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The goal of the ECHo experiment is a direct determination of the absolute scale of the neutrino mass by
the analysis of the end-point region of the '*Ho electron capture (EC) spectrum. The results of the first
phase of the experiment, ECHo-1k, have paved the way for the current phase, ECHo-100k, which aims at
a sensitivity below 2eV on the effective electron neutrino mass. In order to reach this goal, a new generation
of high-resolution magnetic microcalorimeters with embedded '®*Ho have been developed and characterised.

The design has been optimised to meet all the challenging requirements of the ECHo-100k experimental phase,
such as excellent energy resolution, wafer scale implantation and multi-chip operation with multiplexing read-
out. We present the optimisation studies, the final design of the detector array and the first characterisation
studies. The obtained results demonstrate that the detectors fully match and even surpass the requirements
for the current experimental phase, ECHo-100k.

1. Introduction

The ECHo experiment aims to investigate the effective mass of the
electron neutrino on a sub-electronvolt level, by applying a model-
independent method. Specifically, the strategy is based on the analysis
of the calorimetric electron capture (EC) spectrum of '93Ho [1,2].
During an EC process, an electron from an inner shell of the 193Ho
atom is captured by the nucleus and an electron neutrino is emitted.
Consequently, the excited daughter atom relaxes to the ground state,
emitting cascades of electrons and, in a small fraction of cases, also
X-rays. The minimum energy required to create a neutrino corresponds
to its mass and, therefore, the maximum energy in the measured de-
excitation EC energy spectrum is reduced by that amount. As a result,
the spectral shape at the end-point is affected by the finite neutrino
mass.

The current best limit on the effective electron antineutrino mass
is 0.8 eV 90% at C.L., obtained by the KATRIN experiment [3], while
the current best limit on the effective electron neutrino mass is 150 eV
at 90% C.L. and it was obtained by the ECHo collaboration with a
preliminary calorimetric measurement of the 1°3Ho EC spectrum [4].
Another experiment that is exploiting cryogenic microcalorimeters to

measure the 193Ho EC spectrum in order to probe the electron neutrino
mass is HOLMES [5].

During the first phase of the ECHo experiment, ECHo-1k, a dedi-
cated 72-pixel detector array of metallic magnetic calorimeters (MMCs)
[6] has been developed and characterised [7] and a high-statistics
spectrum with about 108 193Ho EC events in total has been acquired.
According to the sensitivity calculations based on the most recent
theoretical description of the 13Ho EC spectrum [2,8], with the on-
going data analysis a new limit below 20 eV on the effective electron
neutrino mass will be set. The results from the ECHo-1k phase have
paved the way for the current phase, ECHo-100k, with the goal to
collect a total statistics of about 10'? events, allowing for a sensitivity
below 2 eV.

In order to meet the new requirements for the ECHo-100k ex-
periment, focused optimisation studies have been performed and a
new detector array has been designed, fabricated and characterised,
showing excellent performance.

2. Detector requirements

The detector technology of choice for the ECHo experiment must
satisfy four main requirements, namely high energy resolution, ability
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Table 1

Overview of the experimental requirements for the ECHo-100k phase in comparison with the ECHo-1k phase.

ECHo-1k

ECHo-100k

Activity

Detector energy resolution
Number of pixels
Read-out technology

a ~ 1 Bq/pixel
AEpypy < 10eV

N =57

dc-SQUID read-out

a ~ 10Bq/pixel
AEpyym <5eV
N = 12000
pMUXing?*

aMicrowave SQUID multiplexing.

to embed a sufficient amount of 193Ho atoms, fast detector response
and suitability for multiplexed read-out. A high energy resolution is
a fundamental requisite to ensure a precise measurement of the end-
point region of the 1%3Ho spectrum, avoiding possible smearing which
would compromise the sensitivity of the experiment. The '®3Ho atoms
must be completely enclosed inside the detector to allow for a calori-
metric approach of the measurement. A fast response minimises the
unresolved pile-up fraction due to the high source activity and, finally,
a multiplexed read-out becomes essential when the number of detectors
operated in parallel is larger than ~ 100.

The detector technology chosen by the ECHo experiment is based
on low temperature metallic magnetic calorimeters (MMCs) [6]. The
working principle of MMCs is based on a paramagnetic temperature
sensor thermally coupled to a gold absorber. The temperature raise that
follows an energy deposition in the absorber is translated into a change
of magnetisation that can be read out by a superconducting pick-up
coil placed underneath the sensor. Finally, a Superconducting Quantum
Interference Device (SQUID) is used to convert the flux change in the
pick-up coil into a voltage signal.

MMCs developed for X-ray detection have shown an optimal energy
resolution — up to 1.6 eV FWHM at 6 keV —, fast response — reaching a
rise-time of the signal of about 90 ns —, good linearity and, thus, reli-
able calibration [6,9]. Furthermore, it has been already demonstrated
that MMCs can be tailored to the specific requirements of the ECHo
experiment [4,7,10-12]. A dedicated '°*Ho ion-implantation and post-
processing procedures have been developed and successfully tested [7].
The implantation procedure includes also the subsequent deposition of
a second absorber layer to enclose the 193Ho source. Additionally, a
microwave SQUID multiplexing read-out for MMCs has been recently
developed and demonstrated [13-16].

In the first phase of the ECHo experiment, ECHo-1k, about 108
EC events from 13Ho source the have been acquired using about 60
MMC detectors with an activity of about 1 Bq/pixel' and are currently
being analysed, with the goal of reaching a sensitivity on the effective
electron neutrino mass below 20 eV 90% C.L.. The current phase, ECHo-
100k, aims to improve the sensitivity by one order of magnitude, by
reaching at least 2 eV 90% C.L.. Specifically, a significant increase of
the statistics is required, with a total of 10'> EC events, while still main-
taining a reasonable acquisition time of a few years. These requirements
translate into a total 1%3Ho activity of 100kBq. The amount of 1%3Ho
activity per MMC pixel is determined by the allowed pile-up fraction?
and is about 10Bq, which translates into a total required number of
MMC pixels of 10* which need to be operated in parallel.

The main upgrades from ECHo-1k to ECHo-100k are summarised in
Table 1.

3. Detector concept
3.1. Design

The ECHo-100k array consists of a chip with a size of 13 mmx5 mm
hosting 64 MMC pixels, corresponding to 32 read-out channels. Each

1 1 Bq of activity corresponds to about 2 - 10'! implanted '®*Ho ions.

2 The ECHo experiment aims to push the external background below a
level of about 10~° counts/eV/det/day [2]. Therefore, the allowed unresolved
pile-up fraction is set to 1075,
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Fig. 1. Microscope photo (left half of the picture) and schematic design (right half of
the same picture) of a detector channel of the ECHo-100k design, consisting of two
MMC pixels. The meander-shaped pick-up coil and the sensor are present, while the
absorber layers are not deposited yet. The normal conducting element that functions
as a heater switch is highlighted.

pixel consists of a niobium superconducting meander-shaped pick-up
coil, a Ag:Er paramagnetic sensor placed on top and connected to an
on-chip gold thermal bath and two absorber layers enclosing the 1°3Ho
source, similarly to the design of the detectors used for the ECHo-1k
experimental phase [7].

The first absorber layer stands on three gold cylindric pillars with
a diameter of about 16 um so that the contact area with the sensor
is reduced, preventing athermal phonons to travel through the sensor
and release the energy in the substrate. The 1%3Ho atoms are ion-
implanted in a dedicated host material layer, with a thickness in the
order of 100 nm, that is deposited on top of the first absorber layer. After
the implantation process, a second host material layer with similar
thickness is deposited before structuring the second absorber layer on
top, thus fully enclosing the 1%3Ho source. The chosen host material
is silver, in order to minimise the heat capacity contribution. In fact,
silver implanted with holmium ions shows a smaller heat capacity in
the temperature range around 20 mK if compared to gold implanted
with holmium ions [17].

The necessary weak magnetic field that polarises the spins in the
sensor is provided by a persistent current that is injected in the super-
conducting meanders exploiting a dedicated heater switch based on a
resistive Au:Pd element [7].

The two meander-shaped pick-up coils are connected in parallel to
the input coil of the same SQUID read-out device, forming a first order
gradiometer [6]. As a result, the signal polarity of the two pixels is
opposite and common changes of temperature (e.g. small changes of
the chip temperature) cancel out. Fig. 1 shows the layout of a single
detector channel (microscope photo on the left part and design on the
right part).

Two detector channels of the array are characterised by a non-
gradiometric layout, where the sensor is present only on one side of the
double meander coil, making them sensitive to temperature changes.
These two channels are dedicated to temperature monitoring. Fig. 2
shows a photograph of the detector array chip. In the centre, the array
comprised of 64 MMC pixels, i.e. 32 detector channels, is visible. At the
two opposite sides of the array, the two non-gradiometric temperature
monitoring channels are present. The large gold areas serve as an
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Fig. 2. Photograph of the 64-pixel detector array chip developed and produced for the ECHo-100k phase. The two temperature monitoring channels are marked with the letter T.
The pads dedicated to read-out and to the injection of the persistent current in the pick-up coils, the thermal baths and the two temperature monitoring channels are highlighted.

on-chip thermalisation baths and they are connected in series using
microfabricated air bridges, as explained in the following. The pads
at the periphery of the chip are dedicated to the read-out and to the
injection of the persistent current into the pick-up coils.

The optimisation studies performed to design a suitable detector
array for the ECHo-100k phase have been focused on four main objec-
tive: (a) improving the energy resolution, (b) suppressing energy losses,
(c) improving the on-chip thermalisation, (d) upgrading to multichip
operation.

Energy resolution

The energy resolution 4Egyy of microcalorimeters scales with the
operational temperature T and with the square root of the total heat
capacity C [6]. The volume of the gold absorber, inside which the
163Ho source is embedded, and the sensor affect the detector heat
capacity. During the implantation phase, the host material needs to be
co-sputtered to avoid saturation effects [18]. In the detectors developed
for the ECHo experiment, decreasing the implantation area for the same
163Ho activity would increase the amount of co-sputtered host material,
thus increasing also the total heat capacity. Furthermore, the area of
the absorber cannot be set arbitrarily small without compromising the
alignment for the post-processing step for the fabrication of the second
absorber layer after the 193Ho implantation. Thus, the best way to
minimise the absorber volume is to reduce the absorber thickness.
Dedicated simulations have been set up with the goal of minimising the
absorber thickness, while ensuring enough stopping power. In fact, for
the purpose of the ECHo experiment it is crucial to keep high quantum
efficiency in the full spectrum energy range in order not to distort the
shape of the spectrum, especially in the end-point region.

The simulations are based on a basic Monte Carlo approach (genera-
tion and geometrical propagation), taking into account only the photon
component of the EC de-excitation energy.® Photons with energies
below 3 keV undergo photoelectric effect and Compton scattering, the
first one being the dominating energy loss mechanism. For each event,
a random value of the de-excitation energy Epc is chosen, according to
the energy distribution given by the 1®3Ho EC spectrum. A photon with
such energy is then created in a random point of the two-dimensional
implantation layer (with a size of 150 pm x 150 pm) and a random
direction in the 4r sphere is assigned to it. Finally, the probability P
that the photon escapes is calculated as P = exp(—puy,px), where pu
is the mass attenuation coefficient [20], which depends on the energy

3 The penetration depth of electrons with energies below 3 keV is in the
order of 10-100 nm and can therefore be neglected [19].

Egc, p is the density of gold and x is the distance between the origin
point and the surface of the absorber. Different values of absorber
thickness in the range between 0.75 pm and 5 pm and two different
energy ranges, namely between 1.8 keV and Qpc = 2.833 keV and
between 2.6 keV and Qg = 2.833 keV, have been taken into consid-
eration. The simulation has been run with 10° events for each different
value of absorber thickness and for each energy range. The output of
these simulations consists of a histogram of the escape probability as
a function of energy, for each absorber thickness value and for each
energy range, as shown in Fig. 3. The integral of such histogram gives
the total escape probability for a given absorber thickness 7, and the
corresponding stopping power S(7) is

Emax
St =1 —/ P(E,t)dE (@D)]
Epnin
where E_;, and E,,, = Ogc are the energy boundaries in the simula-
tion.

Fig. 4 shows the summary plots of the escape probability as a
function of the absorber thickness for the two considered energy ranges.
Since the final goal of the ECHo experiment is the analysis of the
end-point region of the 13Ho EC spectrum to investigate the effective
electron neutrino mass, it is crucial to minimise the escape probability
at energies above 2.6 keV. On the other hand, in order to test the
theoretical approach to the description of the 13Ho spectrum cur-
rently under development [4,8], it is important to reliably measure the
spectrum also at lower energies.

Overall, an absorber thickness of 2.5 um already guarantees suf-
ficient stopping power, with the escape probability for the events
corresponding to the MI line (i.e. an energy range between 2.02 keV and
2.06 keV) being 9.86 x 10~*. Assuming a total statistics of 10'3 events,
as planned for ECHo-100k, the number of events falling in the MI line
region is about 2.2 x 10'> and only 2.1 x 10° would be undetected,
not significantly affecting the line shape. On the other side, looking
at the end of the region of interest for the final analysis, i.e. the last
50 eV at the end-point, the escape probability is estimated to be about
1.65 x 1078, In absolute numbers, for a total statistics of 10!3 events,
about 8.3 x 10° are present in this range and no events are expected
to be undetected. A drawback of a very thin absorber is the potential
mechanical instability during the microfabrication processes and during
the delicate implantation post-processing. In particular, structures with
a thickness in the range of 2.0-2.5 pm have shown to be prone to col-
lapses or damages, especially during microfabrication steps involving
an ultrasonic bath. Thus, a compromise choice is needed in order to
minimise the absorber volume, and thus the absorber heat capacity,
while maintaining sufficient stopping power and sufficient mechanical
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Fig. 3. Escape probability histograms calculated with Monte Carlo simulations with 10° events assuming an absorber thickness of 3.0 pm. In (a) the energy range is between
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Fig. 4. Escape probability resulting from the Monte Carlo simulations as a function of the absorber thickness T, for the energy range 1.800 keV — Qg in (a) and for the energy

stability. The final absorber thickness value chosen for the design of the
ECHo-100k detector is 3.0 pm, which on one hand guarantees sufficient

stopping power and on the other hand does not endanger the detector

pillar, athermal phonons could potentially travel to the sensor, which is
stability, as demonstrated with dedicated stability tests [21].

in direct contact with the pillar’s base. In order to avoid this situation,
in the ECHo-100k design the layout of the implantation area of each
pixel consists of a square with an area of 150 x 150 pm?, with the
areas directly above the pillars left not implanted. In this way, the
probability of loss of energy due to the mechanism explained above
Quantum efficiency is a crucial detector property for the success is minimised [11].

of the ECHo experiment. In fact, missing events or missing energy —

especially in the end-point region of the 193Ho spectrum — would com-

Suppression of energy loss

On-chip thermalisation
promise the correct reconstruction of the neutrino mass. As discussed in
Section 3.1, the absorber stands on gold pillars to minimise the contact
area to the sensor in order to lower the probability of loss of energy
due to athermal phonons travelling through the sensor. However, if an

The pulse shape and in particular the signal decay depend on the
electron capture event occurs in the absorber volume directly above a

thermalisation mechanisms that allow the detector to reach the base
temperature after an energy deposition event. In order to improve the
detector thermalisation, the on-chip thermalisation bath features an im-
proved geometry with respect to previous designs [7]. In particular, the
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gold thermalisation bath areas of the single MMC pixels are connected
via gold air bridges that are structured during the microfabrication
process, as explained in Section 3.2. A schematic top view and side view
of the microfabricated air bridge structure are depicted in Fig. 5. This
innovative solution avoids the usage of potentially unstable and eas-
ily detachable gold wire-bonds to connect consecutive thermalisation
baths.

Multichip operation

In order to read out thousands of MMC pixels exploiting a multi-
plexed scheme, the detector design must allow for multichip operation,
i.e. daisy chained detector chips. In particular, it is necessary to inject
the persistent current in the superconducting pick-up coils of all the
detector chips in the chain at once. In the ECHo-1k design the 72 MMC
pixels (i.e. 36 read-out channels) are divided in four quarters, each
one consisting of 18 MMC pixels (i.e. 9 read-out channels) with the
superconducting coils connected in series, as depicted in the schematics
of Fig. 6(a). Thus, the procedure for the injection of the persistent cur-
rent must be performed quarter by quarter for each detector chip [7],
using the corresponding bond-pads (e.g. +F, and +H, to inject current
into the second quarter). In the ECHo-100k design the 64 MMC pixels
(i.e. 32 read-out channels) are divided in four quarters, each one
consisting of 16 MMC pixels (i.e. 8 read-out channels) and the on-chip
circuitry has been upgraded in order to allow for the injection of the
persistent current with three different approaches, namely (1) injection
quarter by quarter in one detector chip, (2) injection into all the pixels
of a detector chip at once, (3) injection into all the pixels of multiple
detector chips at once. Fig. 6(b) shows the schematics of the on-chip
circuitry of the ECHo-100k design.

The first option allows to inject different values of persistent current
in different pixels, so that the corresponding detector responses can
be efficiently acquired in parallel and compared. In this case, the
pads labelled according to the corresponding quarter number (e.g. +F,
and +H,) are used. The second option guarantees a homogeneous
preparation of the persistent current in the complete detector chip. In
this case, the bond-pads +F; and +H; are used and the wire-bonds
which close the circuit - indicated in red in the scheme of Fig. 6(b)
- need to be placed. The third option can be implemented if many
detector chips are daisy chained in series in a multiplexing set-up,
where the persistent current can be homogeneously inserted in all the
detector chips simultaneously. Several detector chips can be connected
placing aluminium wire-bonds from each chip to the consecutive one,
as shown in Fig. 6(b). The last chip of the series needs to be equipped
with the wire-bonds which close the circuit. In this case, the bond-pads
+Fp and +Hy of the first chip of the series are used.

3.2. Fabrication

In each wafer, 40 ECHo-100k chips are fabricated, organised in four
rows. At the periphery of the wafer test structures, useful to control the
quality of each single layer, are placed. The fabrication steps and the
micro-lithography techniques employed for each layer are equivalent
to the ones used for the production of the ECHo-1k detectors [7]. The
complete list of fabrication steps is reported in the Appendix, Table 2

and in Fig. 15. Particular care has to be taken for the fabrication of the
thermalisation air bridges (layer 8) and of the absorbers (layer 10-14).
More details are provided in the Appendix.

A selection of the fabricated ECHo-100k chips with only the first
absorber layer deposited (layer 10) have been characterised before
proceeding with the 13Ho implantation and the deposition of the
second absorber layer (layers 11-14).

4. Characterisation
4.1. Characterisation at room temperature

After fabrication, the complete ECHo-100k wafers underwent a
detailed optical inspection with the microscope to check the continuity
of the niobium lines as well as the integrity of the main structures. As
next step, the resistances of the niobium lines have been tested at room
temperature, manually contacting the corresponding bond-pads with
a needle-prober tool.* The read-out connections feature resistances in
the range between 915 Q and 1060 Q, depending on the length of the
niobium lines. The connections for the injection of persistent currents
feature larger resistances in the range between 2.87 kQ and 4.41 kQ,
due to the long paths through the meander-shaped pick-up coils. In
order to make the needle-prober measurement more efficient for higher
numbers of wafers, a dedicated automated script has been developed,
which allows to probe all the lines of all of the chips on the wafer in a
fully automatic fashion.

4.2. Characterisation at 4 K

The detector chips have been cooled down to about 4 K by means
of a liquid helium bath or of a pulse tube cryocooler, in order to
measure resistances, critical current, heater switches and inductance of
the pick-up coil.

Resistances. To prove the superconductivity of the read-out niobium
lines and of the lines connecting the detector meander-shaped pick-
up coils, as well as to measure the resistances of the gold-palladium
heaters, four-wire measurements were performed at a temperature of
4.2 K. From these measurements it is possible to estimate the resistance
of a single heater element, Ry(T = 42 K) = 6.3 + 0.4 Q, which
is compatible with the expectations based on the material and the
geometry of the heaters [22].

Critical current. The critical current of the niobium structures that form
the meander-shaped pick-up coils can be measured running a current
through the connections that link all the pick-up coils belonging to
one quarter of the chip and monitoring the corresponding resistance
via a four-wire measurement. The average critical current is estimated
to be I(T = 42 K) = 102.8 + 4.4 mA in a liquid helium bath. The
typical persistent current values that are used to operate the detector
are below 50 mA and therefore about a factor of two smaller than
the measured critical current. With the same approach, it is possible

4 SUSS PA200 Semiautomatic Prober System, Siiss MicoTec.
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®).

to determine the critical current through the vias,® which feature a
size of 12 pm x 12 pm. The average critical current through vias is
I (T = 4.2 K) = 38+1 mA, which is sufficient, as vias are only present
in the connection lines routed to the input coil of the SQUID, where the
maximum flowing current is in the order of tens of micro-ampere.

Heater switch. The area of the heater switch in the ECHo-100k design
(20 pm X 5 pm) is reduced with respect to the ECHo-1k design (30 pm x
5 pm) and its position is closer to the niobium circuit. The minimum
current value that activates the heater switch is therefore expected to
be different from the case of the ECHo-1k detector. This parameter can
be determined via a four-wire measurement of the heater circuit by
running different currents through it. The average minimum current
that activates the heater switch has been measured in a liquid helium
bath and the result is I, ,;, ~ 2.0 £ 0.3 mA.

Inductance of the pick-up coil. The inductance of the niobium super-
conducting meander-shaped pick-up coils is an essential parameter for
the flux coupling between detector and SQUID. Considering the circuit
formed by the meander-shaped pick-up coil, the aluminium wire-bonds
and the input coil of the SQUID, a flux noise measurement of the SQUID
performed at T ~ 4 K can be used to determine the inductance of
the pick-up coil [7]. The methodology, the experimental data and the
corresponding fit are discussed in the Appendix. The obtained value for
the pick-up coil inductance is L, = 2.1 + 0.2 nH and is consistent with
the expected value of L = 2.27 nH, obtained from simulations.®

'm,sim

4.3. Characterisation at millikelvin

The cryogenic set-up and read-out chain employed during the mea-
surements at millikelvin temperatures have been discussed in [23].

4.3.1. Magnetisation response
The measurement of the magnetisation of the paramagnetic sen-
sor follows the same procedure as discussed in [7], by changing the

5 The term “via” refers to a vertical electrical connection between different
layers. In this particular case, the vias are connecting the niobium layers
“SQUID lines (layer 1)” and “SQUID lines (layer 2)”, as reported in Table 2.

® The pick-up coil inductance has been simulated with InductEx, http:
//wwwoO.sun.ac.za/ix.

temperature of the mixing chamber of the cryostat in a range between
10 mK and 400 mK, and acquiring the SQUID voltage output of the
non-gradiometric channels.

The measured magnetisation values are converted from units of
V to the units of flux quantum &, using the experimentally deter-
mined voltage-to-flux conversion factor V' /®,, which was determined
to be 0.377V/®,.” More detailed description of the magnetisation
measurement is provided in the Appendix.

Fig. 7 shows the magnetisation curves obtained for the ECHo-100k
detector. The measurements have been performed for three different
values of the persistent current in the meander-shaped pick-up coils,
namely 20 mA, 40 mA and 50 mA.

The magnetisation of the spin system of the sensor is given by
equation [6]:

&Sus B
kgT

M = %gs‘”gzsg( ) =k Bgar™, @
which is used to fit the data, with k and a left as the free parameters.
Bg(aT™!) is the Brillouin function. From the obtained value of the fit
parameter a = gSupBkg' and the known values of g,,.5, = 34/5 [6],
S =1/216], ug = 9274x10°2#* JT™! and kg = 1.38x 103 JK!,
the magnetic field B at the position of the sensor can be extracted.
The obtained values depend on the persistent current injected in the
meander-shaped pick-up coils and on the geometry of the detector. The
values of the average field B obtained from the fit are in the order of
10 mT, for all values of the persistent current. These values are on the
same order of magnitude as the expected values of the magnetic field,
obtained from the dedicated simulations performed with the Finite
Element Method Magnetics (FEMM) software.®

4.3.2. Pulse shape analysis
The results presented here have been obtained by performing mea-
surements with the non-implanted pixels of the ECHo-100k detectors.

7 Voltage-to-flux conversion factor can differ from one SQUID to another
due to slight differences in mutual inductance, and therefore needs to be
determined for each SQUID separately.

8 D. C. Meeker, Finite Element Method Magnetics, Version 4.2 (28Feb2018
Build).
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In order to reconstruct the detector response, an external > Fe
calibration source illuminating non-implanted pixels has been used.
The corresponding events have been acquired at different temperatures,
ranging from 20 mK to 150 mK. Fig. 8 shows how the detector signals
corresponding to the 5.89 keV K, line change with temperature. The
pulse amplitude decreases with the increasing temperature due to the
increase of the detector heat capacity, while the decay time of the
pulses becomes faster due to the enhanced thermal conductance of the
thermal link connecting the pixel to the thermal bath.

Pulse amplitudes. Ensuring that the achieved detector performance is
reproducible in all fabricated ECHo detectors is of crucial importance
for the success of the experiment. Fig. 9(a) shows the comparison of the
measured amplitudes from the non-implanted pixels of two different
ECHo-100k chips. One of the chips did not undergo the implantation
procedure and 24 pixels have been measured. A second chip from the
same wafer was implanted with the 1%3Ho source and therefore only
few non-implanted pixels are present on the chip, three of which have
been characterised. The amplitudes shown in Fig. 9(a) correspond to
the interaction of 5.89 keV photons and are given in units of @;/keV.

The persistent current in the meander-shaped pick-up coils was 50 mA
in both measurements.

The recovery of the initial temperature of the detector is a com-
plex process which can be described by a multi-exponential function,
with the largest contribution coming from the thermalisation with the
heat sink, and several smaller contributions® attributed to diffusion
processes. In order to extract the amplitude of the signal, the pulse
decay is fit with a multi-exponential function, as shown in Fig. 9(b),
given by /(1) = ¥, A; exp(~t/7)).

The spread of pulse amplitudes from the individual pixels of the
same chip ranges from about 6.7% at 20 mK to about 14.8% at 100 mK
and can be attributed to the variation of the flux transformer coupling,
which depends on the wire-bond inductance as well as on the parasitic
inductance, both channel dependent. Additionally, small discrepancies
in the geometry of the micro-fabricated structures (e.g. sensor and
absorber volumes) can lead to a slight change in the detector heat
capacity, and thus in the signal height. Overall, the agreement between

9 In the case of ECHo-100k detector, a multi-exponential function with three
contributions has been shown to successfully describe the signal decay.
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Fig. 10. The experimentally measured signal amplitudes measured with 24 pixels of the ECHo-100k detector shown in terms of flux in the SQUID per unit of energy (coloured
marks), compared with the theoretical expectation based on numerical simulations [24] (black marks) for a persistent current of 35 mA (a) and 50 mA (b).

the results of the two measurements is excellent as can be seen in the
plot of Fig. 9(a), with the difference between the mean values of the
pulse amplitude of the two measurements being only 0.03% at 20 mK
and going up to 6% at 100 mK. This serves as a proof of reproducibility
of the desired performance and stability of the detector production.
The theoretical amplitudes, calculated from numerical simulations
[24], are compared with the experimental results in Fig. 10 for two
different values of the persistent current, namely 35 mA and 50 mA. The
amplitudes are larger in the first case, as expected. The high congruence
between experimental data and theoretical expectations demonstrates
that the detector response to external energy inputs is well understood.

Detector response to different energy inputs. In order to prove that the de-
tector response to different energy inputs is consistent, signals from dif-
ferent spectral lines have been selected and compared. As discussed in
the previous paragraph, each signal pulse is fit with a multi-exponential
function. The results are displayed in Fig. 11 for signals measured at

about 20 mK, corresponding to the K; line of 55Fe calibration source,
with an energy of 6.49 keV [25], the K, line of >Fe calibration source,
with an energy of 5.89 keV [25], the MI electron capture line of '*Ho
source, with an energy of 2.04 keV and, finally, the NI electron capture
line of '3Ho source, with an energy of 0.41 keV.

Fig. 11(a) shows that the pulse shape is consistent for different mea-
sured lines, as anticipated. Fig. 11(b) shows these pulses in a logarith-
mic scale together with the fit performed with a multi-exponential func-
tion. In order to demonstrate the consistency of detector response to
different energy inputs, each of the 4 signal pulses shown in Fig. 11(b)
are scaled to 1 and overlaid on top of each other, as depicted in
Fig. 11(c), showing a very good agreement between individual signals.

4.3.3. Heat capacity
The optimisation process towards the new ECHo-100k design was
based on theoretical calculations which assumed a reliable prediction
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of the single heat capacity contributions, i.e. heat capacity of ab-
sorber, sensor and implanted holmium. In order to verify the model,
the assumed theoretical heat capacity must be compared with the
experimentally measured one. The heat capacity C of the detector is
experimentally accessible from the signal amplitude in temperature
AT = E/C, where E is the known energy input.

The derivative of the magnetisation response measured as flux in
the SQUID as a function of temperature (Fig. 7) dég/dT can be used
as translation factor in order to calculate the temperature increase AT
corresponding to a certain flux signal in the SQUID Adg : AT =
AD - 1/(ddg /dT).

With this, the heat capacity of a single MMC pixel is given by:

C = D40 ®)
Adg AT

Fig. 12 shows the comparison between the calculated detector heat
capacity C,, as a sum of the heat capacity contributions from the
absorber C, and from the sensor C,, and the detector heat capacity
extracted from the experimental data. The absorber contribution C,
is linearly increasing with temperature, since it is dominated by the
electronic term, C, ~ C,, = yT, where y is the Sommerfeld coefficient
for gold. The sensor contribution C, exhibits a 1/T? dependency at
temperatures above the Schottky anomaly [26]. The error bars on the
experimental heat capacity values are due to the uncertainty on the
flux transformer coupling, estimated to be about 4%, which enters
in the estimation of the translation factor d®g/dT. The theoretical
expectations match with the experimental values, demonstrating the
reliability of the detector model used for the optimisation process.

The heat capacity values show a spread for different channels,
ranging from 7.6% at 20 mK to about 14% at 100 mK, but the overall
agreement is within the expectations.

4.3.4. Energy resolution of the ECHo-100k detector

The benchmark energy resolution for the ECHo-100k experimental
phase is 5 eV FWHM, and this has guided the optimisation process of
the ECHo-100k detector.

An 3Fe calibration source is used to determine the achieved energy
resolution in the keV energy range, by measuring the detector response
corresponding to the 3Fe K, line, which exhibits a hyperfine splitting
of 12 eV. The measured *>Fe K, doublet is fit with a convolution of
two contributions, namely the natural line-shape which is modelled as
a sum of Lorentzians [25], and the detector response which is modelled
by a Gaussian function. The full width half maximum (FWHM) of the
Gaussian function is left as a free parameter in the fit and it corresponds
to the detector energy resolution. Fig. 13 shows an example fit for

two detector pixels belonging to the same channel, while the energy
resolutions of all measured pixels'’ are summarised in Fig. 14.

The intrinsic energy resolution depends on the thermodynamic
properties of the detector, such as the detector heat capacity, and on
the operational temperature. In reality, the energy resolution is also
limited by the noise level of the single read-out channel and on the
accuracy of the applied correction for temperature drifts. Due to the
gradiometric layout of the detector channels, the read-out noise that
affects two pixels belonging to the same channel is the same. However,
the energy resolution of two pixels belonging to one channel is not
always equal, as shown in Fig. 14, most likely due to the presence
of spurious signals in the >Fe spectrum (e.g. sensor hits caused by a
damage in the absorber) or because of a slightly different heat capacity
of the two pixels due to non identical sensor and absorber volumes. In
addition, the reduced thickness of the individual layers with respect to
previous detector design [7] makes the overall effect of the yet small
differences in the microfabrication of the pixels more pronounced. The
average energy resolution at 6 keV of all measured pixels is 3.52 eV
FWHM with a standard deviation of 0.41 eV. The best energy resolution
achieved in this measurement is 2.92 + 0.04 eV FWHM, and corresponds
to the detector pixel shown in Fig. 13(b).

Fig. 13(c) shows the baseline energy resolution, i.e. the energy
resolution extracted from the Gaussian distribution of untriggered noise
traces, for one read-out channel. For all the read-out channels char-
acterised by the best noise level, which is estimated to be about
039,/ VHz, the resulting baseline energy resolution is close to 1.0 eV.
This value is in a fairly good in agreement with the expectations
from dedicated simulations [24]. Taking into account all the pixels,
the resulting averaged baseline resolution is 1.11 eV with a standard
deviation of 0.21 eV. The degradation of the energy resolution obtained
with data from K, photon events at 6 keV with respect to the result-
ing baseline energy resolution can be explained by a non perfected
correction of the remaining temperature variations.

5. Summary and outlook

The first phase of the ECHo experiment, ECHo-1k, successfully
demonstrated the feasibility of the microfabrication of MMC arrays
implanted with 163Ho [7]. The results of this phase have paved the
way towards the next phase of the ECHo experiment, ECHo-100k. For

10 Only the detector channels that have been measured are shown. Some
channels could not be measured because of not working front-end SQUIDs or
because of high noise level.
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the ECHo-100k phase, the requirements in terms of number of detector
pixels, 163Ho activity per pixel and energy resolution become substan-
tially more stringent: from 60 pixels to 12000 pixels, from 1 Bq/pixel
to ~ 10 Bq/pixel and from 10 eV FWHM to 5 eV FWHM. In order to
satisfy these challenging requirements, a new detector design has been

counts /0.2 eV

value is indicated with a grey

developed and implemented for the ECHo-100k experimental phase.
The key improvements of the ECHo-100k design concern the energy
resolution, the pulse shape, the quantum efficiency and the upgrade
to the multi-chip operation via multiplexed read-out scheme [13-16].
The ECHo-100k detectors have been successfully fabricated, exploiting
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Fig. 15. Microscope pictures of the fabrication steps of the ECHo-100k detector. (a) first niobium layer, (b) anodisation + first silicon dioxide isolation, (c) second silicon dioxide
isolation, (d) gold-palladium heater switch, (e) second niobium layer, (f) silver-erbium sensor, (g) gold thermalisation layer, (h) gold pillars, (i) gold first absorber layer. The
colours change from layer 1 to layer 2 due to the isolation deposition and the anodisation process. The colours of the remaining layers are affected by the illumination and the

presence of photoresist.

micro-lithographic techniques, and fully characterised, showing excel-
lent performance and demonstrating an outstanding energy resolution,
reaching 3eV FWHM at 6 keV.

The next steps will be to verify the detector response with the
final 193Ho activity of about 10 Bq/pixel, and proceed with the produc-
tion and implantation of about 12000 detector pixels, i.e. about 200
detector chips.

The resulting high-resolution '®3Ho spectrum with about 10" elec-
tron capture events will allow to set a limit below 2 eV on the effective
electron neutrino mass.
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Appendix

Microfabrication steps

The fabrication of the ECHo-100k detectors has been performed in
the cleanroom facility of the Kirchhoff-Institute for Physics, Heidelberg
University. Table 2 reports the microfabrication steps, while in Fig. 15
the microscope pictures of each steps are shown.

Measurement of the inductance of the pick-up coil

The inductance L of the circuit formed by the input coil of the
SQUID and the detector pick-up coil together with the resistance of the
normal-conducting bonding wires R, constitute a low-pass filter with a
cut-off frequency f. = R,/(2zL). The corresponding circuit is shown in
the inset of Fig. 16. The expected total noise spectral density is given
by
Spg = M - 4kgT/Ry - 1/(L+(f/f)") + S5 )

where M is the mutual inductance between the pick-up coil and the
SQUID and S;’:’ is the white noise of the SQUID.



Table 2
Microfabrication steps of the ECHo-100k detector chip.

Fabrication steps

# Layer Material Thickness Deposition technique
1 Meanders, SQUID lines (layer 1) Nb 250 nm Sputtering + etching
2 Isolation Nb,O5 - Anodisation

3 Isolation Sio, 175 nm Sputtering + lift-off
4 Isolation Sio, 175 nm Sputtering + lift-off
5 Heaters AuPd 150 nm Sputtering

6 SQUID lines (layer 2) Nb 600 nm Sputtering + lift-off
7 Sensor AgEr 480 nm Sputtering + lift-off
8 Thermalisation Au 300 nm Sputtering + lift-off
9 Pillars Au 100 nm Sputtering

10 Absorber—1st layer Au 3 pm Electroplating + lift-off
11 163Ho host material Ag 100 nm Sputtering

12 163Ho implantation 163Ho - Ton-implantation

13 163Ho host material Ag 100 nm Sputtering

14 Absorber-2nd layer Au 3 pm Sputtering + lift-off

—— data
— fit

R, =5.35+£0.03 mQ
1 L=2.83%0.03nH

VSe | pdy/\/Hz
o

0 " —] " —n] " ———
10 10° 10
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Fig. 16. Measured spectral flux density in the SQUID for an ECHo-100k detector
channel. The data is shown in black while the fit with the parameters R, and L quoted
in the graphic is shown in red. The inset shows the layout of the corresponding circuit.

The spectral flux density measured in the SQUID, with a ECHo-
100k detector channel connected to it, is shown in Fig. 16, with the
corresponding numerical fit.

The inductance of a single meander-shaped pick-up coil is given by
L, =2-(L-L;- Ly), where L =2.83 +0.03 nH is the resulting total
inductance given by the fit, L; = 1.24 nH is the inductance of the SQUID
input coil, L, ~ ¢ - R, is the inductance of the bonding wires, with
the parameter ¢ = 0.10 + 0.02 nH/mQ experimentally determined and
R, = 5.35+0.03 mQ from the fit. The derived value for the pick-up coil
inductance L, =2.1+0.2 nH is consistent with the expected value.

Methodology for the magnetisation measurement

Two ECHo-100k detector channels are non-gradiometric by design,
and are dedicated to temperature monitoring. These channels feature
one normal, non-implanted, MMC pixel, and a naked meander-shaped
pick-up coil in the place where the other pixel should normally be.
This makes the baseline offset of these channels sensitive to small
fluctuations in the detector temperature, and as such can be employed
for temperature monitoring and correction.

Due to this non-gradiometric design, temperature channels can also
be employed for measuring temperature dependence of the magneti-
sation response of the sensor. As only one of the two MMC pixels

features a sensor, a change of the baseline value following a change in
temperature is directly proportional to the change in the magnetisation.

The magnetisation measurement consists of multiple predefined
temperature steps, usually 10 to 30 of them, in between which the
detector is allowed to properly thermalise. The thermalisation time,
usually 30 to 90 min, was introduced in order to ensure that the
temperature of the detector is the same as the recorded temperature
of the mixing chamber plate. As the acquisition of the SQUID voltage
output and the temperature of the mixing chamber are synchronised
and measured continuously, the resulting curves of magnetisation as
a function of time and temperature as a function of time will feature
plateaus, each corresponding to one temperature step, and with the
length corresponding to selected thermalisation time.

In the flux locked loop (FLL) configuration [27], the voltage signal
V and the corresponding flux in the SQUID &g are related by @3 =
—V - My, /Ryy,, where My, is the mutual inductance between the front-
end SQUID and the feedback coil, Ry, is the feedback resistance and
V is the voltage signal across the feedback resistance. The value of
M;y is determined by the design of the used SQUID, while Ry, is
set to a desired value via the SQUID software control'! prior to the
beginning of the measurement. The choice of Ry, together with the
value of My, defines the voltage corresponding to a change of flux,
equal to @, in the SQUID. Considering that the voltage range of the
ADC is limited, an automatic reset of the SQUID is applied'* in order
to keep the voltage output of the SQUID within the ADC range. This
reset will result in jumps in the recorded voltage data, as can be seen
in Fig. 17(a), that need to be corrected for. Each jump is a multiple
of the flux quantum @, thus allowing the voltage to flux conversion
factor V /@, to be experimentally determined from the values of the
jump. The direct determination via voltage jumps is more accurate
than the calculation from the design values, as the mutual inductance
can slightly deviate from one SQUID to another due to fabrication
inaccuracies.'® Fig. 17(b) shows the voltage curve after correcting for
each jump, with the positions of the jumps indicated in pink, and the
corresponding temperature data is shown in Fig. 17(c).

The final result of the magnetisation measurement is a curve of
temperature dependence of the magnetisation, usually plotted as mag-
netisation in units of &, as a function of the inverse temperature
(given in units of 1/K), as shown in Fig. 7. This curve is obtained by
averaging over last 100 to 150 points (corresponding to about 2 to

11 Typical Ry, values are between 10 kQ and 100 kQ and they are set
with the SQUIDViewer Software, Magnicon http://www.magnicon.com/squid-
electronics/squidviewer-software.

12 When the SQUID output voltage exceeds the threshold value set by the
user, in the measurements discussed here —0.2V, the SQUID is set in open
loop and then locked back to FLL mode.

13 The measured mutual inductance of individual SQUIDs used in the
reported measurements showed a spread in values up to 2.5%.
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Fig. 17. Recorded data during the magnetisation measurement: (a) voltage signal output of the SQUID, showing jumps due to SQUID reset, (b) voltage signal output of the SQUID,
after correcting for individual jumps, (c) recorded temperature of the mixing chamber plate of the dilution refrigerator. The chosen value of Ry used during the measurement was

10 kQ, and the extracted V /®, is 0.377V/®,.

3 min of continuous acquisition) at the end of each plateau, both in the
magnetisation and in the temperature data. The reason why only the
ends of the plateaus enter in the final analysis is that the thermalisation
of the detector to the set temperature of the mixing chamber plate is not
instantaneous, but happens on a finite time scale which depends on the
detector set-up and the quality of the thermal connection to the mixing
chamber. By selecting an adequate thermalisation step, we ensure that
for the points selected for the final analysis the detector is at the same
temperature as the recorded temperature of the mixing chamber plate.
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