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We propose and experimentally demonstrate a self-calibrating detector of Cooper pair depairing in a
superconductor based on a mesoscopic superconducting island coupled to normal metal leads. On average,
exactly one electron passes through the device per broken Cooper pair, independent of the absorber
volume, device, or material parameters. The device operation is explained by a simple analytical model and
verified with numerical simulations in quantitative agreement with experiment. In a proof-of-concept
experiment, we use such a detector to measure the high-frequency phonons generated by another,
electrically decoupled superconducting island, with a measurable signal resulting from less than 10 fW of
dissipated power.

DOI: 10.1103/PhysRevLett.127.147001

Introduction.—A key prediction of the Bardeen-Cooper-
Schrieffer theory of superconductivity is the existence of an
energy gap Δ for single-particle excitations. The resulting
exponentially suppressed density of thermal excitations
makes superconductors very sensitive to radiation at
frequencies higher than 2Δ=h, with h the Planck constant,
which, although detrimental for superconducting circuits
used in quantum computing [1–3], enables applications as
detectors. Pair-breaking superconducting detectors, such as
superconducting tunnel junction [4], kinetic inductance
[5,6], and quantum capacitance [7] detectors, have found
use in physics and astronomy, enabling single-photon
detection at optical [8] and terahertz [7] frequencies.
They can also be used as phonon-mediated detectors
[9,10], and tunnel junction detectors have been used for
phonon spectroscopy [11–14].
In all of these devices, inferring the number of broken

Cooper pairs from the measured response requires calibra-
tion or modeling. In contrast, in this Letter we present a
mesoscopic pair-breaking detector whose response is given
simply by a current

I ¼ eΓpb; ð1Þ

where e is the elementary charge and Γpb is the rate at
which Cooper pairs are broken. We describe the device
operation with a simple analytical model, which agrees
with the predictions of a full numerical model in quanti-
tative agreement with experiment. In our proof-of-concept
experiment, we measure the response of the detector to
pair-breaking phonons emitted by another superconducting
island, while ruling out that the response could be due to
non-pair-breaking mechanisms by comparison with a
normal-metallic reference source. We extract the fraction
of phonons transmitted from emitter to detector and find

that dissipated power as low as 10 fW in the emitter is
enough to create a measurable signal in the detector.
Although the number of Cooper pairs generated per
absorbed phonon or photon depends on the frequency
[15], because of its well-defined absorption volume and
self-calibrating operation we foresee our device as particu-
larly useful for studying propagation of athermal phonons.
This is important in detectors [16–18] as well as applica-
tions in quantum information based on superconducting
circuits, where phonons may cause quasiparticle poisoning
over large distances [19,20].
Operating principle.—Our device, a superconducting

island with charging energy EC smaller than the super-
conducting gap Δ, is sketched in Fig. 1(a). We operate at
low temperatures kBT ≪ EC, Δ such that the probability of
thermally excited quasiparticles is negligible. Incident
radiation (pink) breaks Cooper pairs in a mesoscopic
superconducting aluminum island (blue) at a rate Γpb.
The resulting quasiparticle excitations (light blue circles)
relax by tunneling to the normal metal leads through the left
or right tunnel junctions with a rate NQPΓtunn for NQP

excitations on the island. Since relaxation can happen
equally likely through either junction, this process carries
no current but sets the time-averaged quasiparticle pop-
ulation to

hNQPi ¼ Γpb=Γtunn: ð2Þ
As quasiparticles can tunnel out as both electrons and
holes, the tunneling events occur between the lowest-
energy charge states with N ¼ 0, 1 excess electrons on
the island, when the gate offset is close to charge degen-
eracy, ng ≈ 0.5. In our model, the energy cost Δ of creating
quasiparticles is accounted for by explicitly tracking the
number of quasiparticles NQP on the island [21].
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In the presence of a small applied bias voltage
Vb < Δ=e, quasiparticles can also tunnel out to the
higher-energy charge states N ¼ −1 (2) through the right
(left) tunnel junction with the same rate NQPΓtunn, such that
charge is transported in the direction of the bias in both
cases. Because of the high energy cost of occupying these
states, the island will then return to its previous charge state
near instantaneously, when a new quasiparticle tunnels in
through the left (right) tunnel junction. This occurs again in
the direction of the bias, as indicated by the red arrows in
Fig. 1(b), leading to one net electron transported through
the device. The cycles N ¼ 0 → −1 → 0 and N ¼ 1 →
2 → 1 do not change the quasiparticle population on the
island, yet they determine the current through the device.
The total current is set by the rate of the first step of the
cycles NQPΓtunn. Combined with Eq. (2), we obtain the
result of Eq. (1): I ¼ ehNQPiΓtunn ¼ eΓpb. Here, we have
assumed equal tunneling rates in both junctions for
simplicity, but the result holds for unequal junctions as
well (Supplemental Material [22]). Because the quasipar-
ticle tunneling rates are constant over a range of

energy [48], the current due to pair breaking forms
diamond-shaped plateaus as a function of Vb and ng.
Although the size and location of these plateaus depends
on EC, they exist for all EC < Δ (Supplemental Material
[22]) and neither EC, Vb, nor ng need to be tuned precisely
for the self-calibrating operation.
We validate this simple picture by performing numerical

simulations based on a rate equation tracking the occupa-
tion probabilities of states with N excess electrons and NQP
quasiparticle excitations on the island [21]. The simulations
incorporate single-electron and Andreev tunneling at finite
temperature of the normal metal leads, as well as quasi-
particle recombination through the electron-phonon cou-
pling [21], (Supplemental Material [22]). We find that with
our device parameters, the effect of finite temperature and
Andreev tunneling is negligible around ng ¼ 0.5 and
jVbj < 150 μV. The nonzero electron-phonon recombina-
tion rate, scaling as ΓRN2

QP with the prefactor ΓR depending
on the device parameters, reduces the quasiparticle pop-
ulation from the value of Eq. (2) and the current response.
The condition that recombination be negligible compared
to relaxation by tunneling, ΓRhNQPi2 ≪ ΓtunnhNQPi, can be
expressed as

Γpb ≪
12ζð5Þk5B
ΣVΔ2e4R2

T
; ð3Þ

where Σ is the electron-phonon coupling constant, V is the
absorber volume, ζ is the Riemann zeta function, and kB is
the Boltzmann constant (Supplemental Material [22]). For
our device parameters, the right-hand side evaluates to
70 MHz, corresponding to femtowatts of absorbed power.
The simulated current is within 1% of the ideal value up to
500 kHz, the value of Γpb reached in the experiment, as
shown in Fig. 1(c).
Proof-of-concept experiment.—A scanning electron

micrograph of our proof-of-concept device is shown in
Fig. 1(d). The pair-breaking detector is an aluminum
island with V ¼ 0.9 × 0.4 × 0.08 μm3, Δ ¼ 200 μeV,
and EC ¼ 92 μeV, tunnel coupled to normal metallic
copper leads. We fabricate a superconducting phonon
emitter and normal metallic reference source on a con-
ducting silicon substrate simultaneously with the detector.
The conducting substrate is not necessary for detector
operation. Measurements were performed in a plastic
dilution refrigerator at a base temperature of 40 mK. In
measurements with the aluminum in the normal state, we
extract device parameters, including the electron-phonon
coupling constant ΣAl ≈ 2 × 108 WK−5m−3, and verify
that heat conduction through the substrate by thermal
phonons is negligible as long as the dissipated power is
below 1 pW (Supplemental Material [22]).
Figure 2 presents the operation of the self-calibrating

detector in the superconducting state. When the current

(a) (b)

(c) (d)

FIG. 1. (a) Sketch of device. Cooper pairs are broken when
radiation is absorbed in a superconducting island, and the
resulting quasiparticles decay by tunneling to the normal metal
leads (black arrows) with a rate NQPΓtunn for NQP excitations on
the island. (b) Energies of states with N ¼ −1, 0, 1, 2 excess
electrons compared to charge neutrality on the island, when the
gate offset is close to ng ¼ 0.5. Black arrows indicate transitions
that remove a quasiparticle through the left (solid lines) or right
(dashed lines) tunnel junction, while red arrows indicate tran-
sitions that add a quasiparticle into the island. The quasiparticle
population is set by transitions between charge states N ¼ 0, 1,
while net current flows via cycles involving the excited charge
states N ¼ −1, þ2. (c) Numerical verification of operation. The
ideal response I ¼ eΓpb (solid line) is reproduced by our
simulations (dashed line) within 1% up to Γpb ¼ 500 kHz.
Symbols show the experimental response, where Γpb is linearly
proportional to the measured Iemitter. (d) Proof-of-concept experi-
ment and sketch of measurement setup, with pair-breaking
detector (top), superconducting phonon emitter (bottom left),
and normal-metallic reference source (bottom right).
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through both the phonon emitter and the reference source is
zero, the current at ng ¼ 0.5 and low Vb is zero within the
measurement accuracy of roughly 1 fA [Figs. 2(a)–2(c)], as
expected. At around ng ¼ 1, the current is finite due to
Andreev reflection [49,50]. When we increase the current
through the phonon emitter to 30 pA [Figs. 2(d)–2(f)] or
120 pA [Figs. 2(g)–2(i)], the current level at the plateau
around ng ¼ 0.5 and jVbj ≈ 100 μV increases, as predicted
by our simple model. The current increases also around
ng ¼ 0, which is due to Andreev current flowing once
the odd charge states are populated due to quasipar-
ticles [51,52].
In contrast, when we increase the current through the

reference source up to 7.5 nA, while the phonon emitter is
kept grounded [Figs. 2(j)–2(l)], the measured current stays
zero within the 2e-periodic Coulomb diamonds. The main

difference between the phonon emitter and the reference
source is that the emitter island is superconducting alumi-
num, which will emit phonons whose energy distribution is
peaked above 2Δ ≈ kB × 4.6 K when overheated even
slightly [53]. The reference island is normal metallic
copper, which will instead emit a broad thermal distribution
of phonons, and the superconducting leads of the reference
source are connected to their normal metal shadow copies
acting as quasiparticle traps. Hence the reference source
will emit orders of magnitude fewer phonons with energy
larger than 2Δ than the phonon emitter. This proves that the
measured response is indeed due to pair-breaking radiation,
unlike in other detector proposals utilizing similar devices
[52,54,55].
Our experimental data are quantitatively reproduced by

numerical simulations, shown in Figs. 2 and 3. We obtain
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FIG. 2. Measured (left column and symbols in right column) and simulated (middle column and solid lines in right column) subgap
current through our pair-breaking detector. On the first row, no current is applied to the emitter or reference source, while the current
increases substantially when the current through the phonon emitter is increased to 30 pA (second row) or 120 pA (third row). This is
reproduced quantitatively in the simulations by changing only the rate of pair-breaking radiation Γpb. In contrast, increasing the current
through the reference emitter up to 7.5 nA (bottom row) creates nearly no change in the detector response, proving that the response is
indeed due to pair-breaking phonons. White dashed lines in panels (d),(e),(g),(h) indicate the regions where the self-calibrating response
is expected. The rightmost column shows cuts in the data at Vb ¼ −50 μV, −100 μV, and −150 μV, also indicated by colored lines in
the left and middle columns.
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excellent agreement by changing only Γpb for differing
Iemitter. In Fig. 3(a) we show cuts in the data at Vb ¼
110 μeV with differing Iemitter. At all but the lowest emitter
currents, the data agree well with simulations assuming a
linear relation Γpb ¼ AIemitter=e with A ¼ 7.8 × 10−5. Thus
our simulation accounts for all the relevant processes,
which verifies that the self-calibrating mode can be used
in experiments. The points in Figs. 3(b) and 2(c) where the
measured current is lower than expected, and the poorer
agreement of the data with the simulations at Iemitter ¼
502 pA in Fig. 3(b), are most likely due to an external
disturbance during part of the sweep [22].
Next, we turn to measure the phonon transmission from

the phonon emitter to the detector. Modeling of the
recombination phonon emission (Supplemental Material
[22]) allows us to estimate the emission rate of phonons
with energy ≥ 2Δ as Γ2Δ ¼ ηIemitter=e, with the propor-
tionality constant η ¼ 0.68. We find that the measured
detector current is also linear in Iemitter at ng ¼ 0.5, as
shown in Fig. 3(b). Hence we extract the proportion of
phonons emitted that are absorbed in the detector as

x ¼ Γpb=Γ2Δ ≈ 1.1 × 10−4. This fraction is difficult to
estimate by other means due to the long mean free paths
of the phonons at low temperatures, but the order of
magnitude is in line with measurements in Refs. [13,14].
We also quantify the difference in Cooper pair breaking
caused by the phonon emitter and reference source in
Fig. 3(c). The reference source causes no detectable signal
until currents of almost 20 nA are applied, even when we
obtain a measurable signal from as little as 16 pA passing
through the superconducting phonon emitter, which cor-
responds to less than 10 fW of dissipated power.
As a detector of phonons with energy 2Δ, our device has

a noise equivalent power of 3 × 10−18 W=
ffiffiffiffiffiffi

Hz
p

. In calcu-
lating this figure, we use the measured noise level and
assume that 25% of incident phonons are absorbed in the
detector (Supplemental Material [22]). This is more than
two orders of magnitude better than in the microscale
phonon detectors of Ref. [13], while our device also
provides the advantage of a self-calibrating operating mode
and well-defined absorption volume. The minimum detect-
able signal in a 1 s integration time is Γpb ¼ 1 kHz. The
maximum output signal of the detector is limited by Eq. (3),
yielding a dynamic range that covers several orders of
magnitude. The device performance could be enhanced at
other operating points once the response has been cali-
brated in the self-calibrating mode. In our device, the
responsivity at low phonon flux increases by roughly a
factor of 2 at ng ¼ 0 [Fig. 3(b)], and could be increased
further at higher Vb.
Conclusion.—In conclusion, we have proposed and

experimentally implemented a mesoscopic superconduct-
ing detector of high-frequency radiation leading to Cooper
pair depairing. We have used the proof-of-concept device to
detect the nonequilibrium phonons emitted by another
superconducting detector, while using a reference source
to rule out mechanisms other than pair breaking. Because
of the well-defined microscale absorption volume and self-
calibrating operation, our detector could be particularly
useful for studying athermal phonon propagation, relevant
both in the context of low-temperature detectors [16–18]
and in mitigating phonon-mediated quasiparticle poisoning
of superconducting quantum circuits [19,20,56]. As a first
step in this direction, we extract the fraction of phonons
transmitted from emitter to detector over a distance of
8 μm. As the detector is easily adaptable to different
geometries, our device would be straightforward to inte-
grate to study, e.g., the phonon transmission across a typical
qubit chip, or fabricate on the sidewalls of a mesa structure
for phonon spectroscopy applications [13]. As low a power
as 10 fW dissipated in the phonon emitter caused a
measurable increase in the Cooper pair creation rate on
the absorber island. Hence phonon-mediated poisoning is a
plausible explanation of the charge detector backaction of
Refs. [57,58], and our results highlight the importance of
avoiding dissipation in superconducting quantum devices.
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Finally, we expect that monitoring the individual quasi-
particle relaxation events with a fast charge detector [59]
would enable detecting every single phonon or photon
absorbed.
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