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Superconducting microcalorimeters
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Temperature sensors
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Metallic magnetic calorimeters (MMCs)

massive particles / photons / ...

particle absorber
(any material)

“ ( paramagnetic

temperature sensor
in external magnetic field

superconducting meander- \*
shaped pickup coil

superconducting quantum
interference device (SQUID)
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Example: ﬂ(l'l'

Metallic magnetic calorimeter for radionuclide metrology = v

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

2 inch wafer

single detector
(before deposition of second absorber half)
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SQUID-based detector readout Q(IT

dc-SQUIDs = magnetic flux to voltage / current converters
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® compatibility with mK operation temperatures
® low power dissipation: P .. ~10pW...1TnW

® near quantum-limited noise performance: € ~1 h possible

iss
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In-house development of multi-stage dc-SQUIDs
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key features: ® large system bandwidth: 1...10 MHz

® impedance matched
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SQUID-based amplifier chain with ultrafast FLL feedback electronics

® |inear relation between input and output signal due to flux-locked loop (FLL)
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In-house development of multi-stage dc-SQUIDs A\‘(IT

example:
2 channel, two-stage dc-SQUID

SQUID bias / readout ch #1 § input ch #1

87575 28 26 26 26 26 20 26 36 26 200 I8 36 20 36 26 30 2

SQUID bias / readout ch #2 # input ch #2
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The present world-best X-ray photon detectorg A\‘(IT
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Fabrication process for particle absorbers... Q(IT

...with varying thickness and/or embedded source
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M. Mdller, R. Zuhlke, S. Kempf, J. Appl. Phys. 136 (2024) 204504
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Fabrication process for particle absorbers... ﬂ(".

...with varying thickness and/or embedded source

side view

Lower resist layer

Lower resist layer eed layer

Substrate + pick-up coil + sensor

(a) (b) (©)

-k Rl varying absorber thickness
half :
i\_/i for multi-energy arrays
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M. Mdller, R. Zuhlke, S. Kempf, J. Appl. Phys. 136 (2024) 204504
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Applications we are working on...

neutrino mass measurements

MMC detectors ™%
—
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Applications we are working on... ﬂ(".

dark matter searches
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Current dark matter landscape

Phase space for Light |
Dark Matter (LDM)
mostly unexplored
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Current dark matter landscape
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DELight - Direct Search Experiment for Light Dark DE ug Nt
Matter with superfluid Helium o\

- 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

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

measures all excitations: He atoms

phonons
AEpwim ~ eV excimers
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MMC-based athermal phonon detectors A\‘(IT

idea: measure athermal phonon population created by interacting particle

superconducting material electrons | o

\no
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arXiv: 2109.10988

Thermal
distribution

@) \/__,< -

Cooper pairs

Initial
distribution

Distribution Function

Target
"_Fleadout Device

dielectric crystal ™

(Si, Ge, ) Phonon Energy

| => Unknown particle = Phonon
. A Anharmonic scattering @ Isotopic impurity

advantages: absorber heat capacity (to first order) irrelevant

o
® possibility for large absorber volumes
o
o

challenges: athermal phonon loss due to thermalization (phonon downconversion)

quasiparticle losses due to recombination into Cooper pairs
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Ongoing R&D: LAMCAL optimization

AT
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usage of custom Monte Carlo simulation for optimzation of phonon collector geometry and distribution
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phonon collector distribution will set requirements for LAMCAL geometry
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Sensitivity projection of DELight

2025-01-22

AT

Karlsruhe Institute of Technology

10—34
<h
LE) 1036
C
e}
= 10738
U
Q
n
n 10—40 i
") \ 0 kg-d
8 \\ 10°eV, 10_ _g_- 1 phase I

~———__——__
22 DE|ight
C
£ | PElg
£ 10744 o
O
n
—46 o o
107102 10-1 100 101

Dark matter mass (GeV)

S. Kempf | Superconducting microcalorimeters for particle and astroparticle
physics experiments

Institute of Micro- and Nanoelectronic Systems

1S




Search for hypothetical milli-charged particles Q(IT

thickness of Si substrates can be precisely > assumption: adjust thickness of Si substrate such that milli-charged
| particles deposit ~10keV energy within absorber

set by deep Si reactive ion etching (DRIE)
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Research directions besides actual applications... S(IT
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Improving energy resolution
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® SQUID multiplexing ® novel sensor concepts (,going beyond MMCs + TES")
® readout electronics ® improving gain and stability of existing detectors
® |arge-volume batch fabrication ® fighting against parasitic noise sources
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Competence Center for

High-resolution Superconducting Sensors (HSS) J(IT

joint effort by IPE (KIT), IMS (KIT) and
/N KIP (Heidelberg University, ext. partner)
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~ 100 pixels
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# the actual need
(or many large-area detectors)

projection for university
cleanroom facilities
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Present status of HSS technology portfolio

large-volume batch fabrication of superconducting sensors (SQUIDs, MMCs, MPTs, TESs, SNSPDs, Qubits, ...)
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“Novel“ microcalorimeter concept: A-SQUID
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S. Kempf | Superconducting microcalorimeters for particle and astroparticle
physics experiments

O I I I

0.00 0.25 050 0.75 1.00

Institute of Micro- and Nanoelectronic Systems

AT

Karlsruhe Institute of Technology

1S




AT

“Novel“ microcalorimeter concept: A-SQUID
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Temperature dependence of mutual inductance Min ﬂ(IT

prototype device with Al-based A-coil
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C. Schuster and S. Kempf, Appl. Phys. Lett. 123 (2023) 252603
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Sensitivity study / performance estimate Q(IT
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prototype device with Al-based A-coil
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