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Metallic magnetic calorimeters (MMCs)

massive particles / photons / …

superconducting quantum 
interference device (SQUID)
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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)
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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
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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

sensor SQUID

SQUID amplifier

example: 
2 channel, two-stage dc-SQUID
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The present world-best X-ray photon detector

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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Fabrication process for particle absorbers…

M. Müller, R. Zühlke, S. Kempf, J. Appl. Phys. 136 (2024) 204504

shown here. For the fabrication on any other detector, the layer
thicknesses of both absorber halves can be adjusted as desired
by changing the total electroplating time. The thickness of the
absorber layers is only limited by the thicknesses of the respec-
tive photoresist layers.

VII. CONCLUSION

We have successfully developed a microfabrication process for
realizing microstructured particle absorbers for cryogenic detectors.
The absorbers are composed of two separately electroplated Au
layers with thicknesses up to 12 μm each. For this, we optimized
the necessary photoresist processing and electroplating parameters
for the deposition of highly pure Au having residual resistivity
ratios above 40. In this way, position-dependencies of the detector
signals can be effectively suppressed. Furthermore, the absorbers
are free-standing and the microfabrication process is compatible
with the embedding of radioactive sources in a 4π geometry by
drop deposition or ion implantation, for applications in, e.g., radio-
nuclide metrology that require almost unity detection efficiency.
Excellent thickness homogeneity of the deposited Au layers ensures
a uniform detection efficiency over the entire absorber area. The
presented advances in particle absorber fabrication enable new pos-
sibilities in a variety of microcalorimeter applications like decay
energy spectrometry, where integrated sources need be measured
with excellent energy resolution.
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FIG. 5. (a) Colorized SEM image of a
free-standing 4π absorber composed
of separately electroplated first and
second absorber halves, having thick-
nesses of about 11.1 and 12.6 μm,
respectively. The roughness of the first
absorber half is due to the etching step
applied during its fabrication. This dem-
onstration of the fabrication process
took place on a dummy wafer without
actual MMC on it. (b) Colorized SEM
image of two MMC pixels that were
fabricated for measuring the decay
energy spectrum of 55Fe in the frame
of the PrimA-LTD project. The free-
standing absorbers are fabricated up to
the first absorber half. Up to this fabri-
cation stage, no 55Fe is ion-implanted
into the absorbers.
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II. OVERVIEW OF THE ABSORBER FABRICATION AND
SOURCE EMBEDDING PROCESS

The fabrication of fully microfabricated particle absorbers
with 4π detection geometry is split into three main steps: (1) elec-
troplating of the first absorber half that is virtually free-standing
and mechanically supported by only a few small-diameter stems,
(2) source deposition on top or source integration into the first

absorber half, and (3) electroplating of the second absorber half on
top. In the following, we give an overview on the fabrication proce-
dure and outline challenges we have faced during process develop-
ment. Various details on photoresist processing, Au electroplating,
substrate treatment, etc., are then given in the sections below.

Figure 2 depicts the sequence of fabrication steps that we have
developed to realize fully microfabricated particle absorbers with

FIG. 2. Schematic illustration of the individual fabrication steps for particle absorbers consisting of two independently electroplated Au layers with an integrated radioactive
source in between. (a) Structuring a photoresist layer with holes for the absorber stems onto the detector wafer. (b) Thermal reflow of the photoresist for rounded edges.
(c) Deposition of a thin Au seed layer onto the entire wafer. (d) Structuring of the upper photoresist layer that defines the absorber size. (e) Electroplating of the first
absorber half. (f ) Releasing the absorber by removing supporting photoresists and the seed layer. (g) Structuring of a photoresist that defines the size of the integrated
source. (h) Integration of the source, e.g., by drop deposition and ion implantation. (i) Capping the integrated source with thin Au layer and removal of the photoresist. ( j)
Structuring of a photoresist layer that defines the size of the second absorber half. (k) Electroplating of the second absorber half. (l) Removal of the photoresist.
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…with varying thickness and/or embedded source 



2025-01-22 Institute of Micro- and Nanoelectronic SystemsS. Kempf | Superconducting microcalorimeters for particle and astroparticle 
physics experiments9

Fabrication process for particle absorbers…

M. Müller, R. Zühlke, S. Kempf, J. Appl. Phys. 136 (2024) 204504

shown here. For the fabrication on any other detector, the layer
thicknesses of both absorber halves can be adjusted as desired
by changing the total electroplating time. The thickness of the
absorber layers is only limited by the thicknesses of the respec-
tive photoresist layers.

VII. CONCLUSION

We have successfully developed a microfabrication process for
realizing microstructured particle absorbers for cryogenic detectors.
The absorbers are composed of two separately electroplated Au
layers with thicknesses up to 12 μm each. For this, we optimized
the necessary photoresist processing and electroplating parameters
for the deposition of highly pure Au having residual resistivity
ratios above 40. In this way, position-dependencies of the detector
signals can be effectively suppressed. Furthermore, the absorbers
are free-standing and the microfabrication process is compatible
with the embedding of radioactive sources in a 4π geometry by
drop deposition or ion implantation, for applications in, e.g., radio-
nuclide metrology that require almost unity detection efficiency.
Excellent thickness homogeneity of the deposited Au layers ensures
a uniform detection efficiency over the entire absorber area. The
presented advances in particle absorber fabrication enable new pos-
sibilities in a variety of microcalorimeter applications like decay
energy spectrometry, where integrated sources need be measured
with excellent energy resolution.

ACKNOWLEDGMENTS

The project 20FUN04 PrimA-LTD has received funding from
the EMPIR program co-financed by the Participating States and
from the European Union’s Horizon 2020 research and innovation
program. In addition, M.M. acknowledges the support by the
Karlsruhe School of Elementary Particle and Astroparticle Physics:
Science and Technology (KSETA).

AUTHOR DECLARATIONS

Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

Michael Müller: Conceptualization (equal); Formal analysis
(equal); Investigation (equal); Visualization (lead); Writing – origi-
nal draft (equal). Ria-Helen Zühlke: Formal analysis (supporting);
Investigation (equal). Sebastian Kempf: Conceptualization (equal);
Formal analysis (equal); Funding acquisition (lead); Investigation
(supporting); Project administration (lead); Supervision (lead);
Visualization (supporting); Writing – original draft (equal).

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

FIG. 5. (a) Colorized SEM image of a
free-standing 4π absorber composed
of separately electroplated first and
second absorber halves, having thick-
nesses of about 11.1 and 12.6 μm,
respectively. The roughness of the first
absorber half is due to the etching step
applied during its fabrication. This dem-
onstration of the fabrication process
took place on a dummy wafer without
actual MMC on it. (b) Colorized SEM
image of two MMC pixels that were
fabricated for measuring the decay
energy spectrum of 55Fe in the frame
of the PrimA-LTD project. The free-
standing absorbers are fabricated up to
the first absorber half. Up to this fabri-
cation stage, no 55Fe is ion-implanted
into the absorbers.

Journal of
Applied Physics ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 136, 204504 (2024); doi: 10.1063/5.0238524 136, 204504-8

© Author(s) 2024

 27 N
ovem

ber 2024 14:34:40

II. OVERVIEW OF THE ABSORBER FABRICATION AND
SOURCE EMBEDDING PROCESS

The fabrication of fully microfabricated particle absorbers
with 4π detection geometry is split into three main steps: (1) elec-
troplating of the first absorber half that is virtually free-standing
and mechanically supported by only a few small-diameter stems,
(2) source deposition on top or source integration into the first

absorber half, and (3) electroplating of the second absorber half on
top. In the following, we give an overview on the fabrication proce-
dure and outline challenges we have faced during process develop-
ment. Various details on photoresist processing, Au electroplating,
substrate treatment, etc., are then given in the sections below.

Figure 2 depicts the sequence of fabrication steps that we have
developed to realize fully microfabricated particle absorbers with

FIG. 2. Schematic illustration of the individual fabrication steps for particle absorbers consisting of two independently electroplated Au layers with an integrated radioactive
source in between. (a) Structuring a photoresist layer with holes for the absorber stems onto the detector wafer. (b) Thermal reflow of the photoresist for rounded edges.
(c) Deposition of a thin Au seed layer onto the entire wafer. (d) Structuring of the upper photoresist layer that defines the absorber size. (e) Electroplating of the first
absorber half. (f ) Releasing the absorber by removing supporting photoresists and the seed layer. (g) Structuring of a photoresist that defines the size of the integrated
source. (h) Integration of the source, e.g., by drop deposition and ion implantation. (i) Capping the integrated source with thin Au layer and removal of the photoresist. ( j)
Structuring of a photoresist layer that defines the size of the second absorber half. (k) Electroplating of the second absorber half. (l) Removal of the photoresist.

Journal of
Applied Physics ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 136, 204504 (2024); doi: 10.1063/5.0238524 136, 204504-3

© Author(s) 2024

 27 N
ovem

ber 2024 14:34:40

…with varying thickness and/or embedded source 
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Applications we are working on…

nuclear safeguards + forensicsradionuclide metrology

neutrino mass measurements dark matter searches cosmic microwave background

XES at brilliant light sources
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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
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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
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Current dark matter landscape
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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!
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Matter with superfluid Helium
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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

sapphire wafer 
(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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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-
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calculated with Phonopy54 with the force constant ma-
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the conventional standard cell, a k-point grid of 4⇥4⇥4,
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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.
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idea: measure athermal phonon population created by interacting particle

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

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

MMC

electronssuperconducting material



2025-01-22 Institute of Micro- and Nanoelectronic SystemsS. Kempf | Superconducting microcalorimeters for particle and astroparticle 
physics experiments15

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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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).
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Search for hypothetical milli-charged particles
thickness of Si substrates can be precisely 
set by deep Si reactive ion etching (DRIE) 

assumption: adjust thickness of Si substrate such that milli-charged 
particles deposit ~10 keV energy within absorber

120 A. Haas et al. / Physics Letters B 746 (2015) 117–120

Fig. 3. A schematic showing the experimental setup proposed in this work.

ficiency. It is possible that the slewing of small signals and/or 
time-of-flight differences for photons within the scintillators could 
degrade the timing resolution to ∼ 10 ns, but even in this scenario 
the total background contribution would only increase by a factor 
of ∼ 4 when triple-incidence is required. The experimental setup 
with three layers is illustrated in Fig. 3.

In Fig. 1 we show the estimated 95% C.L. exclusion and 3σ sen-
sitivity of our proposal, assuming a detector composed of three 
1 m × 1 m × 1.4 m layers positioned 45◦ away from the beam-
axis. Each layer would be composed of 200 scintillator bars, and 
the mCP signal is one or more PE at each of the three layers within 
a small ≈ 5 ns window of each other. This setup could be real-
ized if the detector is placed in either of the counting rooms at 
ATLAS or CMS. We estimate the signal detection efficiency by es-
timating the probability that a mCP signal leaves one or more PE, 
which we take to be Poisson distributed.1 The average number of 
PE deposited by a mCP is given by λ = ((Q /e)/(2 × 10−3))2 [5], 
assuming that the mCPs energy loss is described by the Bethe–
Bloch equation [26].2 Though the Lorentz force on a mCP due to 
the magnetic field at either ATLAS or CMS is suppressed by Q , 
we estimate that it would produce an O(0.1–100) cm deviation in 
their trajectory over 20 m for Q = (0.001–0.1)e and a momentum 
of 10–100 GeV; we have neglected this effect in the calculation of 
the signal acceptance.

In this Letter we proposed a model-independent search for 
mCPs, which will extend sensitivity in the mass range 0.1 !
MmCP ! 100 GeV by up to two orders of magnitude in electric 
charge over previous experiments. We estimated the potential sen-
sitivity of this experiment to the particular realization of mCPs 
in “dark QED”. The experimental setup requires a new small-scale 
scintillator detector nearby one of the high-luminosity interaction 
points at the LHC, i.e. ATLAS or CMS. Such a detector seems feasi-
ble to build for a reasonable cost with existing technology, and its 

1 The true number of PE created must be fairly large, at least ∼ 10, but the num-
ber we expect to observe with the tube is NPE ∗ εeff , where εeff is the efficiency for 
detecting a true PE, which is about 10% [5,27]. Thus, the main effect on the NPE ∗εeff
distribution is from the fluctuations in how many of the true PE get detected, which 
is Poisson-distributed.

2 We checked that for charges near Q ≈ 2 ×10−3 — when the number of interac-
tions reaches O(1) — requiring one single hard scatter by the signal that gives 1 PE 
gives a sensitivity that’s comparable to that given by the Bethe–Bloch equation.

placement would not interfere with existing scientific operations 
at the LHC.
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Research directions besides actual 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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KIP (Heidelberg University, ext. partner)
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Present status of HSS technology portfolio
large-volume batch fabrication of superconducting sensors (SQUIDs, MMCs, MPTs, TESs, SNSPDs, Qubits, …)

Photolithography Deposition systems Etching systems

Deposition  
chamber A

Deposition  
chamber B

Load 
lock

Preparation 
chamber

in operation

installation Q1/2025

Maskless Aligner MLA 150

Resist Coating / Processing

UHV Sputter Cluster

ICP-PECVD Cobra 100

ICP-RIE Cobra 100

ICP-RIE Cobra 100

ordered

Layer planarization

CMP POLI-400L 
Post CMP Cleaner
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“Novel“ microcalorimeter concept: 𝛌-SQUID
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“Novel“ microcalorimeter concept: 𝛌-SQUID
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Temperature dependence of mutual inductance Min

Aluminum 
Tc = 1.21 K

Niobium 
Tc = 8.9 K

Iin

Ib, VSQIfb

prototype device with Al-based 𝜆-coil

no hysteresis!

C. Schuster and S. Kempf, Appl. Phys. Lett. 123 (2023) 252603
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Sensitivity study / performance estimate60 4. Prototype �-SQUID-like devices

Fig. 4.12: Achievable energy resolution
�EFWHM versus total specific heat Ctot of
a �-SQUID-based microcalorimeter. The
achievable energy resolution (solid line) is
displayed as well as the effective energy res-
olutions if we consider only the thermo-
dynamic noise SE,TD (dashed) or only the
SQUID-like noise SE,SQ of the �-SQUID
(dotted), respectively. Curves for three val-
ues of T

�
c = 100mK (red), T

�
c = 50mK

(green), and T
�
c = 20mK (blue) at a con-

stant input current of Iin = 3mA are shown.
Stars, circles and squares mark the full en-
ergy resolution when using absorbers made
from Au, Bi and Sn, respectively, at the re-
spective temperatures.

applied for our experiments. We used rise and decay times of ⌧0 = 1µs and ⌧1 = 1ms

respectively, based on typical values for MMCs [Fle05]. Finally, we have assumed that
the specific heat of the �-coil always exactly equals that of the particle absorber, i.e.
Csens = Cabs. As we will show explicitly in section 5.1, this choice optimises the energy
resolution of �-SQUIDs. Based on these values, we can compute both, the thermo-
dynamic and dc-SQUID-like energy noise contributions SE,TD and SE,SQ for any given
value of the specific heat Cabs of the particle absorber and any critical temperature T

�
c

of the �-coil. We can then calculate the resulting energy resolution �EFWHM by solving
the integral 2.7 numerically.

In figure 4.12, we have plotted the achievable energy resolution �EFWHM versus the
total specific heat Ctot = Cabs +Csens for three values of the critical temperature of the
�-coil. The operating temperature is assumed to be T0 = 0.9T

�
c . The achievable energy

resolution is depicted by solid lines, while the limits imposed by the individual noise
contributions are plotted as dashed (SE,TD) or dotted (SE,SQ) lines respectively. The
different scaling of both contributions with total specific heat is clearly apparent (see
equations 4.4 and 4.5). At low values of the total specific heat Ctot, thermodynamic noise
fundamentally limits the energy resolution. As the specific heat increases, the SQUID-
like noise contributions becomes more significant and begins to dominate. The crossing
point where both noise contributions have an equal effect on the energy resolution shifts
to larger values of the total specific heat as the critical temperature T

�
c (and thus the

operating temperature) of the device is reduced. As expected, a reduction in T
�
c also

leads to an improvement of noise overall.

As a specific example, we consider the three materials most commonly used for the parti-
cle absorbers in microcalorimeters, namely gold, tin and bismuth [Hor08, Bro08, Kra23].
An absorber area of 250 µm⇥250 µm is assumed. Absorber thicknesses d of 5 µm, 8.6 µm
and 50 µm for gold, bismuth and tin respectively yield similar absorption efficiencies for

4.3. �-SQUIDs with aluminium �-coils 59

Fig. 4.11: Derived dependence
of the gain coefficient @VSQ/@T

on the input current Iin and
the reduced operating tempera-
ture t̃0 = T0/T

�
c , both of which we

can adjust after device fabrication
and even in-situ. @Min/@ t̃ was de-
termined from experimental data
on the device with internal la-
bel LSQ_B04_C02_01C, and a
Josephson junction critical cur-
rent Ic = 5 µA, shunted junction
resistance of R = 5⌦ and sen-
sor material critical temperature
of T �

c = 50mK were used.

that we have several ways to influence the gain coefficient, even after the device has
been fabricated or even in-situ during device operation.

The most practical way is by tuning the input current Iin, which we can freely set using
an external current source and which is limited solely by the ampacity of the input coil.
Based on recent measurements on niobium deposited at IMS, we can expect an input
coil ampacity exceeding 40mA for the input coil geometry used in the devices considered
here. Another way to adjust the gain coefficient is by altering the operating temperature
T0. As the mutual inductance curve gets steeper as we approach T

�
c , reducing the

operating temperature will reduce the gain coefficient @VSQ/@T . This may be especially
useful to increase the dynamic range of the detector, which is fundamentally limited by
the tolerable temperature increase before superconductivity in the �-coil breaks down.
In figure 4.11, the gain coefficient @VSQ/@T is depicted versus the input current Iin and
the reduced operating temperature t̃0 = T0/T

�
c . The values were computed based on the

mutual inductance curves of the device with the internal label LSQ_B04_C02_01C,
from which @Min/@ t̃ was extracted by computing the derivative of the fit of equation 3.13
as shown in figure 4.6. To comply with the assumption of an optimised dc-SQUID, we
have assumed a Josephson junction critical current of Ic = 5 µA and a shunted junction
resistance of R = 5⌦. For this example, a sensor material critical temperature of
T

�
c = 50mK was used.

To predict the achievable energy resolution �EFWHM we may expect from a fully func-
tional �-SQUID, we have used the gain coefficient values as presented in figure 4.11.
An input current of Iin = 3mA was assumed, which is considerably lower than the
input coil ampacity but exceeds the maximum output current of the SQUID electronics

prototype device with Al-based 𝜆-coil

C. Schuster and S. Kempf, Appl. Phys. Lett. 123 (2023) 252603
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