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ABSTRACT

The necessity to increase exposure in rare event searches experiments by maintaining a low
energy threshold and a good energy resolution leads to segmented detectors as in EDELWEISS
(Dark Matter), CUORE (0νββ) or RICOCHET (CEνNS) for example. However, the large num-
ber of sub-elements can dramatically increase the complexity of such detector arrays. In this
work we report on our progress towards designing a flexible detector technology based on KID
resonators evaporated on massive target crystals readout by a contact-less feed-line. Providing
that we achieve O(100) eV energy threshold, such approach could easily be scaled to tens of
kilogram detector arrays thanks to the intrinsic multiplexing capability of mKIDs. Using a 30 g
silicon target absorber with Al/Ti multilayers for the KID resonator, we report a significant
improvement of our detector response exhibiting a keV-scale energy resolution combined with
the absence of position dependence on the event location. Indeed, compared to our previous
work, we are now able to properly identify calibration lines from surface (20 keV X-rays) and
bulk events (60 keV gamma rays). This significant improvement is an important step toward
a better understanding of phonons and quasiparticles dynamics which is pivotal in optimizing
this technology.
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1. Motivations and experimental setup

Multiplexing approaches are widely explored to overcome issues related to the scaling up of solid
state cryogenic detectors. Although mKIDs, within the context of individual particle detection,
are not at the same level of maturity as other sensing technologies, e.g. Ge-NTD or TES, they
have the benefit of being intrinsically easy to multiplex. Therefore, this work focuses on improving
our KID-based detector design energy resolution for future applications to low-energy and rare
event searches.

The proposed design discussed hereafter, called wifi-KID, has a deported feed-line which is
not on the same substrate as the resonator. The coupling between the feed-line and resonator is
made through vacuum. The spacing between the resonator, already presented in our first wifi-
KID study [3], and the feed-line is roughly 300 µm. The resonator is evaporated on the target
material consisting of a silicon crystal of dimensions 36× 36× 10 mm3, and all of the parts are
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maintained inside a copper holder. We explored the effect of two strategies to hold the target
crystal, which are both presented in Fig. 1: the so-called “old” design based on peek clamps
(left panel) and our “new” one (right panel) which uses springs and sapphire balls to reduce the
thermal contact and possible phonon losses.

Figure 1.: Schematic presentation of the two holder used in this study. The spacing between the
resonator and the feedline is roughly 300µm. (Color figure online.)

In our first wifi-KID work [3] we used a pure 20 nm thick aluminium resonator, but the
performance was not sufficient enough to distinguish the calibration sources properly. In the
present work we report on the improvement in our detector response induced by the use of
multilayered Al/Ti materials. We fabricated two new types of resonators: Ti-Al (10-25 nm) and
Al-Ti-Al (15-30-30 nm). Note that the order of element follows the proximity of the target such
that for the Ti-Al devices, the Ti is below the Al thin film.

Figure 2.: Left - Two contactless KID detectors mounted inside the NIKA 1.5 cryostat. Right -
Four pictures of different parts of the detector. (Color figure online.)

In the following, we present the resulting tests and characterisations of our four devices:

• Al 20nm (first paper, with new analysis)
• Ti-Al 10-25nm (new holder)
• Al-Ti-Al 15-30-30nm (old holder)
• Al-Ti-Al 15-30-30nm (new holder)

Adding a layer of Ti for the resonator induces a lower Tc and thus a lower superconducting
energy gap. To achieve low enough temperatures we used another cryostat for multilayered
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resonator than the pure Al sensor. The base temperature for this dilution cryostat, which was
used for NIKA 1.5 development [5], is around 90 mK and does not benefit from vibration
decoupling system like low noise dry cryostat [4].

The two calibration sources used was a 241Am sample which produces alpha particles
(∼5 MeV), 60 keV gammas and low energy X-rays around 20 keV, and a 55Fe radioactive
sources producing ∼6 keV X-rays. Since the alpha particles are too energetic and lead to non-
linear detector response we added a polyimide tape layer to stop them. In silicon the interaction
length of 60 keV gamma is about 1 cm which is comparable to the target thickness, the gammas
will deposit their energy uniformly in the target crystal. On the contrary, the emitted X-rays
will interact only at the surface.

2. Characterisation, calibration and performance

We developed a dedicated characterisation and calibration procedure. The first step is an equi-
librium characterisation. This means that we study the characteristics of the resonator with
respect to the thermal bath temperature of the cryostat. The idea is to evaluate the quality
factors and the resonance frequency of the resonator at equilibrium for different temperature
using a standard procedure [6]. As explained in [3], measuring the relative detuning allows us to
estimate the kinetic inductance ratio α as well as the energy gap ∆.

The measurements performed on all of our devices are shown in Fig. 3. Because the critical
temperature is material dependent we choose to use the reduced temperature T/Tc to fairly
compare all four devices. Our results suggest that the pure aluminium device is the most sensitive,
as one could have expected from its lower thickness, and that we successfully achieved high
quality factors, especially for the Al-Ti-Al device with Qi ≃ 1e6. Unfortunately, we found that
the Ti-Al device did not work properly as it was exhibiting a very low overall quality factor
and a degraded energy resolution compared to other devices. This device will therefore not be
considered in the remaining of this work comparing the performance and response of our detector
prototypes.
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Figure 3.: Left - Relative detuning vs. reduced temperature for multiple devices. Right - Quality
factors for the corresponding devices, from top to bottom: Qcoupling, Qtotal and Qinternal. (Color
figure online.)

This equilibrium characterisation allows us to gather a large number of information concerning
our devices. However, the behaviour of resonators is slightly different for non thermal excitation
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and thus the calibration requires a dedicated out of equilibrium study, which is the second step
of our characterisation phase. Usually the signal of one resonator is considered two dimensional,
with a phase and an amplitude relatively to the resonant circle at the base temperature [1].
The developed approach is to use the relaxation response of the resonator after a high energy
deposition, e.g. a cosmic ray or a MeV-alpha particle interaction. We fitted this relaxation
response in the complex plane with a circle discarding the non-linear part of its response. This
procedure is illustrated in Fig. 4 where the temporal data are shown in the left panel, their
representation in the complex plane in the central panel, and the residuals as a function of the
phase shift θ from the fit in the right panel.
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Figure 4.: Left - Zoom on temporal data window used for calibration, in red the relaxation
response used to calibrate. Middle - Same representation as on the left but in the complex IQ
plane with the optimal calibration circle in orange solid line centered in Ic, Qc and the frequency
scan calibration circle in orange dashed line, centered in If , Qf . Right - Residuals of projected
data on the calibration circle as a function of the phase shift θ.

As can be derived from Fig. 4 the derived circle centered in (I0,Q0) fits accurately the data.
This suggests that the bi-dimensional (phase and amplitude) detector response can be reduced to
a single phase shift with respect to the (I0,Q0) circle to calibrate our data in the region of interest
of small perturbations. This corresponding phase shift θ is defined as θ = arctan((I − I0)/(Q−

Q0)). We found that is properly describes the a-thermal response of our sensor following energy
depositions in the target crystal. It should be noted that in our current experimental setup it is
not possible to scan over a range of discrete energy depositions E using optical fibre, we therefore
only calibrated our devices using radioactive sources of 55Fe and 241Am. The measurement of
θ(E) is hence only accessible for two energies, which is not sufficient to fully characterise the
linearity of detector energy-scale.

Measuring θ (derived from the I and Q observables) continuously over time and performing
offline signal processing, including offline triggering, allowed us to extract characteristic pulse
shapes for each bath temperatures. The data processing pipeline used to estimate the amplitude
of the pulses is based on optimal filtering and was primarily developed for the Ricochet experi-
ment [2]. Figure 5 shows the evolution of the three characteristic time constants (one rise, and
two decays) resulting from our pulse fitting procedure for various temperatures and all three de-
tector configurations: one pure Al 20 nm and two Al-Ti-Al 15-30-30 nm in two different holders.
Our fitting model is motivated by the three expected response time constants from the quasi-
particle recombination rate, the resonator ring time and the phonon lifetime inside the target.
We see that at the lowest relative temperature, only two characteristic time constants (one rising
and one decaying) are required to fit the data. However, at the highest relative temperatures,
a third characteristic time appears to be required. Interestingly, we see that the longest decay
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time constant appears to be independent on the bath temperature, while both the rise and the
second decay time constants decrease significantly with the relative temperature, suggesting that
the former is related to the phonon absorption rate. As a matter of fact, the difference in the

τ
(1)
decay between the Al and Al-Ti-Al devices can be explained by considering the lower gap for
Al-Ti-Al resonator implying more phonons to break Cooper pairs and slowing down the pulse
relaxation. The rise time seems related to the resonator ring time which is expected to decrease
with the increase of temperature (see the dotted lines). Finally the interpretation of the third
characteristic time remains uncertain as it appears difficult with the available data to break
the degeneracy between the quasiparticle lifetime and the resonator ring time. Further studies
dedicated to better understand the origin of our observed time constants are ongoing.
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Figure 5.: Left - Evolution of mean pulse with temperature, y-axis in log scale. Right - Charac-
teristic times fitted for a model of three exponential τrise (circle), τ

2
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1
decay (square) for

multiple detectors at different reduced temperature T/Tc : Al 20nm (green), AlTiAl 15-30-30nm
(yellow, red). (Color figure online.)

Eventually, slowing down the resonator decay time by reducing the energy gap greatly im-
proved the phonon collection of our detector simultaneously reducing the position dependence
on the event location in the crystal. As shown in Fig. 6, thanks to the use of Al/Ti/Al multi-
layers, we can properly recover both surface and bulk calibration lines from low-energy X-rays
and 60 keV gammas, respectively. Figure 6 also shows the comparison between our observed
energy spectrum (red) and the Geant4 simulations (black) smeared with our observed energy
resolution with an additional energy dependent correction factor of 1.2% to correct for detector
non-linearity at increasing energies.

3. Conclusion

The use of multilayered Al/Ti material improved the performances of the wifi-KID in terms of
position dependency. We are now able to identify the calibration peaks in the amplitude spec-
trum, which was not possible with the previous design in pure aluminium [3]. With a reported
1.5 keV baseline resolution, these devices are still not sufficiently good to claim that our pro-
totypes are competitive in the field of low-energy and rare event searches. But this work is a
significant step towards the optimisation of this cryogenic detector technology with proven and
reliable multiplexing capability for future highly segmented large detector arrays.
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Figure 6.: Comparison between Geant4 simulation
(black) and data obtained with a AlTiAl (15-30-
30nm) (red) resonator with two calibration sources,
55Fe and 241Am. (Color figure online.)

Material Al Ti-Al Al-Ti-Al

Thick. [nm] 20 10-25 15-30-30
Tc [K] 1.40 0.76 0.80
∆ [µeV] 213 115 123
α [%] 30 11 15.5
f0 [MHz] 564.57 577.18 589.36
σ [keV] 2 N.A. 1.5

Table 1.: Summary of the various re-
sults obtained by the wifi-KID investi-
gators.
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