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Tbath

single detector event

photons, massive particles 
(electrons, atoms, ions, molecules etc.)

no surface dead layer, 
thermal detector, i.e. not limited by (Fano) statistics or excitation energy
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Temperature sensors
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Metallic magnetic calorimeters (MMCs)

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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Example: 
Metallic magnetic calorimeter for radionuclide metrology

2 inch wafer

single detector chip

Magnetic microcalorimeter for measuring 
EC spectrum of ion-implanted Fe-55 source 

single detector 
(before deposition of second absorber half)

detectors are application-specific customized
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SQUID-based detector readout

60 µm

dc-SQUIDs = magnetic flux to voltage / current converters 

compatibility with mK operation temperatures 
low power dissipation: Pdiss ~10 pW…1 nW 

near quantum-limited noise performance: ε ~1 h possible

example: 
current-sensor dc-SQUID (KIT)
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In-house development of multi-stage dc-SQUIDs

300K< 100 mK

large system bandwidth: 1…10 MHz 
linear relation between input and output signal due to flux-locked loop (FLL) 
impedance matched

key features:

SQUID-based amplifier chain with ultrafast FLL feedback electronics
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In-house development of multi-stage dc-SQUIDs

300K< 100 mK

large system bandwidth: 1…10 MHz 
linear relation between input and output signal due to flux-locked loop (FLL) 
impedance matched

key features:

SQUID-based amplifier chain with ultrafast FLL feedback electronics

input ch #1

input ch #2

SQUID bias / readout ch #1

SQUID bias / readout ch #2

example: 
2 channel, two-stage dc-SQUID

sensor SQUID

SQUID amplifier
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In-house development of multi-stage dc-SQUIDs

300K< 100 mK

large system bandwidth: 1…10 MHz 
linear relation between input and output signal due to flux-locked loop (FLL) 
impedance matched

key features:

SQUID-based amplifier chain with ultrafast FLL feedback electronics

input ch #1

input ch #2

SQUID bias / readout ch #1

SQUID bias / readout ch #2

example: 
2 channel, two-stage dc-SQUID

sensor SQUID

SQUID amplifier

Chip characterization and noise measurement
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Applications we are working on…

radionuclide metrology

neutrino mass measurements dark matter searches cosmic microwave background

XES at brilliant light sources

Project Description – Project Proposals
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Figure 1.2: Schematic representation of a superfluid helium cell with film burner, heat flush purifier, level sen-
sor and MMC-based wafer calorimeter system. In addition the principle detection channels (phonons/rotons,
photons and excimers) are depicted.

Filling, purifying and exhaust system. Because helium is the only element which remains a liquid

at temperatures close to 0K, all other elements freeze out on the walls of the container of the liquid

or structures within it. The only impurity which can exist in superfluid 4He are 3He atoms. As

mentioned above the 3He concentration has to be reduced by several orders of magnitude to not

limit the mean free path of quasiparticle by 3He-scattering.

This will be achieved by using a heat flush purifier, which is a tube-like device in line with the

filling capillary. A heater at the end of the tube closest to the cell produces a ”wind” of normal fluid

excitations which sweeps all the 3He away from the heater due to the very large scattering cross-

section between the excitations and the 3He atoms. The heat is removed from the cooler end of

the heat flush tube which is thermally anchored to the still of the dilution refrigerator. The purified

superfluid travels toward the heater, and if the net mass flow of fluid is towards to the heater, only

this pure superfluid component passes through the flushing tube. The e↵ectiveness of this process

in purifying the helium depends upon the whether the 3He is able to di↵use back against the stream

of normal fluid.

A flow rate of approximately 3mmol/s will be used to be able to fill the cell with 8 ` in a day.

P1 - 7
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Figure 2: A proposal for the physical implementation of the MMB for LLAMA2 17

4.3. 99Tc

The beta spectrum of 99Tc was measured both at PTB and at LNHB.
What makes this comparison interesting is that these measurements are
completely independent. The technetium sources were prepared by
different techniques and are of different chemical composition. The
MMCs were mounted in different detector modules. The measurements
used different cryogenic setups in different electromagnetic environ-
ment. Data were recorded by different data acquisition systems, and
data analysis was performed using different routines.

At LNHB, a99Tc source was electrodeposited on a 10 μm thick gold
foil. The deposit is extremely thin and should be metallic technetium.
However, the deposition yield and the resulting activity per surface
area were lower than expected. Therefore a sufficiently large piece of
this foil had to be folded three times to reduce its area to a size
(~0.5 mm× 0.7 mm) small enough to enclose it in an MMC absorber.
This source foil was then sandwiched between two gold foils
(0.9 mm× 0.9mm× 74 μm each) and this stack was diffusion welded.
The final absorber had a heat capacity of 350 pJ/K at 20mK, much
larger than the previous detectors. The pulses had a rise time
(10%–90%) of 14 μs and a decay time (1/e) of 2.15ms. Data was ac-
quired during 13.7 days and the spectrum contains 5.65 million events.
The energy resolution is practically energy-independent, about 100 eV
(FWHM) up to 384 keV, the highest energy gamma line of a133Ba source

used for energy calibration and check of the linearity. Comparing the
measured and the tabulated line energies between 31 keV and 384 keV
shows no larger deviations than 70 eV, less than the energy resolution,
and no obvious trend.

At PTB, a99Tc source was prepared with a micro-drop dispenser
directly on a 90 μm thick gold foil formatted to an array of absorber
elements with lateral dimensions of about 1.6 mm and 0.7 mm, shown
in Fig. 2a. An identical foil was diffusion welded onto the first foil with
the dried radioactive material. One of the larger source/absorber as-
semblies with an expected activity of about 5 Bq was selected and glued
onto a matching MMC. The heat capacity of the absorber assembly is
545 pJ/K at 20mK. The observed pulses had a rise time (10%–90%) of
31 μs and a decay time (1/e) of 4.6ms. The data acquisition took 42 h
and the resulting spectrum consisted of 0.5 million events with an en-
ergy threshold of about 5 keV. A57Co source was used for energy cali-
bration and the 122 keV gamma line showed an energy resolution of
600 eV (FWHM). The larger absorber and total heat capacity of the
setup, as well as experimental problems with the temperature stability
of the thermal bath explain the degraded energy resolution and
threshold compared to the measurement performed at LNHB.

Fig. 5 shows a superposition of both experimental spectra. It is clear
that the spectrum shape is practically the same. This spectrum shape
will be a valuable input for the improvement of the theoretical calcu-
lation for this type of transition, 2nd forbidden non-unique. The

Fig. 4. Beta spectrum of 151Sm measured with
an MMC (blue) together with theoretical spectra
calculated for the two beta decay branches, to
the ground state (red) and to the 21.54 keV ex-
cited level of 151Eu (green). The spectrum from
the transition to the excited state is shifted to-
wards higher energies by 21.54 keV, the energy
of the gamma transition that is detected in sum
with the beta particle energy. Therefore both
measured spectra end at the same energy,
76.3 keV. The energy calibration was performed
with an external X-ray source composed of 55Fe
and 109Cd. (Color figure online). (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the Web
version of this article.)

Fig. 5. Beta spectrum of 99Tc measured with 99Tc
sources fabricated in two different ways, with two
independent MMCs, in different setups and using
different data analysis routines. For better visibility,
one spectrum is represented as a histogram (blue,
measured at LNHB) and the other one as a line (red,
measured at PTB). The energy calibration was per-
formed with a133Ba source (LNHB) respectively
a57Co source (PTB). A theoretical spectrum calcu-
lated with the code BetaShape is also shown (green).
(Color figure online). (For interpretation of the re-
ferences to colour in this figure legend, the reader is
referred to the Web version of this article.)

M. Loidl, et al. Applied Radiation and Isotopes 153 (2019) 108830

5

and many, many more…
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MMC with integrated SQUID readout 
for soft and tender X-ray spectroscopy

a) b) c)

17.5mK
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�EFWHM = 1.25(18) eV

M. Krantz, …., S. Kempf, Appl. Phys. Lett. 124 (2024) 032601 
F. Toschi, …., S. Kempf et al., Phys. Rev. D 109 (2024) 043035

world record 
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Challenging detector fabrication
thermal isolation of shunt resistors required membrane fabrication

152 8. The HDMSQ2B detector
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Figure 8.1: Schematic of the custom thermalization scheme of the HDSMQ2B detector. a)
Side view and b) top view. The shunt resistors of the dc-SQUID are placed on a thin SiO2
membrane, thermally decoupling them from the Si substrate. A custom thermalization
structure made of electroplated Au and Au wire bonds directly transfers the dissipated
energy into the sample holder.

dissipated energy can not be transferred into the substrate. Therefore, a di�erent
thermalization pathway has to be provided in order for the energy to dissipate into
the sample holder. For this, an Au thermalization link is put in top of the cooling
fin, as well as on a small part of the solid Si substrate for structural stability. This
thermalization link is then directly coupled to the sample holder via Au wire bonds.
Since the phononic thermal conductance is several orders of magnitude lower than
the electronic thermal conductance at millikelvin temperatures [Ens05], as well as
due to the Kapitza resistance [Pol69], only a negligible fraction of the dissipated
energy is transferred from the Au thermalization link into the Si on the right side of
the substrate. In addition, it is important to mention that the elongated cooling fin
is electrically insulated by SiO2. Otherwise, the SQUID’s shunt resistors would be
electrically connected to the sample holder via the Au wire bonds, creating a short.

8.1.1 Fabrication of shunt resistors on membranes

The process that was developed within this thesis in order to fabricate shunt resistors
on membranes for the HDMSQ2B detector is introduced in this section. The fabri-
cation of these membranes was the last step in the fabrication of the entire wafer. A
top view of the actual design schematic is illustrated in figure 8.2 a). Shown is the
meander-shaped SQUID loop with two Josephson junctions connected in parallel.
The particle absorbers and temperature sensors on top of the SQUID loop are omit-
ted for visibility. The Au:Pd shunt resistors are located at a distance of ≥ 20 µm
from the tunnel junctions. A long thermalization bridge made of electroplated Au
is fully covering the elongated Au:Pd cooling fin in the schematic. The black areas
denote an etch mask, where the thermal SiO2 on the wafer is removed to expose the

M. Krantz, …., S. Kempf, Appl. Phys. Lett. 124 (2024) 032601
works fine, but technologically very demanding!
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Current dark matter landscape

Francesco Toschi - DELight Institute of Astroparticle Physics - IAPFebruary 21, 20232

The Dark Matter landscape today

Noble liquid dual-
phase TPCs 
constrain the phase 
space for large 
WIMP masses

Phase space for 
Light DM (LDM) is 
mostly unexplored!

arxiv:2207.03764

arXiv:2207.11966

Phys. Rev. Lett. 121, 111302 (2018)

Noble liquid dual-phase 
TPC constrain phase 
space for large WIMP Phase space for Light 

Dark Matter (LDM) 
mostly unexplored
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Direct Dark Matter Searches - Belina von Krosigk
26

WIMP-NUCLEUS SCATTERING SENSITIVITY
E. Figueroa-Feliciano, International Cosmic Ray Conference  (2015)
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DELight - Direct Search Experiment for Light Dark 
Matter with superfluid Helium

joint initiative by KIT, Heidelberg University, and University of Freiburg
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DELight - Direct Search Experiment for Light Dark 
Matter with superfluid Helium

joint initiative by KIT, Heidelberg University, and University of Freiburg

substrate 
(2-3 inch)

Large-area cryogenic microcalorimeter (LAMCALs) 
(MMCs based on athermal phonon detection)

measures all excitations: He atoms 
phonons 
excimers
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MMC-based athermal phonon detectors

dielectric crystal 
(Si, Ge, …)

2

FIG. 1. (a)Schematic of non-equilibrium phonon decay in a
solid-state material after the initial scattering event between
an unknown particle (�) and the crystal. The initial popu-
lation of phonons decays due to anharmonicities in the po-
tential energy (red triangle), isotopic impurities (black dots),
and interactions with the readout device surface. The read-
out device is usually an Al film attached to a transition edge
sensor. (b) Time series of athermal phonon distribution in
which the initial distribution loses average energy over time
before eventually becoming indistinguishable from the ther-
mal state.

ficity is computationally demanding owing to the large
scale of the structures required. As a result, phenomeno-
logical models have been developed to describe surface
scattering that incorporate materials-specific properties
such as the phonon group velocity44, and interfacial prop-
erties such as the surface roughness45.

In this work, we use ab-initio calculations to under-
stand the role of di↵erent decay processes on athermal
phonon distributions in two of the most prevalent semi-
conductors in quantum technologies – Si and GaAs46–49.
Si and GaAs are current or near-term targets in phonon-
based dark matter direct detection experiments, so un-
derstanding the phonon dynamics for these materials is
especially timely. GaAs – a polar semiconductor – is
of particular interest for dark matter detection since its
optical phonons can couple to dark photons, providing
a phonon-based pathway for probing dark-photon-based
models of the dark sector15. We first use DFT to cal-
culate nonequilibrium phonon decoherence channels due
to anharmonic, isotopic, and surface scattering. We next
combine these results with a thermal transport model to
calculate the athermal distribution as a function of time,
and the rate of phonon energy transport across a readout
device interface. We select a specific case that is espe-
cially relevant for dark matter detection, namely the cre-
ation of a single optical phonon by dark-photon-mediated
interactions (see Figure 1b). This case is particularly im-
portant for exploring dark photon models in the terahertz
range since they are predicted to generate a single opti-
cal phonon near the � point of the Brillouin zone17. Fi-
nally, we discuss the implications of our materials-specific
thermal transport model on single phonon detection and
suggest routes to improving phonon coherence in such
quantum sensing applications in near-term experiments.

II. METHODS

DFT calculations were performed with the Vienna Ab
initio Simulation Package (VASP)50,51 using the PBE
functional52. We chose the VASP recommended pseu-
dopotentials in which the 4s, 4p electrons are treated
as valence in Ga and As, and the 3s, 3p electrons are
treated as valence in Si and Al; all other electrons were
frozen into the core of the pseudopotential. We used a
600 eV plane-wave basis, and a 4 ⇥ 4 ⇥ 4 Monkhorst-
Pack grid of k-points, shifted from the � point by half
a grid point, for the conventional unit cell. Born e↵ec-
tive charges were calculated within VASP using density
functional perturbation theory53. We used an electronic
convergence criterion of 10�8 eV, and force minimization
criterion of 2⇥10�4 eV/Å. Phonon band structures were
calculated with Phonopy54 with the force constant ma-
trices calculated with VASP using a 2⇥2⇥2 supercell of
the conventional standard cell, a k-point grid of 4⇥4⇥4,
and a q-point grid of 23⇥ 23⇥ 23 for all three materials.
Anharmonic scattering rates and interaction parameters
(square modulus of anharmonic matrix elements) were
calculated with Phono3py36.

Calculations of the phonon frequencies with isotopic
variation were performed using isotopic supercells gener-
ated from our own code available at https://github.

com/IbraHajar/GaAs_Phonon_Frequencies. In this
code, we explicitly include isotopic variation by con-
structing supercells of atoms with distributions con-
sistent with their natural abundances. The work-
flow for generating these explicit isotopic super-
cells is in the Appendix. We wrote a code
to build the thermal transport model which is
available at https://www.github.com/tfharrelson/

MPDSF/scripts/readout_temperature_model. All
phonon-related parameters such as those used to con-
struct the � matrices in Eq. (8) were calculated using
either Phonopy or Phono3py. Numerical integration of
Eq. (8) was done via both forward and backward Euler’s
method. Forward Euler was used for the small time plots
in Figure 5a, and backward Euler was used to compute
the curve in Figure 5b. For both methods, we integrated
105 time steps, and the time step was 1 ps, and 104 ps for
forward and backward Euler methods, respectively. We
chose a time step of 1 ps for the forward Euler method
since it is a factor of 10 smaller than the lifetime of any
optical phonon (the smallest time scale in the calcula-
tion). A time step of 104 ps was chosen for the backward
Euler method since 105 time steps could be integrated in
a reasonable timeframe to calculate transport up to 1 ms
from the initial scattering event. As the backward Eu-
ler method is always stable with respect to the time step
size, it is determined by computational requirements.
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dopotentials in which the 4s, 4p electrons are treated
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calculated with Phono3py36.

Calculations of the phonon frequencies with isotopic
variation were performed using isotopic supercells gener-
ated from our own code available at https://github.

com/IbraHajar/GaAs_Phonon_Frequencies. In this
code, we explicitly include isotopic variation by con-
structing supercells of atoms with distributions con-
sistent with their natural abundances. The work-
flow for generating these explicit isotopic super-
cells is in the Appendix. We wrote a code
to build the thermal transport model which is
available at https://www.github.com/tfharrelson/

MPDSF/scripts/readout_temperature_model. All
phonon-related parameters such as those used to con-
struct the � matrices in Eq. (8) were calculated using
either Phonopy or Phono3py. Numerical integration of
Eq. (8) was done via both forward and backward Euler’s
method. Forward Euler was used for the small time plots
in Figure 5a, and backward Euler was used to compute
the curve in Figure 5b. For both methods, we integrated
105 time steps, and the time step was 1 ps, and 104 ps for
forward and backward Euler methods, respectively. We
chose a time step of 1 ps for the forward Euler method
since it is a factor of 10 smaller than the lifetime of any
optical phonon (the smallest time scale in the calcula-
tion). A time step of 104 ps was chosen for the backward
Euler method since 105 time steps could be integrated in
a reasonable timeframe to calculate transport up to 1 ms
from the initial scattering event. As the backward Eu-
ler method is always stable with respect to the time step
size, it is determined by computational requirements.

arXiv: 2109.10988

idea: measure athermal phonon population created by interacting particle

advantages: absorber heat capacity (to first order) irrelevant 
possibility for large absorber volumes / areas

challenges: athermal phonon loss due to thermalization (phonon downconversion) 
quasiparticle losses due to recombination into Cooper pairs

MMC

electronssuperconducting material
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Ongoing R&D: LAMCAL optimization
usage of custom Monte Carlo simulation for optimzation of phonon collector geometry and distribution 

phonon collector distribution will set requirements for LAMCAL geometry 
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Expected LAMCAL performance

substrate 
(2-3 inch)

Large-area cryogenic microcalorimeter (LAMCALs) 
(MMCs based on athermal phonon detection)

measures all excitations: He atoms 
phonons 
excimers

<latexit sha1_base64="KhCS894MyXiPlgtXE502XVABrXM="></latexit>

!EFWHM → 1 eV
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Sensitivity projection of DELight

Project Description - Draft Proposal for a Research Unit

DELight: Direct Search Experiment for Light Dark Matter with

Superfluid Helium

Belina von Krosigk (Spokesperson), Heidelberg University

Research area: Direct Dark Matter detection at sub-GeV masses with cryogenic detectors.

Project Description - Draft Proposal for a Research Unit

Figure 1: Projected spin-independent (SI) DM-nucleon scattering limits at 90% confidence level assuming
zero background and the minimum DELight goals in terms of exposure and threshold for phase-I (dark red
solid line) [1] compared to increasingly conservative assumptions on the achieved threshold (medium and light
red solid lines), and for phase-II (red dashed line). Also shown are the neutrino signal region in helium (gray
area) calculated as described in Ref. [2], and the low-mass parameter space excluded by CRESST-III [3],
DarkSide [4], and XENON1T [5,6] (blue area).

1

phase I

phase II

DELight collaboration (09/24)
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A next-generation neutrino mass measurements

Fabienne Bauer | ELECTRON – High-resolution electron spectroscopy of a novel
tritium source using next-generation microcalorimeters Institute of Micro- and Nanoelectronic Systems

Measurement of tritium β- decay to determine the electron anti-neutrino mass

September 22, 20233

Karlsruhe Tritium Neutrino Experiment (KATRIN)

Segmented detector

MAC-E filter

Windowless gaseous
tritium source (1011 Bq)

Rear wall

Only the endpoint region of the spectrum is measured
→ High statistics and high resolution required

Transport and pumping

J. Angrik et al. KATRIN Design Report, Report No. FZKA-7090, 2005
M. Aker et al., J. Instrum. 16 T08015, 2021

electrons with energies 
up to 18.6 keV 
to be measured

replace by atomic 
tritium source (ATS)

replace by differential detector 
(microcalorimeter, TOF, …)
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Sensitivity studies
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I.   Ultra-high luminosity molecular tritium source, with a high resolution differential detector II.    New atomic tritium source, with an ultra-high resolution differential detector 

» Both scenarios require a state of the art high resolution differential detector, employing new quantum technologies! 

‣ Larger molecular tritium source:

-  ✕100 times more statistics
- Lower requirements on detector resolution
- Broadening due to molecular final states

‣ New atomic tritium source:

- No molecular excitations
- Less electron scattering
- Lower operational temperature 
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• Preliminary spectrum from the first measurement campaign - proof of principle!
• Conversion electron lines identified by comparison with a spectrum measured with an SDD detector!
• Measurements of a high statistics and high resolution spectrum on going!

Conversion electron
lines

» First electrons emitted by an external source measured with an MMC detector! 

MMC SpectrumSDD Spectrum

Proof of principle

» First measurements with the 83Rb/83mKr Source performed in June! 

• Bluefors 3He/4He dilution refrigerator 
• MMC detectors and dc-SQUIDs designed and 

fabricated at IMS
• For the first measurements 83Rb/83mKr source

installed inside the dilution refrigerator
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» Aim to study the interply between MMC-based detectors and external 
   light charged particles, and to investigate possible systemactic effects! 

- Krypton-83m   → detector characterisation and calibration
- Electron-gun    → study of rate dependent effects 
- Tritium                → measurement of tritium spectrum    

• Study of electron detector interplay by complementary studies with three
different electron sources: 
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» Equilibrium thermodynamical properties of the sensor material make the 
   performance of the MMCs more predictable - simple to model! 

• Time scale of the signal decay defines the 
maximal tolerable rate 

• Cryogenic microcalorimeters:    Topt ~ 10 - 20 mK
• Working principle [  ]: 
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» Future KATRIN-like set-up with a quantum-based differential detector has a potential to reach sub-100 meV sensitivity on the effective anti-neutrino mass!

• Quantum Sensors [  ] as a differential detectors for a 
 future KATRIN-like set-up 

65%$M7%$54+

‣ Significant increase in statistics
‣ Reduction of background
‣ Increase in the energy resolution 

I. Energy resolution orders of magnitude better 
compared to conventional detectors

          II. Near linear detector response over a broad 
         energy range
          III. Nearly 100% quantum efficiency
    IV. No surface dead layer

• KArlsruhe TRItium Neutrino (KATRIN) Experiment [  ] 

- High luminosity windowless gaseous (molecular) 
tritium source
    ‣ 1011 tritium decays each second
 

- Transport and pumping section
    ‣ tritium flow reduction by 12 orders of magnitude

- High resolution MAC-E filter
    ‣ ∆E ≈ 2 - 3 eV

- Focal point silicon detector
    ‣ ∆EFWHM ≈ 1400 eV

Sensitivity to electron 
anti-neutrino mass: mυ ≳ 200 meV

Sensitivity to electron 
anti-neutrino mass: mυ ≲ 100 meV

ultimate KATRIN limit
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I.   Ultra-high luminosity molecular tritium source, with a high resolution differential detector II.    New atomic tritium source, with an ultra-high resolution differential detector 

» Both scenarios require a state of the art high resolution differential detector, employing new quantum technologies! 

‣ Larger molecular tritium source:

-  ✕100 times more statistics
- Lower requirements on detector resolution
- Broadening due to molecular final states

‣ New atomic tritium source:

- No molecular excitations
- Less electron scattering
- Lower operational temperature 
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• Preliminary spectrum from the first measurement campaign - proof of principle!
• Conversion electron lines identified by comparison with a spectrum measured with an SDD detector!
• Measurements of a high statistics and high resolution spectrum on going!

Conversion electron
lines

» First electrons emitted by an external source measured with an MMC detector! 

MMC SpectrumSDD Spectrum

Proof of principle

» First measurements with the 83Rb/83mKr Source performed in June! 

• Bluefors 3He/4He dilution refrigerator 
• MMC detectors and dc-SQUIDs designed and 

fabricated at IMS
• For the first measurements 83Rb/83mKr source

installed inside the dilution refrigerator
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» Aim to study the interply between MMC-based detectors and external 
   light charged particles, and to investigate possible systemactic effects! 

- Krypton-83m   → detector characterisation and calibration
- Electron-gun    → study of rate dependent effects 
- Tritium                → measurement of tritium spectrum    

• Study of electron detector interplay by complementary studies with three
different electron sources: 
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» Equilibrium thermodynamical properties of the sensor material make the 
   performance of the MMCs more predictable - simple to model! 

• Time scale of the signal decay defines the 
maximal tolerable rate 

• Cryogenic microcalorimeters:    Topt ~ 10 - 20 mK
• Working principle [  ]: 
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» Future KATRIN-like set-up with a quantum-based differential detector has a potential to reach sub-100 meV sensitivity on the effective anti-neutrino mass!

• Quantum Sensors [  ] as a differential detectors for a 
 future KATRIN-like set-up 

65%$M7%$54+

‣ Significant increase in statistics
‣ Reduction of background
‣ Increase in the energy resolution 

I. Energy resolution orders of magnitude better 
compared to conventional detectors

          II. Near linear detector response over a broad 
         energy range
          III. Nearly 100% quantum efficiency
    IV. No surface dead layer

• KArlsruhe TRItium Neutrino (KATRIN) Experiment [  ] 

- High luminosity windowless gaseous (molecular) 
tritium source
    ‣ 1011 tritium decays each second
 

- Transport and pumping section
    ‣ tritium flow reduction by 12 orders of magnitude

- High resolution MAC-E filter
    ‣ ∆E ≈ 2 - 3 eV

- Focal point silicon detector
    ‣ ∆EFWHM ≈ 1400 eV

Sensitivity to electron 
anti-neutrino mass: mυ ≳ 200 meV

Sensitivity to electron 
anti-neutrino mass: mυ ≲ 100 meV

existing 
X-ray 

quantum 
sensors
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I.   Ultra-high luminosity molecular tritium source, with a high resolution differential detector II.    New atomic tritium source, with an ultra-high resolution differential detector 

» Both scenarios require a state of the art high resolution differential detector, employing new quantum technologies! 

‣ Larger molecular tritium source:

-  ✕100 times more statistics
- Lower requirements on detector resolution
- Broadening due to molecular final states

‣ New atomic tritium source:

- No molecular excitations
- Less electron scattering
- Lower operational temperature 
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• Preliminary spectrum from the first measurement campaign - proof of principle!
• Conversion electron lines identified by comparison with a spectrum measured with an SDD detector!
• Measurements of a high statistics and high resolution spectrum on going!

Conversion electron
lines

» First electrons emitted by an external source measured with an MMC detector! 

MMC SpectrumSDD Spectrum

Proof of principle

» First measurements with the 83Rb/83mKr Source performed in June! 

• Bluefors 3He/4He dilution refrigerator 
• MMC detectors and dc-SQUIDs designed and 

fabricated at IMS
• For the first measurements 83Rb/83mKr source

installed inside the dilution refrigerator
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» Aim to study the interply between MMC-based detectors and external 
   light charged particles, and to investigate possible systemactic effects! 

- Krypton-83m   → detector characterisation and calibration
- Electron-gun    → study of rate dependent effects 
- Tritium                → measurement of tritium spectrum    

• Study of electron detector interplay by complementary studies with three
different electron sources: 
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» Equilibrium thermodynamical properties of the sensor material make the 
   performance of the MMCs more predictable - simple to model! 

• Time scale of the signal decay defines the 
maximal tolerable rate 

• Cryogenic microcalorimeters:    Topt ~ 10 - 20 mK
• Working principle [  ]: 
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» Future KATRIN-like set-up with a quantum-based differential detector has a potential to reach sub-100 meV sensitivity on the effective anti-neutrino mass!

• Quantum Sensors [  ] as a differential detectors for a 
 future KATRIN-like set-up 

65%$M7%$54+

‣ Significant increase in statistics
‣ Reduction of background
‣ Increase in the energy resolution 

I. Energy resolution orders of magnitude better 
compared to conventional detectors

          II. Near linear detector response over a broad 
         energy range
          III. Nearly 100% quantum efficiency
    IV. No surface dead layer

• KArlsruhe TRItium Neutrino (KATRIN) Experiment [  ] 

- High luminosity windowless gaseous (molecular) 
tritium source
    ‣ 1011 tritium decays each second
 

- Transport and pumping section
    ‣ tritium flow reduction by 12 orders of magnitude

- High resolution MAC-E filter
    ‣ ∆E ≈ 2 - 3 eV

- Focal point silicon detector
    ‣ ∆EFWHM ≈ 1400 eV

Sensitivity to electron 
anti-neutrino mass: mυ ≳ 200 meV

Sensitivity to electron 
anti-neutrino mass: mυ ≲ 100 meV
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I.   Ultra-high luminosity molecular tritium source, with a high resolution differential detector II.    New atomic tritium source, with an ultra-high resolution differential detector 

» Both scenarios require a state of the art high resolution differential detector, employing new quantum technologies! 

‣ Larger molecular tritium source:

-  ✕100 times more statistics
- Lower requirements on detector resolution
- Broadening due to molecular final states

‣ New atomic tritium source:

- No molecular excitations
- Less electron scattering
- Lower operational temperature 
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• Preliminary spectrum from the first measurement campaign - proof of principle!
• Conversion electron lines identified by comparison with a spectrum measured with an SDD detector!
• Measurements of a high statistics and high resolution spectrum on going!

Conversion electron
lines

» First electrons emitted by an external source measured with an MMC detector! 

MMC SpectrumSDD Spectrum

Proof of principle

» First measurements with the 83Rb/83mKr Source performed in June! 

• Bluefors 3He/4He dilution refrigerator 
• MMC detectors and dc-SQUIDs designed and 

fabricated at IMS
• For the first measurements 83Rb/83mKr source

installed inside the dilution refrigerator
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» Aim to study the interply between MMC-based detectors and external 
   light charged particles, and to investigate possible systemactic effects! 

- Krypton-83m   → detector characterisation and calibration
- Electron-gun    → study of rate dependent effects 
- Tritium                → measurement of tritium spectrum    

• Study of electron detector interplay by complementary studies with three
different electron sources: 
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» Equilibrium thermodynamical properties of the sensor material make the 
   performance of the MMCs more predictable - simple to model! 

• Time scale of the signal decay defines the 
maximal tolerable rate 

• Cryogenic microcalorimeters:    Topt ~ 10 - 20 mK
• Working principle [  ]: 
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» Future KATRIN-like set-up with a quantum-based differential detector has a potential to reach sub-100 meV sensitivity on the effective anti-neutrino mass!

• Quantum Sensors [  ] as a differential detectors for a 
 future KATRIN-like set-up 

65%$M7%$54+

‣ Significant increase in statistics
‣ Reduction of background
‣ Increase in the energy resolution 

I. Energy resolution orders of magnitude better 
compared to conventional detectors

          II. Near linear detector response over a broad 
         energy range
          III. Nearly 100% quantum efficiency
    IV. No surface dead layer

• KArlsruhe TRItium Neutrino (KATRIN) Experiment [  ] 

- High luminosity windowless gaseous (molecular) 
tritium source
    ‣ 1011 tritium decays each second
 

- Transport and pumping section
    ‣ tritium flow reduction by 12 orders of magnitude

- High resolution MAC-E filter
    ‣ ∆E ≈ 2 - 3 eV

- Focal point silicon detector
    ‣ ∆EFWHM ≈ 1400 eV

Sensitivity to electron 
anti-neutrino mass: mυ ≳ 200 meV

Sensitivity to electron 
anti-neutrino mass: mυ ≲ 100 meV

Preliminary 
S. Heyns, 2023
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Figure 2
Overview of the KATRIN beamline, detailing its main components: (a) rear calibration and monitoring system, (b) windowless gaseous
tritium source, (c) differential and cryogenic pumping sections, (d) prespectrometer, (e) main-spectrometer vessel enclosed in air coils,
and ( f ) focal-plane detector system. An enlarged view of the segmented detector wafer is projected to the right. Figure adapted from
Reference 29 (CC BY 4.0).

tritium content of the source, approximately 30 µg, generates up to 1011 β-decay electrons per
second; these electrons follow the magnetic-!eld lines of the solenoid !elds in both upstream and
downstream directions. At a nominal value of 5 × 1017 molecules/cm2, the stationary-state tritium
column density is optimized to yield maximum luminosity while limiting electron scattering in the
gas to a moderate level. The tritium concentration is continuously measured by an external laser
Raman system (32).

In the transport section downstream of the source cryostat, a combination of turbomolecular
pumps and a cold trap at a temperature of 3 to 4 K reduces the "ow of tritium molecules by at
least 12 orders of magnitude, as β electrons are transported along magnetic-!eld lines toward the
spectrometers.

Upstream of the source, a calibration and monitoring system ensures that source properties
can be stabilized as well as monitored (see Section 2.3). It houses a gold-plated disc (dubbed the
rear wall), which provides a controlled electric bias potential at the upstream end of the source
tube. Electrons from a precision photoelectron source (electron gun) with adjustable beam energy
can be injected into the beamline for calibration purposes. Two systems monitor tritium activity: a
β-induced X-ray spectroscopy system (33) at the rear end of the source and a silicon-diode system
downstream, directly adjacent to the spectrometer section, for electron counting at the edge of
the electron beam (34).

Monoenergetic conversion electrons from 83mKr (35) can be delivered by a condensed kryp-
ton source at the exit of the transport section or generated directly inside the source beam tube
through cocirculation of gaseous krypton with the tritium. These calibration modes probe dif-
ferent systematic uncertainties ranging from work-function changes to local electric potentials in
the source plasma.

2.1.2. Spectrometer and detector section. Downstream of the tritium-related systems are the
prespectrometer and main spectrometer, both large-volume MAC-E !lters, as well as the focal-
plane electron detector. At 23 m length and 10 m diameter, the main-spectrometer vessel oper-
ates at a residual gas pressure of 10−11 mbar to ensure minimum energy loss inside the MAC-E

264 Lokhov et al.

challenges: 
sub-eV energy resolution 
interaction of electrons with particle absorbers 
cryogenic microcalorimeters are not ‚made‘ to work in magnetic 
background fields 
the smaller the magnetic background field, the larger the 
sensitive area of the detector 
cryogenic detector (mK) coupled to a warm (RT) spectrometer 
…
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Detector response for electrons and photons

amplitude normalization

spectroscopy of 83Rb/83mKr source emissions

N. Kovac, F. Adam et al., arXiv: 2502.05975

MMCs show same response for electrons and photons
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Detector response for electrons and photons
spectroscopy of 83Rb/83mKr source emissions

N. Kovac, F. Adam et al., arXiv: 2502.05975

No significant energy losses due to backscattering, dead layer etc.

(a) (b) (c)

Figure 6: 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, in the units of sigma of the found
peak positions. Theoretical values for the peak energies taken from [19].

no apparent difference in the detector response to energy de-
posits from external electrons versus X-ray photons. This im-
plies that in the analysis signals from photons and external elec-
trons do not need to be treated separately, and same analysis
strategy developed over the course of previous years can be di-
rectly transferred from one use case to the other.

The measured spectrum stands as currently the highest reso-
lution 83mKr spectrum measured with a differential detector, and
will be discussed in more details in the upcoming publications,
after all the systematic effects have been properly investigated.
Looking towards the future, we plan to develop quantum sensor
and atomic tritium demonstrators and eventually integrate them
in the existing KATRIN beamline, giving us a unique opportu-
nity to test and perfect this technology for future experiments.
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Silicon drift detectors vs. MMCs

N. Kovac, F. Adam et al., in preparation
MMCs outperform conventional semiconductor detectors

SDD measurement MMC measurement

spectroscopy of 83Rb/83mKr source emissions
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What about the magnetic background field?

example: silicon absorber with very preliminary results

B = 5 mT B = 10 mT B = 15 mT B = 20 mT

B = 25 mT B = 30 mT B = 35 mT B = 40 mT

<latexit sha1_base64="JIcFPXvuC28UnRBKQGRM7TjoGGA="></latexit>

Vabs = 2mm→ 2mm→ 20µm
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What about the magnetic background field?

example: silicon absorber with very preliminary results

B = 5 mT B = 10 mT B = 15 mT B = 20 mT

B = 25 mT B = 30 mT B = 35 mT B = 40 mT

<latexit sha1_base64="JIcFPXvuC28UnRBKQGRM7TjoGGA="></latexit>

Vabs = 2mm→ 2mm→ 20µm

attention: 
simulation only, needs exp. proof 
and simulation validation
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Research directions besides applications…

increasing pixel count improving energy resolution

SQUID multiplexing 
readout electronics 
large-volume batch fabrication

novel sensor concepts („going beyond MMCs + TES“) 
improving gain and stability of existing detectors 
fighting against parasitic noise sources
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Competence Center for 
High-resolution Superconducting Sensors (HSS)
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(industrial) foundries not available

projection for university 
cleanroom facilities

the actual need 
(or many large-area detectors)

~ 10 pixels

~ 100 pixels

~ 1000 pixels

joint effort by IPE (KIT), IMS (KIT) and 
KIP (Heidelberg University, ext. partner)
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Competence Center for 
High-resolution Superconducting Sensors (HSS)

strategic HGF investment 
addresses the ever-increasing need for 
large-scale / large-volume QS arrays 
three pillars of HSS: 

QS development 
QS prototype and batch fabrication 
QS application 

allows to compete with internationally 
renowned facilities,                                
e.g. MIT-LL, NASA/GSFC, NIST, … 
continuous equipment extensions and 
technology (r)evolutions to enable next 
generation QS development

UHV material deposition clusterPhotolithography

photoresist processing, direct 
laser lithography 

magnetron sputtering, e-beam evaporation, in-situ 
oxidation, ion-based substrate cleaning 

ICP-PECVD 3 x ICP-RIE

TEOS + silane based 
insulator deposition

F- and Cl-based RIE of 
metals, dielectrics, and Si

CMP technology

Wafer polishing for multi-
layer supercond. structures
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Cryogenic multiplexing

MUX
communication channel
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DEMUX
coaxial cable

indivdiual 
signals

modulation combination transmission demodulation indivdiual 
signals

signal flow

multiplexing technique / multiplexer

method by which multiple signals are combined into one ‘physical’ channel 
to share a scarce resource. 

multiplexing 
(muxing) 
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Frequency-division multiplexing (FDM)

f / MHz
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f / GHz
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pl
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=

detector 1

detector 2

GHz frequency comb

idea: detector signals are modulated on independent MHz / GHz carrier signals

example: GHz-FDM
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Microwave SQUID Multiplexing

1 HEMT amplifier + 2 coaxes              ~1000 detectors

SDR-based 
readout electronics 

flux ramp 
modulation

microwave SQUID 
multiplexer (µMUX)

Irwin et al., Appl. Phys. Lett. 85 (2004) 2107 
Mates et al., Appl. Phys. Lett. 92 (2008) 023514 

S. Kempf et al., J. Low Temp. Phys. 175 (2014) 853 
S. Kempf et al.,  AIP Advances 7 (2017) 015007



2025-05-14 Institute of Micro- and Nanoelectronic SystemsS. Kempf | Magnetic microcalorimeters: 
Cryogenic quantum sensors for demanding applications29

Cryogenic SQUID multiplexing

IPE @ KIT
high-speed 
readout electronics

cryogenic SQUID multiplexer

D. Richter, …, S. Kempf, IEEE Trans. Appl. Supercond. 33 (2023) 2500705

time traces of 16 detector pixels

'typical‘ spectrum

∆EFWHM ≈ 9 eV
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