  T6.3 ⋅ 10−4

stat. sensitivity of 0.2 eV/c2 
(90% CL) on neutrino mass

not sufficient to resolve 
neutrino mass hierarchy
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KATRIN++ | a next-generation T-based neutrino mass measurement
…based on quantum sensor array (QSA)
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B = 20…30 mT 
(or higher)

room temperature transition from RT 
to mK temperature
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Sensitivity estimations for KATRIN++
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preliminary
differential detector with sub-0.7eV (FWHM) 
energy resolution required to resolve inverted 
neutrino mass ordering

study by S. Heyns and N. Kovac 
(IAP @ KIT)

▪ detection of external electrons: backscattering, 
detector response, … 

▪ QSA operation in ambient magnetic field 

▪ flux tube conservation: area vs. B-field strength 

▪ room-temperature electron ‚source‘ (prefilter): 
windowless warm-cold interface (cryo-chicane) 

▪ energy resolution must be known to a level better 
than 1% (for all pixels): calibration challenge 
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Magnetic microcalorimeters (MMCs)
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massive particles / photons / …

superconducting quantum 
interference device (SQUID)

superconducting meander-
shaped pickup coil

paramagnetic 
temperature sensor 
in external magnetic field

particle absorber 
(any material)

magnetization of a paramagnetic 
material

large variation of magnetization        
at mK temperature 

Top = 10…50 mK

H

temperature T / K
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ELECTRON project: Comparison of MMC response 
for photons and external electrons
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Collimator
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S. Mertens et al., Phys. G: Nucl. Part. Phys. 48 (2021)



Sebastian Kempf | Quantum sensor arrays for KATRIN++ - Concepts and challenges2025-11-04

ELECTRON project: Detector response
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MMCs show detector response for electrons and photons

Normalized amplitude

N. Kovač et al., Nuclear Inst. and Methods in Physics Research A 1080 (2025)
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ELECTRON project: Energy calibration
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MMCs show same calibration function for electrons and photons

N. Kovač et al., Nuclear Inst. and Methods in Physics Research A 1080 (2025)

N. Kova! et al.

Fig. 7. Calibration function for the measured 83mKr spectrum: (a) fit to the peak amplitudes with a 2nd and 3rd order polynomial functions, with the linear component shown as 
well, (b) deviation from the linear fit, i.e., non-linearity, (c) residuals of the data points from the fit function.
Source: Theoretical values for the peak energies taken from [24].

of the detector.4 On the other side, the 𝜔𝜀𝜗 doublet peak is fitted 
with a double Gaussian function due to the proximity of the 𝜔𝜀𝜗1 and 
𝜔𝜀𝜗2 peaks (as reported in Table  1), and the 𝜔𝜀𝜛1,𝜛3 peak is fitted 
with a single Gaussian function.5 The peak amplitude is then given by 
the position(s) of the maxima of the respective fitted Gaussians. Fig. 
6 shows the measured histograms of the different peaks as well as the 
applied fit functions. The corresponding line positions are reported in 
the legend together with their respective uncertainty.

Using the obtained peak amplitudes together with the known energy 
of individual spectral lines, the calibration function can be obtained 
from a polynomial fit. The fit was performed with both second and third 
order polynomial functions, both of which are shown in Fig.  7(a). The 
use of second or third order polynomial functions is justified by the 
fact that for larger energy inputs, thermodynamical properties of the 
detector have to be taken into account [15].

In Fig.  7(b), the difference between these polynomial fits and the 
linear behavior is shown, from which we obtain a non-linearity of 
only about 5% within the entire 30 keV range. Additionally, Fig.  7(c) 
shows the residuals for both fit cases, all of which are within the 3𝜚-
uncertainty on the peak position. We can conclude that the second 
order polynomial fit is sufficient and all of the peaks, both from elec-
tron and from photon signal, are described with the same calibration 
function. The determined non-linearity of the detector,6 being around 
5% at 30 keV, is well within the expected range for a detector of such 
kind and design [15,21].

5. Conclusion and outlook

The main motivation of this work was to demonstrate that MMC 
detectors can be employed for the detection and spectroscopy of ex-
ternal light charged particles, i.e., electrons. The possibility to perform 
such measurements would allow MMCs to be used in the field of high-
resolution electron spectroscopy. Such detectors could form an enabling 
technology for next-generation neutrino-mass experiments, aiming to 
probe sub-100 meV region of the neutrino mass and ultimately go 
beyond the inverted mass ordering regime. The results presented in this 
work stand, to the best of our knowledge, as the first-ever confirmation 
of feasibility to perform such MMC measurements, and demonstrate 
that there is no apparent difference in the detector response to energy 
deposits from external electrons versus X-ray photons. This implies that 
in the analysis signals from photons and external electrons do not need 
to be treated separately and the same analysis strategy developed over 
the course of previous years can be directly transferred from one use 

4 Electrons can also undergo scattering inside the source, however, this 
effect is expected to be small compared to the backscattering on the absorber 
of the detector.

5 𝜔𝜀𝜛1 and 𝜔𝜀𝜛3 are only separated by 8 eV, and cannot be differentiated 
with the current detector resolution.

6 From Fig.  7(b): at 30 keV, amplitude deviation from linear behavior is 
1.544 keV, giving a non-linearity of 5.15%.

case to the other. Similar measurements have recently been conducted 
with Transition Edge Sensors (TESs), confirming the feasibility to use 
these detectors for high resolution electron spectroscopy as well [26].

The measured 83mKr spectrum will be discussed in full details in 
the upcoming publication, after all the systematic effects, such as 
backscattering, have been fully investigated.

Looking towards the future, by building upon this work we plan to 
develop a quantum sensor demonstrator to further test and advance this 
technology for future experiments.
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ELECTRON project: 83Rb/83mKr spectrum
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„Silicon SDD detector vs. MMC“



Sebastian Kempf | Quantum sensor arrays for KATRIN++ - Concepts and challenges2025-11-04

ELECTRON project: 83Rb/83mKr spectrum
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„Silicon SDD detector vs. MMC“
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MMC operation in external magnetic field
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<latexit sha1_base64="R65V4yznu5K5HFyvqMf69iI8GuQ="></latexit>Bext → B0
detector module

particle absorber of MMC 
ion-implanted with 55Fe source

Pick-up coil

Sensor
Absorber

Stem

dc-SQUID Integrated source

▪ B-field generated by external Helmholtz coil 

▪ capable of generating up to B = 30 mT 

▪ no magnetic shielding of detector module
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Pulse height measurements
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raw detector signals

− 30 %

𝐸in = 6539 eV
𝐼0 = 25 mA
𝑇MMC = 15 mK

▪ drastic decrease in signal height 
▪ @ Bext > 5.5 mT: Sudden disappearance of 

detector signal → quench of Al wire bonds?

▪ strong noise with increasing Bext
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Pulse height simulations
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15 mK

T = 15 mK

▪ drastic decrease in signal height with higher Bext  
▪ optimal operation temperature (in terms of signal height)

Conventional MMC with meander-shaped 
pickup coil not feasible for KATRIN++
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Outlook: QSA scenarios
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d (cm) B (mT) A (cm²)  (Tcm2)

9 500 63 32
37 30 1060 32

WGTS
QSA

~2.7 Mio pixels (200 µm x 200 µm)

d (cm) B (mT) A (cm²)  (Tcm2)

9 500 63 32
≤ 28 ≥ 50 ≤ 636 32

WGTS
QSA

~7.000 pixels (3 mm x 3 mm)

entrance window-free silicon quantum sensor

we take up this challenge!!!!the straightforward way to go 
(further improvements hard to impossible) 

(fallback option)

the „challenging way“ to go 
(further improvements ‚easily‘ possible)
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Outlook: QSA scenarios
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Fig. 2: a) Design variants of a cylindrical detector geometry enabling MMC operation in homogeneous mag-
netic fields. The temperature sensor is integrated into the loop of the non-hysteretic rf-SQUID. b) Schematic
cross-section of a single QSA pixel. c) Illustration of the proposed micro-textured surface of a QSA absorber.
d) Results from a preliminary performance optimization of the QUATRIN QSA, assuming the simplest cylin-
drical detector geometry. The quoted Bext-values refer to the field strength at the temperature sensor position.
The green-shadowed area indicates the target sub-0.7eV energy resolution. Panels a)–c) are not to scale.

high-fidelity, multiplexed signal acquisition. A windowless cold–warm interface (WCWI) connects warm
beamline components to the cryogenic QSA. All components are cooled by the QUATRIN cryostat.

b.2.1) QUATRIN Quantum Sensor Array (QUATRIN QSA)

The QUATRIN QSA will be a cornerstone technology, engineered to combine sub-0.7eV energy resolution
with near-unity detection efficiency for tritium endpoint electrons. This capability must be preserved even in
ambient magnetic fields exceeding 20mT. Each pixel’s absorber area will be maximized to ensure full flux-
tube coverage of the electron guiding field with a technically feasible channel count. A key innovation lies in
mastering electron backscattering [86]. In QUATRIN, most backscattered electrons will be redirected by the
upstream MAC-E filter towards the QSA, where they may re-impact the same pixel, strike a neighboring pixel,
or be lost in inter-absorber gaps. By tackling this challenge at the hardware level, through absorber design,
surface engineering, and optimized pixel layout, QUATRIN aims to suppress backscattering to the point where
related systematic effects become negligible.

The QUATRIN QSA will meet its stringent performance targets through phonon-mediated particle detec-

tion in millimeter-scale, micro-textured Si absorbers. Athermal phonons generated by electron impact will
be collected via normal-conducting phonon collectors, made of gold and thermally coupled to a cylindrical

paramagnetic temperature sensor, both directly patterned on the absorber surface. The absorbers will have a
hexagonal shape with a diameter of approximately O(3)mm, with the precise dimensions determined through
prototyping and simulation. Similarly, the absorber thickness will be optimized to balance mechanical stability,
quantum efficiency at the tritium endpoint, and compatibility with surface micro-texturing. The absorber will
be mounted on top of the QUATRIN µMUX chip using a dedicated absorber attachment technique.
Cylindrical detector geometry: In our state-of-the-art MMCs with meander-shaped pickup coil [35, 50, 87], the
magnetic bias field is generated by a persistent current circulating in the pickup coils [35]. This configuration
optimizes magnetic coupling as the spin orientation is parallel to the magnetic bias field [88]. Moreover, the
field strength can be adjusted to match the sensor’s heat capacity to the absorber [32]. In contrast, the QUATRIN
QSA will operate in an uniform ambient field, whose strength affects detector performance, electron transport,
and focal plane size. This field overlaps with the internal bias field, yielding a spatially varying magnetic
coupling factor, with contributions adding positively and others negatively to the output signal. Both opposing
contributions nearly cancel, resulting in a strongly suppressed detector response, despite the large heat capacity.

The cylindrical detector geometry envisaged for the QUATRIN QSA (see Fig. 2a) ensures that the internal
bias field is aligned with the ambient field, thereby maximizing magnetic coupling. Following a concept es-
tablished in the early development of MMCs [89, 90], it employs a compact cylindrical temperature sensor

positioned at the center of a circular SQUID loop. The deliberately small sensor radius and volume not only
facilitate operation in ambient magnetic fields, while maintaining low heat capacity, but also maximizes mag-
netic coupling between the spins and the pickup coil [32]. Furthermore, several design variants (see Fig. 2a),

5

top secret: we have already a very sophisticated detector concept in mind 
which we are currently pushing forward

KATRIN++ 
detector 

(Blackbox)
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Outlook: Windowless warm-cold interface (WCWI)
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Fig. 4: a) Conceptual design of the windowless cold–warm interface with constant-diameter electron transport
corridor. Shaded areas indicate the direct line-of-sight to the next higher temperature stage. Also shown are
a preliminary air-coil arrangement and the resulting magnetic field line configuration, as determined from
simulations. Already these preliminary results clearly indicate that electrons can be guided from warm beamline
components to the QSA, while ensuring that the QSA has no direct line-of-sight to warm surfaces. Note, the
present coil design does not yet account for the WCWI’s outer diameter increasing from the warm to the cold
end. b) Illustration of the QUATRIN cryostat, the QSA assembly as well as the interface to the WCWI.

can thus operate in zero-suppressed mode, recording only meaningful events, greatly reducing bandwidth and
storage demands, and making ultra-high channel counts feasible. Finally, cost-efficiency will be addressed
through a custom direct-RF analog front-end, enabling one RFSoC platform to handle up to four µMUXs

simultaneously. Combined with the anticipated detector and electronics bandwidth, tone tracking, and an opti-
mized resonator spacing, this novel architecture will maximize the multiplexing factor, with a gain by at least

a factor of 20 with respect to existing platforms.

b.2.5) Windowless cold-warm interface (WCWI)

A critical component of QUATRIN is the windowless cold-warm interface (WCWI), which connects warm
beamline components to the QSA. The WCWI must effectively suppress thermal radiation onto the QSA and
minimize photon-induced background. It relies on a cryogenic multi-stage chicane that blocks the direct
line of sight between every second temperature stage. Fig. 4a) illustrates a conceptual design of the proposed
chicane. To minimize radiative heat transfer, the electron transport corridor maintains a constant inner diame-
ter along its full length. In contrast, the number of radiation shields increases towards the cold end, reducing
the radiative load on the lower-temperature stages. Adiabatic electron guiding will be ensured via a series of
magnets placed around the different WCWI sections. For QUATRIN, only a narrow electron beam will be
threaded through the WCWI, allowing for a beamline diameter < 20mm. The resulting compact geometry
enables the use of normal conducting air-coils or strong permanent magnets and facilitates flexible recon-
figuration. Despite the reduced scale, all components and sections will be engineered with scalability in mind.
Accordingly, we will only select materials approved for large-scale cryogenic applications and robust mechani-
cal configurations. Moreover, we will use connection technologies that ensure high thermal conductance across
all interfaces, and consider the cooling capacity of the dedicated QUATRIN cryostat. Based on the fascinating
beamline performance reported in [107], we estimate that a single 3He/4He dilution refrigerator equipped with
strong two-stage pulse-tube cooler (PTC) can provide sufficient cooling power for all WCWI components.

b.2.6) QSA assembly and QUATRIN cryostat

Fig. 4b) shows an illustration of the proposed QSA assembly and QUATRIN cryostat. The QUATRIN QSA will
be mounted on the millikelvin stage of the QUATRIN cryostat, a dedicated 3He/4He dilution refrigerator with
pulse-tube precooling. A custom detector package will host the QSA and include a superconducting tube for
magnetic field stabilization against vibrations, mechanically attached to the detector platform. The assembly
will allow free QSA alignment with respect to the electron beam and provide the option to irradiate the detector
with a calibration source for energy, gain, and drift determination. The QUATRIN cryostat will cool the QSA
and all WCWI temperature stages. It will deliver a cooling power 400µW@100mK and be equipped with
a high-power pulse-tube cooler providing a cooling power of 2.7W@4.2K and 55W@45K, which will be
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can thus operate in zero-suppressed mode, recording only meaningful events, greatly reducing bandwidth and
storage demands, and making ultra-high channel counts feasible. Finally, cost-efficiency will be addressed
through a custom direct-RF analog front-end, enabling one RFSoC platform to handle up to four µMUXs

simultaneously. Combined with the anticipated detector and electronics bandwidth, tone tracking, and an opti-
mized resonator spacing, this novel architecture will maximize the multiplexing factor, with a gain by at least

a factor of 20 with respect to existing platforms.

b.2.5) Windowless cold-warm interface (WCWI)

A critical component of QUATRIN is the windowless cold-warm interface (WCWI), which connects warm
beamline components to the QSA. The WCWI must effectively suppress thermal radiation onto the QSA and
minimize photon-induced background. It relies on a cryogenic multi-stage chicane that blocks the direct
line of sight between every second temperature stage. Fig. 4a) illustrates a conceptual design of the proposed
chicane. To minimize radiative heat transfer, the electron transport corridor maintains a constant inner diame-
ter along its full length. In contrast, the number of radiation shields increases towards the cold end, reducing
the radiative load on the lower-temperature stages. Adiabatic electron guiding will be ensured via a series of
magnets placed around the different WCWI sections. For QUATRIN, only a narrow electron beam will be
threaded through the WCWI, allowing for a beamline diameter < 20mm. The resulting compact geometry
enables the use of normal conducting air-coils or strong permanent magnets and facilitates flexible recon-
figuration. Despite the reduced scale, all components and sections will be engineered with scalability in mind.
Accordingly, we will only select materials approved for large-scale cryogenic applications and robust mechani-
cal configurations. Moreover, we will use connection technologies that ensure high thermal conductance across
all interfaces, and consider the cooling capacity of the dedicated QUATRIN cryostat. Based on the fascinating
beamline performance reported in [107], we estimate that a single 3He/4He dilution refrigerator equipped with
strong two-stage pulse-tube cooler (PTC) can provide sufficient cooling power for all WCWI components.

b.2.6) QSA assembly and QUATRIN cryostat

Fig. 4b) shows an illustration of the proposed QSA assembly and QUATRIN cryostat. The QUATRIN QSA will
be mounted on the millikelvin stage of the QUATRIN cryostat, a dedicated 3He/4He dilution refrigerator with
pulse-tube precooling. A custom detector package will host the QSA and include a superconducting tube for
magnetic field stabilization against vibrations, mechanically attached to the detector platform. The assembly
will allow free QSA alignment with respect to the electron beam and provide the option to irradiate the detector
with a calibration source for energy, gain, and drift determination. The QUATRIN cryostat will cool the QSA
and all WCWI temperature stages. It will deliver a cooling power 400µW@100mK and be equipped with
a high-power pulse-tube cooler providing a cooling power of 2.7W@4.2K and 55W@45K, which will be
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a temperature stage should ideally have a direct 
line-of-sight to the next higher temperature stage 

magnet configuration and simulation by W. Gil

MAC-E filter like configuration
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