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Cryogenic microcalorimeters Q(IT

particle

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

b

single detector event

thermometer

absorber

weak thermal link

temperature

thermal bath

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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Temperature sensors

magnetic microcalorimeters

\ metallic magnetic calorimeter (MMC) |, magnetlc penetratlon depth thermometer (I\/IPT)

| A-SQUID (new)
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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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magnetization of a paramagnetic
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Example: ﬂ(l'l'

Metallic magnetic calorimeter for radionuclide metrology &

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

2 inch wafer

single detector
(before deposition of second absorber half)

i
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detectors are application-specific customized
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SQUID-based detector readout Q(IT

dc-SQUIDs = magnetic flux to voltage / current converters
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example:
current-sensor dc-SQUID (KIT)

® compatibility with mK operation temperatures
® low power dissipation: P .. ~10pW...1nW

® near quantum-limited noise performance: € ~1 h possible
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In-house development of multi-stage dc-SQUIDs

2025-05-14

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 ﬂ(".

example: 1 E5
2 channel, two-stage dc-SQUID . .
O
SQUID bias / readout ch #1 ¢ ¥ input ch #1
2 .I /
lllllllllllllllllllllllllll!llllllllllll B
Al
Sensor SQ'U'I IT
| |
AN
f 1 N |
SQUID bias / readout ch #2 ¥ input ch #2

SQUID ampllfler .I
lllllllllllllllllllllll!l!lllllll!llllll [
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In-house development of multi-stage dc-SQUIDs Q(IT

example:
2 channel, two-stage dc-SQUID

—— two-stage noise spectrum
—-—~ fit for white and 1/f noise 1
SQUID bias / readout ch #1 # ¥ input ch #1
AV4 S]_/f = 23[J(D0/\/E
VS = 0.35udo/vHz
SQUID bias / readout ch #2 § - a= 067 | = ¥ input ch #2

10° 10! 102 103 104 10°
frequency f/ Hz

LAY
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Applications we are working on... ﬂ(".

neutrino mass measurements

MMC detectors ™%
—

He — vacuum —
interface

| superfluid helium _—"]

below 20 mK

Transport and Segmented
Tritium source pumping Main spectrometer detector

Level sensor

Rear wall and
[l electron gun

Differentially fed Termination Load

MMC detectors
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and many, many more...

200
Energy [keV]
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MMC with integrated SQUID readout

for soft and tender X-ray spectroscopy

P — —
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Challenging detector fabrication Q(IT

thermal isolation of shunt resistors required membrane fabrication

side view
thermalization pad
temperature  Josephson  wiring towards  shunt resistor

sensor junction shunt resistor cooling fin

insulation

vacuum

shunt resistor

meander-shaped Josephson junction

field generating coll SQUID loop i t
emperature

sensor

works fine, but technologically very demanding!

M. Krantz, ...., S. Kempf, Appl. Phys. Lett. 124 (2024) 032601
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Current dark matter landscape
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Current dark matter landscape KT

Karlsruhe Institute of Technology
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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

::.-#?

: He Atom
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DELight - Direct Search Experiment for Light Dark DE ug Nt
o

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) i He Atom

Recoil Event ~AeV
R, "1 eV

5\
pho'(on
: 738, *C/}h@/-
N )
' s/ %
o /S
NP AN
/o~

measures all excitations: He atoms
phonons
excimers 10 mK
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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
©® ®
o)

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 / areas
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
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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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Expected LAMCAL performance

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

measures all excitations: He atoms

phonons
ABpwim ~ 1eV excimers
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Sensitivity projection of DELight
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A next-generation neutrino mass measurements Q(IT

Karlsruhe Institute of Technology
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Measurement of tritium 8- decay to determine the electron anti-neutrino mass

electron Only the endpoint region of the spectrum is measured
anti-neutrino = High statistics and high resolution required

replace by atomic

electron trittum source (ATS)

Rate (arb.)
o N B O ©

‘He

Transport and pumpin PSS - Vi
Windowless gaseous P PUmpIng \

tritium source (10" Bq) electrons with energies ™\

up to 18.6 keV
to be measured

=~ e ——

~~~~~ - A APl

b

AAAAA

Segmented detector

B

Il I:"]'“"""I' = MAC-E filter replace by differential detector
EEm—————— I . .
_l_vlr T l_l_ (microcalorimeter, TOF, ...)
Pump out Tritium Pump out : J. Angrik et al. KATRIN Design Report, Report No. FZKA-7090, 2005

tritium injection tritium

M. Aker et al., J. Instrum. 16 T08015, 2021
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Sensitivity on m, 90% CL (eV)
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Sensitivity studies

qu = 18520eV stat. bg (diff) = 0 mcps/eV

Fitrange Eo —30ev CD = 3.78:102'm~2 Preliminary
t = 3 years 'statistics only' S Heyns’ 2023
m,=0eV
0,2 = o o - ultimate KATRIN limit4
® molecular tritium
4 atomic tritium
X
b4
+ x x x x
0.06 -
Ir 10
................ -[-............................
0.04 4 existing +
X-ray +
0.031  quantum
Sensors +
0.02 ~— ! 1 |
2.00 1.00 0.50 0.30 0.10 0.05 0.01
AE, (eV)
471 236 118 0.71 024 0.12 0.02
Detector Resolution AEpwum (V)
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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 / md;
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spectroscopy of 83Rb/83mKr source emissions

AT

Karlsruhe Institute of Technology

4001 —— ¢(Ly) - 30.45 keV —— ¢(Ly) - 30.45 keV 1.0
—— ¢(Ks) - 17.82keV 10%% —— ¢(Ky)-17.82keV
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—— e(My) - 9.11 keV = — (k) -1411kev || ! 3
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o (o)
2001 B 107Y g 05
= = e(Ly) - 30.45 keV
Q. Q.
£ = — ¢(Ky) - 17.82 keV
100- < < — 5(K;) - 14.11 keV
~(K.,) - 12.65 keV
10-2 —— e(My) - 9.11 keV
0 ! 0.0 — ¢(Ly) - 7.48 keV
—0.5 0.0 0.5 1.0 15 0.0 05 0.000 0.001 0.002
Time / ms 5 Time / ms
amplitude normalization
-—«-’% MMCs show same response for electrons and photons
N. Kovac, F. Adam et al., arXiv: 2502.05975
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Detector response for electrons and photons
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spectroscopy of 83Rb/83mKr source emissions
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m@ No significant energy losses due to backscattering, dead layer etc.
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Silicon drift detectors vs. MMCs A“(IT

Karlsruhe Institute of Technology

spectroscopy of 83Rb/83mKr source emissions

MMC measurement

SDD Spectrum
| MMC Spectrum
103 .
: - 5000 - 10° 4
3 3
‘Hmh 107 4 B - 4000 2 2 ]
4 2 3107 -
c 1 - 3000 5 ¥ 5
o (@] =
) @) 8 ]
10" | - 2000 101 -
. - 1000 ]
10° - . 10° 4
T T T T T T — <7 T T 0 . T T T T T
5 10 15 20 25 30 35 9.0 9.2 94 12.0 12.4 12.8 132 5 10 15 20 25 30 35
Energy / keV Energy / keV Energy / keV
wﬁ MMCs outperform conventional semiconductor detectors
N. Kovac, F. Adam et al., in preparation
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What about the magnetic background field? Q(IT

example: silicon absorber with Vop,s = 2mm X 2mm x 20 ym very preliminary results
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Karlsruhe Institute of Technology

What about the magnetic background field? Q(IT

example: silicon absorber with V,1,s = 2mm X 2mm x 20 pum very preliminary results

, 1 @0 T=30.0mK T
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E f
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| attention:
| simulation only, needs exp. proof
and simulation validation

20 40 60

magnetic field Bext (MT)
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Research directions besides

| SQUID multiplexing
® readout electronics
® |arge-volume batch fabrication

2025-05-14

S. Kempf | Magnetic microcalorimeters:
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Counts / 15 eV

applications...

Improving energy resolution
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® novel sensor concepts (,going beyond MMCs + TES")
® improving gain and stability of existing detectors
® fighting against parasitic noise sources

1S




Competence Center for J(IT
High-resolution Superconducting Sensors (HSS)

joint effort by IPE (KIT), IMS (KIT) and _
/\ KIP (Heidelberg University, ext. partner) ~ 100 pixels

# the actual need
(or many large-area detectors)

f
106 P
4 ~10 plxels

projection for university

2 104 - cleanroom facilities
Q_ B e e
© ~ 1000 pixels
£
102
=
100 =

2000 2010 year 2020
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Competence Center for
High-resolution Superconducting Sensors (HSS) Q(IT

Photolithography UHV material deposition cluster

>

@ strategic HGF investment

@ addresses the ever-increasing need for
large-scale / large-volume QS arrays

® three pillars of HSS:

® QS development photoresist processing, direct | magnetron sputtering, e-beam evaporation, in-situ
N i oxidation, ion-based substrate cleanin
® QS prototype and batch fabrication  JH laser lithography .
PELeESE |ICP-PECVD 3 x ICP-RIE CMP technology

@ QS application

® allows to compete with internationally
renowned facilities, .
e.g. MIT-LL, NASA/GSFC, NIST, ... g

® continuous equipment extensions and .

technology (r)evolutions to enable next P /
generation QS development ; A= O — = :
TEOS + silane based F- and Cl-based RIE of Wafer polishing for multi-
insulator deposition metals, dielectrics, and Si layer supercond. structures
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Cryogenic multiplexing

— =S = e

| multiplexing method by which multiple signals are combined into one ‘physical’ channel 7
(muxing) § to share a scarce resource.

coaxial cable

output signals

signal flow

| indivdival § | | N | N N # | indivdival |
| signals § ' ‘ ’ | signals f

multiplexing technique / multiplexer
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Frequency-division multiplexing (FDM)
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idea: detector signals are modulated on independent MHz / GHz carrier signals

i’ 8A detector 1 example: GHz-FDM
| S
|3
5 oA
> O
fl MHz =)
o
aa"‘ detector 2 % ‘ ‘
E >
= fl GHz
Q.
= GHz frequency comb

2025-05-14

>
f/ MHz
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Microwave SQUID Multiplexing

SDR-based
readout electronics

flux ramp ®
modulation Jod

2025-05-14
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a a
IN & S ouT
; R S
f, £, f fy f
EM
fy f f3
.T. C .T. .T. .T. coupling
© E — capacitor
/ / transmission line / :
2 3 resonator N microwave SQUID
multiplexer (UMUX)
common
modulation coil
WU W " WU ®
non-hysteretic
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1 HEMT amplifier + 2 coaxes = ~1000 detectors
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