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We demonstrate position and energy-resolved phonon-mediated detection of particle interactions in a silicon
substrate instrumented with an array of microwave kinetic inductance detectors (MKIDs). The relative
magnitude and delay of the signal received in each sensor allows the location of the interaction to be determined
with sub-mm precision. Using this position information, variations in the detector response with position
can be removed, and an energy resolution of σE = 0.55 keV at 30 keV was measured. Since MKIDs can be
fabricated from a single deposited film and are naturally multiplexed in the frequency domain, this technology
can be extended to provide highly-pixelized athermal phonon sensors for ∼1 kg scale detector elements. Such
high-resolution, massive particle detectors would be applicable to next-generation rare-event searches such as
the direct detection of dark matter, neutrinoless double-beta decay, or coherent neutrino-nucleus scattering.

Next generation rare-event searches, such as the direct
detection of dark matter1, require large target masses
(∼103 kg) with sub-keV energy resolution. This re-
quires increasing the mass of current solid-state, cryo-
genic experiments2,3 by 2 orders of magnitude, while
maintaining the background-free operation of existing de-
tectors. Reducing the cost and time needed to fabricate
and test each detector element is necessary for such large
cryogenic experiments to be feasible.

Detectors that measure both the athermal phonons
and ionization created by a particle interaction have
demonstrated sufficient background rejection to enable
next-generation experiments4. Microwave kinetic induc-
tance detectors (MKIDs)5,6 offer several advantages for
providing athermal phonon sensors in large experiments
relative to the transition edge sensor (TES)-based de-
signs currently in use2,7. MKID-based phonon sensors
can be patterned from a single deposited aluminum film,
with large (>10 µm) features, significantly reducing fab-
rication time and complexity. Since MKIDs are naturally
multiplexed in the frequency domain, hundreds of sensors
can be read out on a single coaxial cable, enabling a more
granular phonon sensor which is expected to provide en-
hanced background rejection. In addition to dark matter
direct detection, high-resolution, massive particle detec-
tors are applicable to the detection of neutrinoless double
beta decay8 and coherent neutrino-nucleus scattering9.

In analogy to successful TES-based detectors2, previ-
ous designs10–12 attempted to absorb the incident energy
in large area collectors that were coupled to smaller vol-
ume, distributed MKIDs. Although separating the ab-
sorber and sensor allowed increased sensitivity by con-
centrating the absorbed energy, test devices suffered from
poor transmission of quasiparticles from the absorber
to sensor. Here we present a simplified design that
eliminates the absorber by directly collecting the en-
ergy using large-area MKIDs. A similar design devel-
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oped independently by Swenson et. al.13 has been used
to demonstrate time-resolved phonon-mediated detection
of high-energy interactions from cosmic rays and nat-
ural radioactivity using MKIDs. We have previously
demonstrated energy-resolved detection of 30 keV x-
rays14 using phonon-mediated MKIDs fabricated from
high-resistivity nitride films15,16, but the energy resolu-
tion was limited to σE = 1.2 keV by systematic variations
in the reconstructed energy with interaction location. In
this work, we present results for devices fabricated from
aluminum films that exhibit improved uniformity. These
more uniform devices allow the location of the interaction
to be determined and a position-based correction to be
applied. This correction improves the resolution by more
than a factor of 2 and recovers a reconstructed energy
resolution within 40% of the baseline resolution.

To calculate the expected detector resolution, we as-
sume that the phonons uniformly illuminate the sub-
strate surface and that incident phonon energy is con-
verted into quasiparticles in the inductive section of the
resonators with overall efficiency ηph. In this case, the
phonon lifetime, τph, is determined by the substrate ge-
ometry and fraction, ηfill, of the total surface area, Asub,
that is covered by MKIDs. To resolve the rising edge
of the phonon signal requires that the quality factor
Q ≤ 104 for resonant frequencies f0 ≈ 3 GHz to give
a resonator response time τres = Q/πf0 ≈ 1 µs. For
ηfill ≈ 5% as in existing TES-based designs4, τph ≈ 1 ms,
while quasiparticle lifetimes, τqp, in our films are mea-
sured to be 10–100 µs. Given these characteristic times,
we assume τres � τqp � τph. The resonator quality fac-

tor, Q−1 = Q−1
c + Q−1

i , depends on both the coupling
quality factor, Qc, due to energy losses through the cou-
pling capacitor and the internal quality factor, Qi, due
to all other losses in the resonator (e.g., dissipation due
to quasiparticles). For our devices, typically Qi > 106,
so Qc � Qi is required for sufficient sensor bandwidth
to resolve the phonon rise time. At low temperatures,
the steady-state quasiparticle number is dominated by
quasiparticles generated by readout power17, Pread, and
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FIG. 1. (a) Array layout. The resonators are arranged in
an offset grid with 3 mm spacing between the neighboring
rows and columns and are coupled to a coplanar strip feed-
line. (b) Resonator geometry. Each resonator consists of a
meandered inductor connected to an interdigitated capacitor,
with total inductor area ≈1 mm2.

Nqp = ηreadPreadτqp/∆, where ∆ is the superconduct-
ing gap and ηread ≤ 1 is the efficiency for the readout
power to create quasiparticles in the resonator. Finally,
we assume that frequency-based readout is used with the
noise at the signal frequencies of interest dominated by
the HEMT amplifier with noise temperature, TN .

Given these assumptions, the expected energy resolu-
tion for an MKID-based phonon-mediated detector is6,14:

σE =
∆

ηphβ(ω, T )

√
ηread
αpt

AsubkbTN
2πf0

N0λpb
τqpS1(ω, T )

(1)

where pt is the probability for a phonon to be transmitted
from the substrate to the MKID, α is the fraction of the
total inductance of the resonators due to kinetic induc-
tance, and λpb is the characteristic pair-breaking length
in the MKID18. The ratio of the frequency to dissipation
response is defined as β = S2/S1, where S1(ω, T ) and
S2(ω, T ) are dimensionless factors of order unity given
by Mattis-Bardeen theory19,20.

To demonstrate the detection principle and verify the
sensitivity calculation in Eq. 1, prototype arrays of 20 res-
onators were designed. Fabrication constraints limited
the substrate dimensions to 22 mm x 20 mm. Twenty
resonators with inductor area Aind = 1 mm2 were ar-
ranged in a grid, as shown in Fig. 1a. The resonator
design, shown in Fig. 1b, consisted of a lumped-element
geometry21 with a 70 µm wide meandered inductor con-
nected to an interdigitated capacitor with 20 µm spacing
between fingers. The resonant frequencies were evenly
spaced by 10 MHz so that the entire array fit within
200 MHz of bandwidth around 4.8 GHz.

Devices were fabricated on 1 mm thick, high-resistivity
Si substrates (ρ ≥ 5 kΩ cm), which were deglazed in di-
lute hydrofluoric acid (HF) just prior to vacuum process-
ing. The resonators were patterned by inductively cou-
pled plasma etching (BCl3/Cl2) of a single, 25 nm thick
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FIG. 2. (Color online) Example pulses observed in each res-
onator for a 200 keV energy deposition. The pulse heights
have been rescaled by each resonator’s relative responsivity,
and a 200 kHz low-pass filter has been applied. The resonator
closest to the interaction site has a large, prompt response
(thick, black), while the resonators farther from the interac-
tion have smaller, delayed responses. (inset) Two-template
optimal filter fit (red, solid) to the pulse in the primary chan-
nel. The pulse contains a prompt component (blue, dash-
dotted) that decays away with the quasiparticle lifetime as
well as a delayed component (green, dashed) that decays away
with the phonon lifetime.

aluminum film deposited by dc magnetron sputtering at
ambient temperature. The substrates were mounted to a
testing enclosure with GE varnish at the corners of the
chip, with total contact area of 8 mm2. An 129I source
was mounted to illuminate the substrate face opposite
the resonators, and the enclosure was cooled to 50 mK
in a dilution refrigerator.

Figure 2 shows the phase response for each of the 20
resonators following an example 200 keV interaction in
the substrate from a cosmic-ray or natural radioactivity.
The location of the interaction can be determined by the
relative partitioning of the energy between the resonators
and the timing of the response seen in each channel13,22.

The measured coupling Q varied from 5×103–5×104,
leading to a corresponding variation in the responsivity
of each channel. The relative responsivity was calibrated
using events depositing >500 keV by matching the ex-
ponential tails of the pulses after the initial position-
dependent information had decayed away4. After cal-
ibrating for the responsivity, we denote the “primary
channel” as the resonator showing the largest response,
and the “opposite channels” as the group of resonators
showing the smallest, position-independent response.

As shown in Fig. 2, the pulse shape varies significantly
between the primary and opposite channels. We find
that the measured pulses, p(t), are well described by
the sum of two components plus a noise term: p(t) =
Apsp(t) + Aoso(t) + n(t), where Ap is the amplitude of
the prompt component of the pulse that decays with the
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quasiparticle lifetime, Ao is the amplitude of the delayed
component of the pulse that decays with the phonon life-
time and n(t) is a noise realization. The pulse shape for
the prompt component and delayed component is given
by sp and so, respectively. These templates are deter-
mined by first averaging many opposite channel pulses
and fitting to a double-exponential functional form to
determine so. The prompt template, sp, is then deter-
mined by fitting an averaged primary channel pulse to
a model with a fixed component equal to so plus an ad-
ditional double-exponential form. The standard optimal
filter formalism then gives the amplitude estimates for
each pulse component for the ith channel as:(

Âp,i

Âo,i

)
= M−1

∑Re
(
s̃∗pp̃i

)
J−1∑

Re (s̃∗op̃i) J
−1

 (2)

where the sum runs over the length of the trace, s̃p,o and
p̃i denote the Fourier transforms of sp,o and pi, J is the
power spectral density of the noise and:

M =

 ∑
|s̃p|2J−1

∑
Re(s̃∗ps̃o)J−1∑

Re(s̃∗ps̃o)J−1
∑
|s̃o|2J−1

 (3)

An example optimal filter fit to the primary pulse for a
200 keV event is shown in the inset of Fig. 2.

The energy of the pulse is then reconstructed from the
optimal filter amplitudes as E = E0

∑
i(Âp,i +wÂo,i)/ri,

where the latter component is weighted by the ratio of
the template integrals, w =

∑
so/
∑
sp, and the index

i runs over the resonators in the array. Since the two
pulse components measure the quasiparticle creation rate
in the prompt and slow components convolved with the
quasiparticle decay time, w gives the ratio of the total
number of quasiparticles created in these components,
noting that the linear convolution does not affect the ra-
tio. The relative responsivity of each resonator is given
by ri while the overall scaling, E0, is determined by cali-
bration with x-ray lines of known energy. Figure 3 shows
the reconstructed energy spectrum for phonon-mediated
events from an 129I source.

The frequency and dissipation response of the res-
onators with temperature was used to determine α =
0.075± 0.005 and ∆ = 204± 21 µeV from fits to Mattis-
Bardeen theory19. Comparing the phase response ver-
sus temperature to the phase response for events from
the source indicates that ηph = 0.070 ± 0.011. Mea-
surements of the frequency noise confirm that the mea-
sured noise is consistent with HEMT noise for TN = 5 K.
The quasiparticle lifetime, τqp = 12.9 ± 1.2 µs, was de-
termined from the fall time of the prompt component
of the primary channel pulses. Using these parameters
and Eq. 1, the expected resolution for this device was
σE=(0.48 keV)

√
ηread/pt, consistent with the measured

baseline resolution for
√
ηread/pt ≈ 0.8.

Although the baseline resolution is consistent with ex-
pectations, the measured energy resolution at 30 keV is
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FIG. 3. (Color online) Observed spectrum when the substrate
face opposite the resonators is illuminated with an 129I source.
The light histogram shows the reconstructed energy for all
events prior to correcting for position-dependent smearing of
the response. The dark histogram shows the spectrum after
restricting to events interacting in the central portion of the
substrate and applying a position-based correction to the en-
ergy. The spectrum is fit to the observed lines at 29.5 (29.8%),
29.8 (53.1%), 33.6 (10.2%), 34.4 (2.2%), and 39.6 keV (4.6%),
where the numbers in parentheses denote the expected ab-
sorbed intensities in 1 mm of Si. The thick, red line shows
the fit to the total spectrum, where only a single amplitude,
mean and resolution are fit and the relative line positions and
amplitudes are fixed to the known values above. The best
fit resolution at 30 keV is σE = 0.55 keV. (inset) Fit to the
reconstructed energy spectrum for randomly triggered noise
traces. The inferred baseline resolution is σE = 0.38 keV.

σE ≈ 1 keV. This is a factor of 2.5 larger than the base-
line resolution, indicating that systematic variations in
the pulse shape or amplitude with position are domi-
nating the resolution. In addition, non-Gaussian tails of
events lie between the expected spectral peaks. To re-
move poorly collected events and account for these sys-
tematic variations, a simple position estimator was con-
structed from the relative partitioning of energy between
sensors for each event2,22. For i resonators at locations
(xi,yi) with energy Ei detected in each resonator, the “X
energy partition” is defined as Px =

∑
i xiEi/

∑
iEi, and

correspondingly for Y . Figure 4 shows the reconstructed
event location using this position estimator. Although
the relative timing of the signal can also be used to pro-
vide an independent determination of the event location,
for this work we used only the partition information due
to its higher signal-to-noise at 30 keV.

For interactions occurring near the edge of the sub-
strate, more phonon energy can be lost to the detector
housing than for interactions in the center. Figure 4
shows a position-based selection of events that removes
edge events with poor collection, eliminating nearly all
of the events in the non-Gaussian tails between peaks.

In addition, a position-dependent correction for varia-
tions in the reconstructed energy was applied, similar to
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FIG. 4. (Color online) Reconstruction of the interaction loca-
tion from the partitioning of energy between resonators. The
coloring denotes the primary channel for each pulse. The
black lines indicate the selection of events interacting in the
center of the substrate. For comparison, the device geometry
from Fig. 1 is overlaid.

the correction used in existing TES-based detectors2,22.
For each event with energy partition location (Px,Py), the
set of n = 400 events with the closest partition location
were selected as a sample of events occurring physically
close to the event under consideration. The spectrum for
these “nearest neighbor” events was fit to determine the
location of the 29.8 keV peak, and a correction was ap-
plied to the event in question to normalize its energy
by the energy reconstructed for its nearest neighbors,
Ecorr = (29.8 keV/Enn

29.8)E, where Ecorr is the position-
corrected energy estimate and Enn

29.8 is the location of the
peak maximum for the event’s nearest neighbors. The
resulting spectrum is shown in Fig. 3. The best-fit reso-
lution is σE(30 keV) = 0.55 keV. This resolution is nearly
a factor of 2 better than the uncorrected resolution for
all events and is within 40% of the baseline resolution of
σE(0 keV) = 0.38 keV.

We are currently scaling this design to 0.25 kg sub-
strates with Asub ≈ 100 cm2. Existing TES-based
phonon-mediated detectors of this size have typical en-
ergy resolutions2 σE = 1.0 keV at 20 keV, indicating that
the devices presented above can already provide compa-
rable energy resolution. The energy resolution of MKID-
based devices can also be significantly improved. Increas-
ing the phonon collection efficiency to ηph = 30%, as
obtained for TES-based designs with comparable metal
coverage4, would improve the resolution by a factor of 4.
Using resonator materials with higher kinetic inductance
or lower gap could also improve the resolution, provided
uniform resonators can be fabricated. Finally, current de-
vices are limited by amplifier noise, so the development of
lower-noise, broadband amplifiers23, could provide up to
an additional factor of 3 improvement in resolution. At
the same time, MKIDs would provide less complex detec-
tor fabrication and higher resolution position information
to enhance background rejection, simplifying the exten-

sion of these designs to the large target masses needed
for future rare-event searches.
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