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Cryogenic microcalorimeters
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Magnetic microcalorimeters (MMCs)
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Key features of magnetic microcalorimeters
fast signal rise time 

τrise < 100 ns
excellent energy resolution 
ΔEFWHM = 1.6 eV @ 6 keV

linear detector response 
NL = 1.2% @ 6 keV

outstanding interplay between ultra-sensitive paramagnetic thermometer 
and near-quantum limited superconducting electronics device

S. Kempf et al., J. Low Temp. Phys. 193 (2018) 365
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Micro- and nanofabrication

64 pixel X-ray detectordc SQUID

X-ray polarimeter

4096 pixel Molecule Camera

SQUID series arrayrf SQUID

cleanroom @ IMS (KIT)

standard UV-photolithography, EBL beneficial 
up to 18 (30) lithographic layers 
main process requirements: 
reliability, reproducibility, scalability
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The goal: Large-scale cryogenic detector arrays
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Figure 2: Sketch of QUBIC (see text for explanation)

where 'HWP(t) is the angle of the HWP at time t , S I/Q/U the sky signal at frequency ⌫ convolved with the syn-
thesized beam (see Figure 3). With a scanning strategy offering a wide range of polarization angles on the sky and
thanks to the HWP rotation, one can recover1 the synthesized images of each of the three Stokes parameters I, Q
and U. In contrast with traditional interferometry, the observables of QUBIC are not the visibilities (Fourier Transform
of the observed sky for modes corresponding to the baselines), but the synthesized image, which is nothing else
but the observed sky filtered to the modes corresponding to the baselines allowed by our instrument. This particular
feature is a crucial one in QUBIC as each of these modes can be calibrated separately using the « self calibration »
procedure (see section 1.2.3 and [36]) allowing QUBIC to reach an unprecedented level of instrumental systematics
control.

One important aspect of the QUBIC design is the presence of the polarizing grid right after the half-wave plate,
ie very close to the sky. It may appear undesirable from the sensitivity point of view to reject half of the photons at
the entrance of the instrument. However, this a very nice feature from the point of view of polarization systematics
because this is associated with bolometers that are not polarization sensitive: the rejection of the undesidered
polarization with the polarizing grid is very efficient and whatever the cross-polarization of the rest of the instrument,
the detectors will measure the polarized sky signal modulated by the HWP. This means that we expect a very low
level of instrumental cross-polarization for QUBIC.

1.2.2 The QUBIC synthesized beam and map-making

In QUBIC, each primary horns pair defines a baseline (a Fourier mode on the sky) that is transmitted through the
instrument and forms an interference fringe on the focal planes. In the standard « sky observing » mode, the fringes
formed by all the baselines are coherently combined on the focal and form a synthesized image of the sky, which
is the sky image convolved by the QUBIC synthesized beam than can be calculated from the combination of all
baselines.

The QUBIC horn array and synthesized beams are shown in Figure 3. As can be seen on this Figure (left
1It is worth noting that given the approximate cost of 5 kø for a traditional correlator, a 400 elements traditional interferometer would require

˜80000 of them (one per baseline) and would therefore cost the amazing price of ˜400 Mø. Using an optical combiner as in QUBIC therefore
appears as a very cheap way (by a factor ˜100) of performing interferometry with a large number of channels, leading to a better sensitivity thanks
to the use of bolometers.
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search for neutrino-
less double beta decay 
(AMoRE)

B-mode polarization of CMB

light dark matter searches 
using superfluid helium

MPx to GPx X-ray cameras 
e.g. for synchrotrons, FELs, …

neutrino mass investigation 
with sub-eV sensitivity

some examples:

DeLight 
(IAP, IMS, ETP, KIP,…)
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Size of detector arrays
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20102000 20302020

1.000.000 pixels1 pixel 100 pixels 100.000 pixels

HSS / DDL

4 / 6 inch substrate 
50 wafers per month

HSS (short term)university cleanroom“handmade“

single pixel  
fabrication

 2 / 3 inch  substrate 
1 – 2 wafers per month

4 inch substrate  
10 wafers per month

ultra-large-scale  
experimentssingle pixels medium-sized 

detector arrays
large-scale  
experiments

large-scale infrastructure to foster forefront research activities 

High-resolution 
superconducting sensors
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Towards sub-eV energy resolution at eV…10’s of keV

electroplated absorber (Au)

gradiometric 
SQUID loop

inductively coupled field 
generating coil

temperature sensor

thermal link 
to heat bath

feedback coil

Josephson junctions

shunt resistors

M. Krantz, PhD thesis, 2020 + in preparation
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Towards sub-eV energy resolution at eV…10’s of keV

electroplated absorber (Au)

gradiometric 
SQUID loop

inductively coupled field 
generating coil

temperature sensor

thermal link 
to heat bath

feedback coil

Josephson junctions

shunt resistors

6.3. Calculations of the HDMSQ1 detector properties 109

1000 volume elements in the in-plane direction. With these considerations, the total
sensor volume of 50 ◊ 50 ◊ 1.2 µm3 was essentially divided into 12 million volume
elements. The edge e�ect that was not considered in the simulation stems from
the assumption, that the edge of the sensor is a steep wall, whereas in reality it is
slanted, or rounded, due to the use of a Lift-o� process for sensor fabrication, as it
is discussed in the appendix A.1.6. Such an edge e�ect becomes more prominent the
smaller the sensor becomes and might be considered in future design simulations,
where for instance the SQUID loop inductance LS stays fixed, but meander pitch p
and stripe width w are greatly reduced in order to increase the signal coupling. Re-
ducing p and w for a fixed LS consequently means a reduction of the available sensor
area. In order to account for the slanted sensor edge in this case, one would have to
surrender the periodic boundary conditions and create a magnetic field simulation
for the entire detector geometry, not just for a small segment of two meander stripes.

Figure 6.9 a) shows the calculated energy resolution �EFWHM of the HDMSQ1 de-
tector as a function of temperature T for a selection of injected persistent currents
I0. Figure 6.9 b) shows the same calculation for the predicted signal height ”�/”E
per energy input. All the factors that were used for the numerical simulations are
summarized in the appendix table A.1.
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Figure 6.9: Calculated properties of the HDSMQ1 detector as a function of temperature
T for a selection of injected persistent currents I0 running in the field generating coil. a)
Expected energy resolution �EFWHM, and b) expected signal height ”�/”E per energy
input.

sub-eV 
resolution

M. Krantz, PhD thesis, 2020 + in preparation
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Towards sub-eV energy resolution at eV…10’s of keV

ΔEFWHM = 1.3 eV ΔEFWHM = 1.8 eV
baseline resolution resolution @ 5.9 keV

baseline resolution lowest ever 
reached with MMCs

signal analysis not yet in good 
condition + T-stability

operation of HDMSQ in two-stage SQUID setup with home-made amplifier SQUID arrays 
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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 

SK et al., J. Low Temp. Phys. 175 (2014) 853 
SK et al.,  AIP Advances 7 (2017) 015007
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ECHoMUX - µMUX for the ECHo experiment

input coil

feedline

modulation 
coil

coupling 
capacitor

load inductor

ground  
connection

non-hysteretic 
rf-SQUID

D. Richter, PhD thesis, 2021 + in preparation

IPE @ KIT
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ECHoMUX - some results

∆EFWHM ≈ 19 eV

time traces of 16 detector pixels single raw data trace 'typical‘ spectrum sum spectrum

64 pixel detector array connect to µMUX (latest generation); full online demodulation 

first truely multiplexing demonstration of magnetic microcalorimeters 
some issues still to be resolved (ongoing)

D. Richter, PhD thesis, 2021 + in preparation

∆EFWHM ≈ 9 eV
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X-ray spectroscopy

gratings crystal spectrometers

J. Uhlig et al., J. Synchrotron Rad. 22 (2015) 766-775

X-ray spectroscopy is a versatile tool that can be used for a variety of applications, e.g. HERFD, RIXS, XES, … 

quantifies the influence of the overlap of one line on the
precision for measuring the other line. As expected, c! 0 for
well separated lines since d! 0 for Ex ! Ey " !EFWHM.

Fig. 3 shows the signal-to-noise ratio Sx/Nx according to (2)
as a function of energy resolution for sample concentrations of
10%, 1% and 0.1%. The total number of counts is 107,
corresponding to an acquisition time ! = 15 s at a rate of
#600.000 counts s!1. For each sample concentration the S/N
ratio is plotted for the case of negligible spectral background
(B = 0), and for constant P/B ratios of 100 and 10. Even in
dilute samples the spectrometer resolution !EFWHM matters
mostly when it is worse than about half the line separation
Ey ! Ex, in which case the S/N ratio degrades roughly
proportional to !EFWHM or !E2

FWHM depending on the rela-
tive magnitude of the lines and the degree of line overlap
(Ryder, 1977; Drury & Friedrich, 2005). If the energy reso-
lution is sufficient to fully separate the two lines, the signal-
to-noise ratio is independent of !EFWHM and approaches
1/(Nx)1/2 according to Poisson’s statistics, provided the back-
ground B is negligible. Otherwise, the S/N ratio degrades
proportional to (!EFWHM)1/2, since the influence of the
background is increased when the signal counts are spread out
over a wider energy window. Note that fluorescence yields are
rather low for soft X-ray energies below 1 keV, varying
between "x ’ 0.1% and #1% and thus easing the require-
ments on the total count rates of the spectrometer.

The sensitivity of different spectrometer technologies for
light-element XRF analysis depends on their energy resolu-
tion, maximum count rate, detection efficiency and P/B ratio.
Table 1 summarizes the performance at 0.5 keV for ‘typical’
and for ‘state-of-the-art’ instruments. The ‘typical’ Ge
detector describes the average performance of a large
commercial 30-element Ge spectrometer (Canberra,
www.canberra.com). The current ‘best’ Ge detector, an attri-

bute chosen solely based on achieved resolution at 0.5 keV, is
a single-channel Ge detector optimized for low-energy
performance (Gresham Scientific Instruments, www.gsinst.
com; Lepy et al., 2000). Its P/B ratio is limited by a #15 nm
dead layer at the contact electrode. The ‘typical’ cryogenic
detector describes the performance of a nine-pixel super-
conducting tunnel junction (STJ) spectrometer during routine
operation at the synchrotron (Friedrich et al., 2001). The ‘best’
STJ combines achieved energy resolution (le Grand et al.,
1998) and P/B ratios (Bechstein et al., 2004) with the efficiency
and count-rate capabilities of a current 36-pixel upgrade.
There is no unavoidable dead layer in STJ detectors. While the
small detector size limits its solid-angle coverage, it allows
placing most of the STJ array at an angle of 90$ to the incident
beam, thereby limiting elastic scatter and maintaining a high
P/B ratio. Grating spectrometers are typically optimized for
spectroscopy and routinely achieve sub-eV resolution below
1 keV (Nordgren & Guo, 2000), at the expense of low effi-
ciency. However, the efficiency can be improved by using a
point-to-parallel X-ray optic before the diffraction grating
with large cone angles (www.parallax-x-ray.com), a technique
than can also be applied to cryogenic spectrometers (Wollman
et al., 2000). The P/B ratio is typically set by scattered X-rays
(cf. Fig. 2).

Fig. 4 shows the signal-to-noise ratio for the analysis of the
light elements Li through F (3 % Z % 9) at a concentration of
1% for different spectrometer types calculated according to
(2). The only spectral interference is assumed to arise from a
constant background and from oxygen fluorescence at 525 eV,
except for the case of measurements on dilute oxygen itself,
where it is assumed to be due to nitrogen. The signal rate is
given by (1) using the spectrometer characteristics from
Table 1 and literature values of the fluorescence yield (Krause,
1979), constrained by the maximum detector count rate. Note
that the S/N ratio for analysis of the very light elements will be
decreased due to X-ray absorption in the IR-blocking
windows in front of the detector, which is not accounted for in
the simulations. In general, the S/N ratio improves slightly for
the heavier elements because of the higher fluorescence yield
"x and thus higher signal rates, with somewhat lower S/N ratios
for N and F whose emission lines are near the interfering
oxygen K fluorescence at 525 eV. The 36-pixel detector
upgrade significantly enhances the sensitivity of cryogenic STJ
spectrometers because of the higher detection efficiency and

detectors

J. Synchrotron Rad. (2006). 13, 159–171 Stephan Friedrich & Cryogenic X-ray detectors 161

Figure 3
Signal-to-noise ratio as a function of spectrometer resolution for different
sample concentrations and P/B ratios according to equation (2).

Table 1
Comparison of spectrometer performance at 0.5 keV.

All values are approximate.

Detector
Resolution
!EFWHM (eV)

Count rate
(counts s!1)

Efficiency
""/4#

P/B
ratio

Ge (typical) 130 3 ' 105 0.1 50:1
Ge (best) 60 3 ' 104 0.03 200:1
STJ (typical) 20 105 10!4 200:1
STJ (best) 10 106 10!3 1000:1
Grating (typical) 0.5 105 10!6 200:1
Grating (best) 0.2 106 10!5 1000:1
Grating with optic 0.2 106 3 ' 10!4 200:1
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Comparison of spectrometer performance at 0.5 keV.

All values are approximate.
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count-rate / efficiency vs. resolution

semiconductor vs. 
grating spectrometer
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Tender X-rays

gratings crystal spectrometers

sustainability: 
▪ nutrient (P, S, K, Ca, Mg, Fe) cycling 
▪ transport and bioavailability 
▪ biofuel/biomass productivity

climate: 
▪ terrestrial and marine C cycling 
▪ carbonate mineralization 
▪ geologic record of climate change

environmental/earth science: 
▪ biogeochemical and redox processes 
▪ contaminant behavior and remediation

energy materials: 
▪ photovoltaic 
▪ fuel cell 
▪ battery and superconducting (nano) materials

catalysis: 
▪ materials (zeolites, thin films, nanomaterials) 
▪ reaction mechanisms and intermediate species 
▪ poisoning

applications of tender X-rays 
(as taken from NSLS-II website)

tender X-rays

J. Uhlig et al., J. Synchrotron Rad. 22 (2015) 766-775
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Water window

gratings crystal spectrometers
biomolecules (proteins, viruses, bacteria) 
are most studied in aqueous solution

water window

S
C

N O

typical protein 
Carbon 52.5 % 
Oxygen 22.5 % 

Nitrogen 16.5 % 
Sulfur   1.5 %

problem: radiation hardness

water 
window

J. Uhlig et al., J. Synchrotron Rad. 22 (2015) 766-775

resolution of conv. detectors sufficient, but quantum efficiency too low
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Long-term goal - MMCs for photon sources

MPx to GPx X-ray, 10-100cm2 cameras 
for synchrotrons and FELs

053108-5 Doriese et al. Rev. Sci. Instrum. 88, 053108 (2017)

increased dynamic range, Emax, but at the expense of poorer
than intended intrinsic energy resolution of 3.3 eV (average
in 8 bars devices at 6 keV) and 1.1 eV (average in 3 bars
devices at 500 eV). More recent fabrication tests have indi-
cated a return to the expected values of heat-capacity per
unit area (as in the ar13 devices); thus, we expect that future
versions of 8 bars devices will return to their excellent per-
formance of 2.5 eV average, intrinsic resolution at 6 keV,
and future 3 bars devices will achieve sub-1.0 eV average,
intrinsic resolution below 1 keV. The ar14-8b Bi absorbers
are of thickness 4.1 µm, which has QE = 86%47 at 6 keV.
The ar14-3b Bi absorbers have a thickness of 2.8 µm and
QE > 99% for all E < 2 keV. The ar14 chips have been pro-
duced in three types (see Figs. 2(b)–2(d)): (Fig. 2(b)) 240
devices all of size 350 µm, (Fig. 2(c)) 240 devices all of size
124 µm, and (Fig. 2(d)) a “hybrid” array of 120 devices of
each of the two sizes. A hybrid array and its aperture chip
are pictured separately in Fig. 1(e) and fully assembled in
Fig. 3(c).

C. Aperture arrays

For several reasons, an array of X-ray TESs works best
when X-rays strike the chip only on the designated X-ray
absorbers. Because the thermal conductance of the bulk Si
of the detector chip is not infinite, X-rays absorbed in the
Si substrate between sensors are known to create tempera-
ture fluctuations seen by nearby sensors and thereby degrade
energy resolution. An X-ray absorbed in the SiNx membrane
on which each TES is suspended is known to create a different
problem: only some of the X-ray energy thermalizes in the
detector, while some is shunted directly to the thermal bath
(the Si bulk) without first heating the detector, an effect that in
turn leads to low-energy tailing in the resultant X-ray spectra.
X-rays absorbed in the Mo wiring can drive the wiring from
superconducting to normal, thus creating a glitch in the detec-
tor data stream that can lead to false triggers. To prevent all
of these undesirable effects, we incorporate a micromachined
aperture array that has, just above each TES, a rectangu-
lar opening that is slightly smaller than that of TES’s X-ray
absorber.

The aperture arrays are made from a base layer of
275 µm-thick Si. Small epoxy (SU-8) standoffs of height 40
µm are added to the bottom side of the aperture chip. Each
detector chip has matching top-side trench features of depth
20 µm (created by the DRIE process) to allow alignment of
its aperture chip, creating a net standoff between the aperture
and detector chips of 20 µm. The resulting lateral alignment
of the aperture chip to the detector chip is ±5 µm. Aperture
chips for the 160-pixel ar13 detector chips (see Fig. 2(a)) have
no additional metallization, are full-thickness, and are glued to
the detector chips with Stycast 2850 epoxy. Aperture arrays for
the 240-pixel ar14 detector chips (see Figs. 2(b)–2(d)) come
in two different flavors: “wide-angle,” in which all but 50 µm
of the bulk Si is removed from the aperture chips’s top side via
the DRIE process (see Fig. 1(e)), and full-thickness. In each
type of ar14 aperture chip, 200 nm of Au is deposited on the
top surface to aid in heat sinking. The ar14 aperture chip is not
glued to its detector chip, but rather is clipped in place with

FIG. 3. The 65 mK “snout” package. (a) Photograph of the snout, with hybrid
ar14-type array, that was deployed to NSLS. When installed in a spectrometer,
the snout is oriented so the detector array (top in this image) faces sideways.
The circular pedestal at the bottom of the image has a diameter of 58.4 mm
and the snout has a length of 67 mm. (b) Computer-aided design (CAD) image
of the snout, with various parts highlighted in different colors. Yellow: The
aperture chip sits atop the snout. The interior, octagonal area is thinned to
50 µm. Pixel openings are not shown in this image. The detector array sits
just beneath the aperture chip. Green: Commercial, flexible circuits with Al
wiring. A total of 512 Al traces (256 pairs) run from the detector plane to
the four side panels. The Al wires are patterned on a 200 µm pitch from
25 µ m-thick foil of Al alloy 5052-O glued to a polyimide substrate, and
superconduct below their critical temperature of 855 mK. On each of the four
sides of the array, two pieces of the flexible circuit are stacked, giving an effec-
tive pitch of 200 µm per wiring pair. Purple: “Interface chips,” which contain
the bias resistors and bandwidth-limiting inductors that make up the detector-
bias loops. There are a total of 8 of these chips on the snout, or one for each
readout column; each contains biasing circuitry for up to 32 detectors. Blue:
TDM multiplexer chips. There are eight of these chips total on the snout, or
one per readout column. The interface and multiplexer chips are fabricated at
NIST. Brown: Commercial, rigid-flexible, four-layer Cu printed-circuit board
(PCB). This PCB connects to the interface and multiplexer chips via Al wire-
bonds and carries signals to/from the higher-temperature electronics stages
via twisted-pair cables that plug into a trio of 65-lead, “Nano-D” connec-
tors that are on the inside of this PCB. The metallic structure of the snout
is machined from oxygen-free-high-conductivity Cu (Cu alloy 101) that has
been Au-plated to resist corrosion and aid in thermal conductivity between
parts. (c) Higher-resolution photograph of the detector plane of the NSLS
snout, showing the aperture chip, detector chip, Al-flexible circuits, and Al
and Au wirebonds. For scale, the brass round-head screws are of English size
#0-80 (head diameter = 2.9 mm). Reprinted with permission from S. Doyle,
“Detectors,” Synchrotron Radiat. News 27, 4 (2014). Copyright 2014 Taylor
& Francis LLC (http://www.tandfonline.com).116

BeCu spring clips and then heat sunk to the thermal bath via
Au wirebonds; this scheme is superior in that its heat-sinking
path to the thermal bath avoids the detector chip. Thus, high
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Replacement of commercial X-ray systems
semiconductor detectors

II-IV Semiconductors for Optoelectronics: CdS, CdSe, CdTe 33.3 Radiation Detectors 859
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Fig. 33.7 The principle of operation of a semiconductor
detector

count and energy information. Typically, detectors are
manufactured in a square or rectangular configuration
to maintain a uniform bias-current distribution through-
out the active region. The wavelength of the peak
response depends on the material’s band-gap energy.

There are several important parameters to describe
a detector performance. Detection efficiency is defined
as the percentage of radiation incident on a detector
system that is actually detected. Detector efficiency de-
pends on the detector size and shape (larger areas and
volumes are more sensitive), radiation type, material
density (atomic number), and the depth of the detec-
tion medium. Energy resolution is one of the most
important characteristics of semiconductor detectors. It
is usually defined as the full-width at half-maximum
(FWHM) of a single-energy peak at a specific energy.
High resolution enables the system to more clearly re-
solve the peaks within a spectrum. So the reliability
of the detector is also high. Detector sensitivity im-
plies minimal detectable counts. It is defined as the
number of counts that can be distinguished from the
background. The relative detector response factor ex-
presses the sensitivity of a detector relative to a standard
substance. If the relative detector response factor is
expressed on an equal-mass (-weight) basis, the deter-
mined sensitivity values can be substituted for the peak
area.

Table 33.2 The features of some semiconductor detectors

NaI Si Ge CdTe Cd0:9Zn0:2Te
Bandgap (eV) at 300K – 1.14 0.67 1.54 1.58
Density (g=cm3) 3.67 2.33 5.35 6.2 5.78
Energy per e–h pair (eV) – 3.61 2.96 4.43 4.64
Detection/absorption High Low Medium High High
Operation at room temp. Yes Yes No Yes Yes
Spectrometic performance Medium High Very high High High

33.3.2 CdTe and CdZnTe Radiation Detectors

Semiconductor radiation detectors are fabricated from
a variety of materials including: germanium (Ge), sil-
icon (Si), mercuric iodide (HgI2), CdTe, CdZnTe etc.
Typical detectors for a given application depend on
several factors. Table 33.2 shows the features of some
semiconductor detectors. From Table 33.2, Ge detec-
tors have the best resolution, but require liquid-nitrogen
cooling, which makes them impractical for portable
applications. Si detectors also need cooling, and are in-
efficient in detecting photons with energies greater than
a few tens of keV. CdTe and CdZnTe detectors possess
their own advantages.

Single crystals of CdTe and CdZnTe are very im-
portant materials for the development of x- and ! -ray
detectors. Currently Ge and Si detectors have to be used
at liquid-nitrogen temperatures, and suffer from poor
detection efficiency. Since the compound semiconduc-
tors CdTe and CdZnTe with high atomic number (ZCd D
48, ZZn D 30, ZTe D 52) have a significantly higher pho-
toelectric absorption efficiency in the !100!500 keV
range, they can be fabricated into detectors that pro-
vide two advantages for use in portable instrumentation:
(1) the large band-gap energy (Eg > 1:54 eV at room
temperature) results in extremely small leakage cur-
rent of a few nanoamps at room temperature. Therefore,
these detectors have the potential to serve as useful de-
tectors for radiation spectroscopy without the need for
cryogenic cooling as required for more conventional sil-
icon and hyper-pure germanium detectors; (2) the high
density of the crystal provides excellent stopping power
over a wide range of energies. The ability to operate at
room temperature without the need for liquid-nitrogen
cooling allows the construction of compact devices.
CdTe and CdZnTe detectors can be fabricated into a va-
riety of shapes and sizes, which makes it possible to
produce detectors capable of meeting the requirements
of a wide assortment of applications that are unsup-
ported by other detector types. Their small size and
relatively simple electronics allow them to open new
areas of detector application. In many instances, CdTe
and CdZnTe detectors can be substituted for other de-
tector types in existing applications.

moderate and energy-dependent 
energy resolution

huge market for quantum sensors as replacement for semiconductor detectors due to significantly better 
resolution (about factor 100)

charge pulse due to electron-
hole-pairs created upon particle / 
photon absorption 
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Energy-dispersive X-ray spectroscopy
X-ray fluorescence spectroscopy can be used for the identification / quantification of elements

~120 eV resolution!!!
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semiconductor detector
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K. Sakurai et al., Nucl. Instr. Meth. B 199 (2003) 391
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Energy-dispersive X-ray spectroscopy
…but it can also be used for identification of the chemical speciation

identification of chemical speciation requires X-ray detectors with sub-5 eV (better: sub-1 eV) resolution

X-ray fluorescence spectroscopy can be used for the identification / quantification of elements
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Energy-dispersive X-ray spectroscopy
…but it can also be used for identification of the chemical speciation

identification of chemical speciation requires X-ray detectors with sub-5 eV (better: sub-1 eV) resolution

X-ray fluorescence spectroscopy can be used for the identification / quantification of elements
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Current direct WIMP search landscape
light dark matter



8th Annual MT Meeting | DESY Hamburg2022-09-27 Institute of Micro- and Nanoelectronic Systems24

New avenues for light DM direct detection
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Why superfluid liquid helium?

very light 

cheap 

ultra-pure (no internal background) 

multiple signals (phonon & rotons, photons, excimers) 

NR / ER discrimination 

fiducialization possible 

easily scalable 

overall concept demonstrated
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Multiple signals in superfluid 4He



DELight: a Direct search Experiment for Light dark 
matter with superfluid helium
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DELight concept
short-term plan: 

10 L cell in shallow laboratory 
O(kg*d) exposure 
20-30 eV threshold 
about 20 full-wafer detectors 

long range plan: 
up to 200 L cell 
O(kg*d) exposure 
< 10 eV threshold 
103-104 (105) medium-sized detectors 
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DELight concept

4 SCIENCE GOALS

4 Science Goals

Figure 2: Projected spin-independent 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 (red solid line) and long-term (red dashed line). Also shown
are the neutrino discovery limit in helium calculated as described in Ref. [26] (gray area),
the parameter space excluded by CRESST-III [27], DarkSide [28], and XENON1T [29,30]
(blue area) and the projected limits by DARWIN [31] and SuperCDMS [32] (blue dashed
lines).

The current status of spin-independent DM-nucleus scattering searches spanning a wide mass
range is indicated in Fig. 2. At high DM masses at the GeV to TeV scale, DARWIN is foreseen as the
ultimate detector based on xenon which will reach the neutrino fog [31]. Towards lower masses,
existing constraints extend to approximately 200 MeV, but at a substantial loss of sensitivity on
the interaction strength. Improvements on the sensitivity to masses around 1 GeV are expected
especially from upcoming solid-state detectors such as CRESST-III and SuperCDMS [27,32]. Key
limitations for an extension towards lower masses are low signal amplitudes expected for massive
target nuclei and the dark-current level originating largely from the application of high external
fields. The DELight experiment will surpass these limitations by using one of the lightest elements
and by not relying on an electric field in the baseline design. Already with a small exposure of
O(kg·day) and a moderate threshold of about 20 eV, as planned during the first phase of DELight,
unprecedented sensitivity on the scattering cross section is possible at masses below about 1 GeV
based on zero-background projections (see Fig. 2). This is supported by HeRALD projections
calculated under background assumptions that also qualify for DELight [14]. The long range
plan of DELight targets a O(kg·year) exposure acquired with a helium volume of up to 200 L in an
underground laboratory. With this exposure and an anticipated threshold of< 10 eV an LDM mass
as low as 30 MeV becomes accessible. Exploring the sub-100 MeV mass range forms a milestone
in direct DM-nucleus scattering searches.

5
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Summary and conclusion
magnetic microcalorimeters and SQUIDs 
▪ flexible low-temperature detectors 
▪ described by standard equilibrium thermodynamics 
▪ wide range of applications 
  
future detector systems 
▪ large-scale detector arrays by using SQUID multiplexing 
▪ realization of resolving powers  > 10.000 
▪ ultra-fast detectors 

future applications  
▪ X-ray spectroscopy at modern light sources, QIT, … 
▪ muclear safeguards, medicine, … 
▪ material analysis, EDS, EDX, … 
▪ particle and astroparticle physics
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