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Ultrasensitive cryogenic calorimeters have become a favored technology with widespread application
where eV-scale energy resolutions are needed. In this article, we characterize the performance of an
x-ray magnetic microcalorimeter (MMC) using a 55Fe source. Employing an optimum filter-based
amplitude estimation and energy reconstruction, we demonstrate that a full-width half-maximum
(FWHM) resolution of ΔEFWHM ¼ ð1.25� 0.17ðstatÞþ0.05−0.07ðsystÞÞ eV can be achieved, leading to an
unprecedented energy resolving power E=ΔEFWHM ∼ 4700 among existing energy-dispersive detectors
for soft and tender x-rays. We also derive the best possible resolution and discuss limiting factors
affecting the measurement. The analysis pipeline for the MMC data developed in this paper is
furthermore an important step for the realization of the proposed superfluid helium-based experiment
DELight, which will search for direct interaction of dark matter particles with masses below
100 MeV=c2.

DOI: 10.1103/PhysRevD.109.043035

I. INTRODUCTION

Over the past decade, the field of cryogenic calorimetry
has significantly evolved, yielding detectors with eV-scale
energy thresholds and resolutions [1–5]. These detectors
have a wide range of applications across various scientific
fields due to their exceptional sensitivity to minute energy
depositions. Some of their key applications include
x-ray, gamma-ray, and mass spectroscopy [6–8], quantum
information processing [9], neutrino research [10,11],
and searches for dark matter (DM) particles. In particular,
the low energy threshold of cryogenic detectors allows
he investigation of DM parameter space which has
been inaccessible in the past, i.e., the parameter space of

light dark matter (LDM) candidates with masses notably
below the typical GeV to TeV scale of weakly interacting
massive particles (WIMPs) [12]. A breakthrough in the
energy resolution of cryogenic detectors was achieved by
the SuperCDMS Collaboration in 2018, which reached a
resolution of 11 eV employing transition edge sensors
(TES) [13]. Nowadays, the best resolution for a cryogenic
detector-based experiment is reached by the CRESST
Collaboration, with a baseline energy resolution of around
1.4 eV employing TES [14].
Among the many cryogenic detectors currently available,

magneticmicrocalorimeters (MMCs) are a particularly prom-
ising technology as they provide not only an outstanding
energy resolution, but also a large dynamic range and an
excellent linearity [1]. This work presents the analysis based
on the optimum filter (OF) of the calibration data acquired
using the MMC discussed in [15], which was optimized for
the detection of soft and tender x-rays. The presented analysis
improves the previous full-width half-maximum (FWHM)
resolution of 1.8 eV obtained using a template fitting [16]
to ΔEFWHM ¼ ð1.25� 0.17ðstatÞþ0.05−0.07ðsystÞÞ eV for x-rays
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of energy 5.9 keV. TheMMC’s remarkable performance sets
it apart as the top-performing energy-dispersive cryogenic
detector, despite the limitation coming from the thermal
fluctuations of the experimental setup.
Since MMCs are also particularly suited for the develop-

ment of large-area detectors, the future superfluid 4He-
based DELight experiment for direct search for LDM will
deploy this technology [17]. Although the expected reso-
lution will be worse than the one achieved for these x-ray
microcalorimeters because of the larger absorber area, the
analysis and processing framework developed for this x-ray
MMC lays the foundation for future data processing and
analysis in the context of DELight.
This paper is organized as follows. The MMC detector is

briefly described in Sec. II, followed by an overview of the
experimental setup and the detector operation in Sec. III.
Section IV details the analysis of the MMC data leading to
the final results. The main findings are summarized
in Sec. V.

II. MAGNETIC MICROCALORIMETER

The operation of an MMC involves the conversion of an
energy deposition δE into a variation in the magnetic flux.
The interaction primarily occurs in an absorber which is
thermally coupled to a paramagnetic temperature sensor
that is situated in a weak external magnetic field. Upon
energy deposition, the temperature of the sensor increases
by δT ¼ δE=Ctot, where Ctot is the total heat capacity of the
system. According to Curie’s law, this leads to a change in
magnetization δM ∝ ∂M=∂T · δT, which causes a variation
of the magnetic flux δΦ ∝ δM. A direct current super-
conducting quantum interference device (dc-SQUID) con-
verts this small change in magnetic flux δΦ into a voltage
change.
The data used in this work were acquired using the

second variant MMC prototype as described by Krantz
et al. [15]. This MMC integrates the Ag:Er paramagnetic
temperature sensor directly into the dc-SQUID loop to
enhance the magnetic flux coupling and minimize the
influence of SQUID noise on the achievable energy
resolution [1]. The SQUID consists of two meander-
shaped coils, which are connected in parallel. One of
these superconducting coils forms the SQUID loop,
interrupted by two Josephson tunnel junctions, while
the other coil below it generates the necessary bias
magnetic field. The absorber is made of electroplated
gold with dimensions 150 μm × 150 μm× 3 μm, result-
ing in a total heat capacity of 0.1 pJ=K at 20 mK and
providing absorption probabilities of 98% for x-rays
below 5 keV and around 50% up to 10 keV. To minimize
athermal phonon escape into the substrate, the absorber is
designed in a “tetrapod geometry,” extending over the
sensor. This increases the path available for phonons to
thermalize, while reducing the volume with a direct line of
sight to the sensor.

III. EXPERIMENTAL SETUP AND OPERATION

The setup used to characterize the MMC was directly
mounted to the mixing chamber platform of a 3He=4He
dilution refrigerator which was operated at its base temper-
ature of about 7 mK, without any active stabilization. Due
to the SQUID Joule heating, the sensor operated at
a temperature of around 18 mK, as discussed in [15].
Assuming that the thermal fluctuations of the MMC
followed the fluctuations of the refrigerator, the temper-
ature stability could be verified within ΔT=T ≃ 6.4 × 10−4,
which is the measurement uncertainty of the refrigerator
thermometer. The MMC and its readout board were
mounted on a copper case enclosed by an aluminum cover
that works as a superconducting magnetic shield at the
operational temperature. The Al cover features a small slit
which allows x-rays from a nearby calibration source to
reach the detector. As the presence of this opening hinders
the shielding potential of the cover, an additional long Al
shield is placed above it to reduce the leakage of external
magnetic fields. The slit is aligned with a 15 μm thick gold
collimator placed right above the MMC which avoids
x-rays to hit the detector substrate, which would lead to
temperature fluctuations and spurious signals. The 55Fe
x-ray source is mounted on a brass holder and placed right
above the extended Al shield, around 5 cm from the MMC.
A schematic cross section view of the setup is shown
in Fig. 1.
The iron source is contained in a stainless steel case

with a 200 μm thick beryllium window. The 55Fe isotope
undergoes electron capture into 55Mn, leaving a vacancy
typically in the K-shell that is filled by an electron from
a higher energetic shell, producing a cascade of x-rays
and/or Auger electrons. Due to its low energy, the emitted
radiation coming from deexcitation into non-K shells is
blocked by the beryllium window. The highly energetic
x-rays that reach the MMC arise from the K-shell vacancy
being filled either by an L-shell electron, known as Kα

transition, or by an M-shell electron, Kβ transition. The Kα

FIG. 1. Schematic view of the experimental setup for the
calibration of the MMC using a 55Fe source.
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spectral line exhibits fine structure splitting into two lines:
Kα1 with an energy of 5.899 keVand natural width 2.47 eV,
and Kα2 with an energy of 5.888 keV and natural width
2.92 eV [18]. The Kβ, although affected as well by the fine-
structure LS-coupling, does not present a similar splitting.
Its x-ray energy distribution peaks at 6.49 KeV with a
natural width of 2.97 eV. The energy spectrum of these
characteristic x-rays is further described in Sec. IV C.
The 55Fe source was used to calibrate the MMC

described in Sec. II. The voltage response of its coupled
dc-SQUID was read out by a custom-made multichannel
data acquisition (DAQ) system discussed in [19]. It
provided a maximum sampling rate of 125 MHz with a
16-bit voltage resolution and an independent trigger for
each channel. The acquisition was triggered using a
constant fraction discriminator, as the signals are expected
to have different amplitudes but same rise time. The high
sampling rate of the DAQ allowed for a precise trigger time,
while the acquired data, known as traces, were stored with a
downsampling factor of 32 to reduce the necessary disk
space. With a total length of 32,768 samples, a single trace
has a duration of about 8.4 ms with the triggering time
slightly after 1 ms. For this reason the baseline of each trace
is obtained from the first 4000 samples (around 1 ms). The
calibration lasted around 50 ms with a trigger rate of
ð2.94� 0.03Þ Hz; a subset of acquired traces is shown
in Fig. 2.

IV. DATA ANALYSIS

A. Event selection

A set of essential selection criteria is applied to the data
in order to discard pile up events, traces acquired during
unstable conditions and events happening directly in the

sensor or its substrate (see Fig. 2). These consist of
selections of the signal rise time, the mean value of the
entire trace, and a loose selection on the χ2 value from
fitting a simple template to the trace in the time domain.
Additionally, to ensure detector stability, further criteria are
applied to the standard deviation of the baseline and its
offset, which comes from a linear fit. The acceptance of
these selection criteria is ð57� 1Þ%. The level of the
baseline is an indicator for the temperature of the detector
right before an x-ray photon hits the sensor. To study the
effect of temperature variations, we therefore consider an
additional selection on the mean value of the baseline,
together with the aforementioned selections on its standard
deviation and offset. When applied, we refer to the
dataset as “tight selection” with an additional acceptance
of ð74� 3Þ% and characterized by a more stable detector
temperature. In case the selection is not applied, we refer to
it as “loose selection.”

B. Optimum filtering and energy reconstruction

To achieve the highest possible resolution, the energy is
reconstructed using an estimator based on the optimum
filter (OF) [20,21]. This consists of a finite-impulse
response filter which minimizes a χ2 value in the frequency
domain, ν. This value is defined as

χ2 ¼
X
ν

½SðνÞ − aAðνÞ�2
JðνÞ ; ð1Þ

where SðνÞ is the signal, AðνÞ is the finite-size signal
template, and JðνÞ is the power spectrum density (PSD), all
in the frequency domain. The amplitude obtained by
minimizing χ2 is

a ¼
P

νS
�ðνÞAðνÞ=JðνÞP
νjAðνÞj2=JðνÞ

: ð2Þ

The employed OF allows for the time shift of the signal
with respect to the template, possible by considering a time
delay t0 in the time domain signal Aðt − t0Þ, which trans-
lates into a phase in frequency domain e−2πit0νAðνÞ. The
phase-shifted template is included in Eq. (2) and the delay
t0 that maximizes a is chosen, as it is possible to show that
it also minimizes χ2 [22].
The OF algorithm requires the PSD of the noise JðνÞ and

the signal template AðνÞ, which are obtained via an iterative
process. Initially, a set of traces with similar height is
selected and averaged to obtain a simple template of the
signal. This is then matched to the traces in the time domain
through template fitting, and the resulting value of χ2TF is
employed as an additional selection. In the absence of
baseline data, the noise is computed by subtracting the
template from the traces. To eliminate artifacts arising from
the steeply rising edge, the noise PSD is calculated using

FIG. 2. Small subset of 50 traces from the 55Fe calibration run.
A total of 48 overlapping black traces are from x-rays interacting
in the absorber and they are considered good events. The
remaining two traces correspond to x-rays interacting directly
in the paramagnetic sensor (magenta) and pile up of events in the
absorber (dark blue). The first 4000 samples (gray selection) are
used to determine the trace baseline.
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the average of the latter half of each trace, which corre-
sponds to approximately 4 ms of the falling edge. The
obtained PSD is thus defined for frequency bins Δf twice
the size required for the acquired traces: the finer binning is
recovered through linear interpolation. The noise PSD is
shown in Fig. 3.
The OF fit is applied to the traces using the simple

template described above and the interpolated PSD. The
resulting OF amplitudes show two distinct populations
corresponding to the Kα and Kβ lines. On average
the former exhibits a reduced χ2 roughly 2% lower than
the latter. This difference can be attributed to the fact that
the simple template was produced using signals from Kα,
while slight variations in the signal shapes between the two
energy regions are observed. Distinct templates are thus
defined for each population by averaging the traces chosen
from the Kα and Kβ lines. The traces are then processed
using both templates and the same PSD, resulting in two
different filters OFα and OFβ. The maximum relative
difference between the amplitudes yielded by them remains
below 4 × 10−5, an effect that is neglected for the estima-
tion of systematic uncertainties. A similar difference is
obtained when comparing the templates derived from traces
selected using the loose and tight selections. No trace
showed a preference for a non-null time shift, excluding
jitter effects of the order of the time bin of 256 ns. The Kα

and Kβ templates obtained from the loose selection are used
in the following. An example of a typical raw trace with the
OF-matched signal is shown in Fig. 4.
Over the course of the calibration, the OF amplitudes

steadily decreased by 0.04%, as shown in Fig. 5. While the
exact nature of this effect remains uncertain, it is likely
attributed to a temperature drift either of the detector itself
or of the associated electronics outside the cryostat. The
amplitude decrease is well described by a first-order
polynomial, which is fitted to both the OFα and OFβ
amplitudes of the Kα line. The obtained linear relations are
used to scale the OF amplitudes and account for their time-
dependence. For the rest of this work, “cOF” amplitudes
indicates the corrected amplitudes coming from OFα when

considering Kα events, and from OFβ when considering Kβ

events. Efforts were made to incorporate temperature
information from the baseline mean by implementing a
two-dimensional correction including both baseline mean
and time, but with no improvement compared to the time-
only correction.

C. Event spectrum and energy resolution

The spectral shape of the characteristic x-rays from Kα

and Kβ lines of 55Fe was studied in detail in [18,23]. They
are described as the superposition of Voigt distributions
VðxÞ, consisting of a Lorentzian with central energy E0 and
natural width Γ which is convolved with a Gaussian
detector response of variance σ2E. This variance is correlated
to the energy resolution of the detector, defined as the
FWHM,ΔEFWHM ¼ 2

ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p
σE. Each Voigt distribution is

multiplied by an error function ΦðxÞ modeling the remain-
ing contribution of the athermal phonons escaping into the
substrate of the MMC before thermalizing, leading to a

FIG. 3. Amplitude of the template from the Kα energy region
(dark blue, left y-axis) and noise PSD (magenta, right y-axis). FIG. 4. Typical raw trace (black solid) and template scaled with

the amplitude from an optimum filter-based fit (red dashed). The
bottom panels shows the residuals, defined as the difference
between raw trace and scaled template.

FIG. 5. Distribution of the fine-splitting structure of the Kα

energy spectrum as a function of time. The red dashed line
indicates the time-dependent correction function.
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partial energy loss. The probability density function for the
spectral lines is thus defined as

fescα=βðEjσE; εescÞ ¼
Xα=β
i

kiVðEjEðiÞ
0 ;ΓðiÞ; σEÞ

×Φ
�
εescðE − EðiÞ

0 Þ�; ð3Þ

where ki is the relative intensity of the different contribu-
tions and εesc describes the impact of the escaping phonons.
The values describing the natural shape of the x-rays are
reported in Table I: they are taken from [18], where the Kα

line is corrected after private communication with the
author, as in [16].
Both the scenarios including the escaping loss

[fescα=βðEjσE; εescÞ] and excluding it [fα=βðEjσEÞ] are con-
sidered in this work and their probability density functions
are plotted in Fig. 6. The calibration function correlating
the cOF amplitude AcOF to the energy is described by a
second-order polynomial with no constant component,

E ¼ p1 · A2
cOF þ p2 · AcOF; ð4Þ

as suggested by a fit of the amplitude peak positions.
The AcOF spectrum from the 55Fe calibration is fitted

only for its Kα component. This is accomplished through
the χ2α minimization for binned data, where the subscript
refers to the spectrum component being considered. This
is done both for the model including the athermal phonon
escape a · fescα ðEjσE; εescÞ and for the model excluding it
a · fαðEjσEÞ, where a is the scaling factor. The minimi-
zation returns the best estimators of the free parameters a,
σE, p1, p2 and, when included, εesc. The χ2α is minimized

using the IMINUIT software tool [24]. Due to the multi-
dimensional and stochastic nature of the problem, differ-
ent bin sizes and initial parameters are considered. This
results in a distribution of best estimators for four different
configurations, differentiated by the model used for the fit
(including or excluding the athermal phonon escape) and
by the thermal fluctuation selection (tight or loose). The
energy spectrum in the energy range of the Kβ line is
reconstructed for each set of estimated parameters under
the assumption of nonvarying energy resolution and
athermal phonon escape contribution, when included.
The χ2β value estimated in the Kβ region is used as an
additional quality information about the performance of
the individual fitting results.

FIG. 6. Probability distribution function of Kα and Kβ lines
assuming an energy resolution of 2 eV. Both the model including
and excluding the impact of athermal phonons escaping the
sensor are shown.

d.o.f.

FIG. 7. Distribution of the χ2α for the loose (left panel) and tight
(right panel) selections on the temperature fluctuations. Both
models [including the athermal phonon escape (magenta) and
excluding it (dark blue)] are shown.

TABLE I. Central energies, natural widths and relative inten-
sities used to describe the shape of the energy spectrum from the
electron capture of 55Fe. The values come from [18], but with few
changes for Kα following private communications with the
authors, as in [16].

Energy [eV] Relative intensity Natural width [eV]

Kα2 5886.495 0.100 4.216
5887.743 0.372 2.361

Kα1 5894.829 0.068 4.499
5896.532 0.096 2.663
5897.867 0.264 2.043
5898.853 0.790 1.715
5899.417 0.007 0.969
5902.712 0.0106 1.5528

Kβ 6477.73 0.077 13.22
6486.31 0.109 9.40
6488.83 0.176 2.81
6490.06 0.397 1.81
6490.89 0.608 1.83
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The value of χ2α indicates the goodness-of-fit of the
considered model in the fit region, i.e., Kα. The distribution
for the four different configurations is shown in Fig. 7,
where a quality criterion on the goodness-of-fit in the Kβ

region is applied by requiring χ2β < 1.2. The introduction of
the factor modeling the escape of athermal phonons does
not improve the quality of the fit, while a tighter selection
on the temperature fluctuations clearly does. Consequently,
the performance of the detector is evaluated considering the
dataset with the tight selection criterion applied and without
including an escaping factor in the model. This mitigates
the temperature fluctuations that ultimately increase the
measured energy resolution σE.
The best-performing fit results are selected by requiring

χ2α < 1.5 and χ2β < 1.2. This selection returns a distribution
of energy resolutions which is shown in Fig. 8 as a function
of χ2α. The value returning the minimum χ2α is considered
the energy resolution with the statistical uncertainty
coming from the fit. The systematic uncertainty is esti-
mated by considering the highest and lowest value of the
FWHM in the selected population. The final value is
ΔEFWHM ¼ ð1.25� 0.17ðststÞþ0.05−0.07ðsystÞÞ eV. This result
corresponds to an energy resolving power of E=ΔEFWHM ≃
4700� 700. The large statistical uncertainty arises from
the small value of the energy resolution compared to
the natural width of the Kα1 line of ΔEα1 ¼ 2.47 eV [18].
The fitted Kα and Kβ spectra are shown in Fig. 9 together
with the their natural shapes, obtained by requiring
ΔEFWHM ¼ 0. When ignoring the impact of tempera-
ture fluctuations and including the escaping athermal
phonon component, the energy resolution increases to
ΔEFWHM ¼ ð1.35� 0.15ðstatÞþ0.03−0.09ðsystÞÞ eV. This is the
most conservative scenario for the energy resolution, which
should be considered to have this as upper value, although
this scenario is disfavored by the fit results when comparing

the models with and without athermal escaping contribu-
tion. The energy resolution is compared to the baseline
resolution of the OF, given by

ΔEOF
FWHM ¼ 2

ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p �X
ν

jAðνÞj2
JðνÞ

�−0.5
; ð5Þ

where the factor jAðνÞj2=JðνÞ is known as noise-equivalent
power [21]. This value corresponds to the expected
resolution for a detector in thermal equilibrium and it
represents the best resolution attainable with the OF given
the noise condition of the detector. The baseline resolution
obtained using the information shown in Fig. 3 corresponds
to approximately 1.1 eV, confirming the good performance
of this analysis. The resulting resolution can be compared
to the measured thermal stability of ΔT=T ≃ 6.4 × 10−4,
dominated by the precision of the refrigerator thermometer.
At first order, the energy resolving power linearly depends
on the thermal stability, meaning that the expected resolv-
ing power is E=ΔEFWHM ∼ T=ΔT ≃ 1600. As the observed
resolving power is approximately a factor of 3 larger, this
indicates that the sensor has a better temperature stability
than what assessed for the refrigerator, indicating the
need for an improved temperature monitoring for future
measurements.

V. CONCLUSION

MMCs stand out as one of the most promising
technologies within the fast-growing field of cryogenic
detectors, owing to their excellent energy resolution, large
dynamic range and good linearity [1]. This work presented
the analysis of 55Fe calibration data acquired with the

d.o.f.

FIG. 8. Energy resolutionΔEFWHM as from χ2 minimization and
its statistical uncertainty as a function of the corresponding χ2α (black
circles). The systematic uncertainty is indicated by the blue shaded
area. The best fit value with the lowest χ2α is reported as the MMC
energy resolution and it is indicated by the blue horizontal line.

FIG. 9. Measured spectrum of the (a) Kα and (b) Kβ lines from
the 55Fe calibration source. The dashed red line is the result from
the fitting procedure with the lowest χ2α, while the filled area is the
natural line shape assuming an ideal detector resolution. The
residuals are shown in the bottom panels in units of standard
deviation σ, were the 1σ, 2σ, and 3σ bands are shown as shaded
areas.
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MMC detector discussed in [15], directly integrating the
paramagnetic sensor into the dc-SQUID loop and
improving the calorimeter design. The amplitudes of the
acquired pulses are extracted using an optimum filter-based
algorithm and they are used to reconstruct the energy of
the event. After applying quality selections and a time-
dependent correction, the obtained energy spectrum is
fitted to the natural shape of the Kα spectral line convolved
with a Gaussian energy resolution. The calibration param-
eters obtained from the fit are used to reconstruct the Kβ

energy region of the spectrum and its goodness-of-fit is
used to validate the results. A systematic study of this fit
procedure returns a best-fit resolution of ΔEFWHM ¼
ð1.25� 0.17ðstatÞþ0.05−0.07ðsystÞÞ eV. To our knowledge, this
results in the best energy resolving power achieved
with an energy-dispersive detector in this energy range,
at E=ΔEFWHM ≃ 4700. The analysis improves the resolu-
tion by 30% upon the previous template fitting-based
analysis [16]. Notably, the analysis also shows that the
introduction of a factor to account for the escape of
athermal phonons does not improve the final result.
However, the energy resolution deteriorates with a looser
selection on the baseline mean, which serves as a proxy for
the temperature of the detector. This suggests that the

energy resolution of the MMC is limited by the temperature
fluctuations; the calorimeter could potentially reach sub-eV
resolution with the implementation of a proper temperature
stabilization. In addition to presenting the world-leading
energy resolution achieved by the x-ray MMC, this paper
serves as the foundational work for the analysis and
processing framework of the MMC-based DELight dark
matter experiment.
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