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Single-photon detection played an important role in the development of quantum optics. Its implemen-
tation in the microwave domain is challenging because the photon energy is five orders of magnitude
smaller. In recent years, significant progress has been made in developing single microwave photon detec-
tors (SMPDs) based on superconducting quantum bits or bolometers. In this paper we present a practical
SMPD based on the irreversible transfer of an incoming photon to the excited state of a transmon qubit by
a four-wave mixing process. This device achieves a detection efficiency η = 0.43 and an operational dark
count rate α = 85 s−1, mainly due to the out-of-equilibrium microwave photons in the input line. The
corresponding power sensitivity is S = 10−22 W/

√
Hz, one order of magnitude lower than the state of

the art. The detector operates continuously over hour time-scales with a duty cycle ηD = 0.84, and offers
frequency tunability of at least 50 MHz around 7 GHz.
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I. INTRODUCTION

Single-photon detection is a mature technique in the
optical domain. Its applications are numerous, ranging
from fluorescence microscopy [1–4] to measurement-
based quantum computing [5]. At microwave frequencies
(5–10 GHz), single-photon detection is more challeng-
ing due to the five orders of magnitude photon energy,
requiring in particular millikelvin temperatures to mini-
mize the number of thermal photons per mode. Never-
theless, a range of applications make the development of
such devices relevant. Single microwave photon detectors
(SMPDs) have been proposed for detecting weak incoher-
ent emitters at microwave frequencies, such as electron
spins in solids [6–8] or hypothetical dark matter can-
didate particles [9,10]. SMPDs may also be useful for
primary thermometry [11] and for quantum illumination
protocols [12]. Finally, SMPDs will enable the implemen-
tation of several quantum information processing protocols
[13–15], for instance for the heralded entanglement of
superconducting qubits at a distance [16], the develop-
ment of new qubit readout schemes [17], and the robust
generation of quantum states [18].

SMPD designs based either on superconducting quan-
tum bits or bolometers have been proposed [19–27]
and implemented [16,28–33]. Besides itinerant microwave
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photon detectors, other experiments have demonstrated
high-sensitivity detection of individual microwave photons
in a high-Q cavity [10,34,35].

The detection sensitivity, as well as the fidelity of the
envisioned quantum protocols, depend crucially on the
SMPD characteristics. Two figures of merit especially
matter: the dark count rate α, defined as the number of
false-positive detections per unit of time, and the oper-
ational efficiency η, defined as the ratio of counts to
incoming photons. Combining these two metrics, one can
determine the power sensitivity S of the detector as the
noise- equivalent power (NEP) for an integration time of 1
s (see Appendix C):

S = �ω
√

α

η
. (1)

Currently, detectors based on superconducting qubits [30–
32] show a dark count rate α ∼ 104–105 s−1, for an effi-
ciency η ∼ 0.5–0.7 over a bandwidth of about 10–20 MHz,
resulting in a sensitivity S ∼ 2–9 × 10−21 W/

√
Hz at 7

GHz. On the other hand, the most advanced bolometric
detector based on graphene [33] reaches a sensitivity S =
7 × 10−19 W/

√
Hz at 7.9 GHz, when operated at 190 mK.

The bandwidth of this device varies between 861 MHz and
599 MHz depending on the operating parameters.

This article presents an SMPD based on a superconduct-
ing qubit and a four-wave mixing process [36]. It detects
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itinerant photons, regardless of their waveform, in a band-
width of about 1 MHz around a frequency tunable from
7.005 GHz to at least 6.955 GHz (see Appendix B) and
operates in cycles of approximately 12 µs duration, which
can be repeated continuously over several hours, days, or
even months. Here we demonstrate, at the specific fre-
quency of 6.979 GHz, a dark count rate α = 85 s−1 for
an operational efficiency η = 0.43 leading to a power sen-
sitivity S = 10−22 W/

√
Hz, more than an order of mag-

nitude lower than the state of the art. This new sensitivity
has opened up new detection possibilities. In particular, a
device (called SMPD2 in Appendix I) very similar to the
one discussed in this work has recently enabled the detec-
tion of individual electron spins in solids, through their
microwave fluorescence [8].

II. WORKING PRINCIPLE

This device builds upon the superconducting circuit pro-
posed and demonstrated in Refs. [6,36]. The working prin-
ciple is based on the irreversible transfer of an incoming
photon to an excitation of a transmon qubit. The detec-
tor “clicks” when the qubit is detected in its excited state
using a dispersive readout through a capacitively coupled
resonator.

This irreversible transfer is achieved by a four-wave
mixing process, directly provided by the transmon qubit
Hamiltonian. The incoming photon impinging on an input
resonator with frequency ωb [called “buffer” mode, orange
in Fig. 1(a)] combines with a pump tone at frequency
ωp and is converted into an excitation in the transmon
qubit mode at frequency ωq and an additional photon in
an output resonator mode at frequency ωw [called “waste”
mode, green in Fig. 1(a)]. This four-wave mixing process
is described by the Hamiltonian

Ĥ4wm = √
χbχw

(
ξ b̂σ̂ †ŵ†+ξ ∗b̂†σ̂ ŵ

)
, (2)

where b̂ and ŵ are respectively the annihilation operators
corresponding to the buffer mode and waste mode, σ̂ is the
lowering operator corresponding to the qubit, ξ is the pump
amplitude in the qubit mode, and χb and χw are respec-
tively the dispersive shifts of the transmon qubit with
respect to the buffer and waste modes [36]. For this pro-
cess to be activated, the pump frequency is tuned such that
ωp + ωb = ωq + ωw − χw, to satisfy the four-wave mixing
resonance condition.

The irreversibility of the conversion is ensured by the
coupling of the waste resonator to a dissipative environ-
ment. While the qubit remains excited, the photon in the
waste resonator leaks out in the measurement line at the

(a) (b)

(c) (d)

FIG. 1. (a) Principle of the photon detector. Two cavities,
buffer (orange) and waste (green), are coupled to a transmon
qubit whose nonlinearity allows the modes to be mixed. A pump
tone (purple) triggers a four-wave mixing process, converting an
incoming buffer photon into a long-lived qubit excitation and
a waste photon quickly dissipated into the environment, mak-
ing the reversal process impossible. (b) Schematic of the SMPD
chip. The transmon qubit (blue) at frequency ωq/2π = 6.184
GHz is capacitively coupled to two coplanar waveguide res-
onators: the buffer [see (c)] and the waste (ωw/2π = 7.704 GHz,
κw/2π = 1.8 MHz). Two Purcell filters are added to protect the
qubit from radiative relaxation. The tunability of the detector
is ensured by inserting a superconducting quantum interference
device (SQUID), driven by a flux line (red), in the buffer res-
onator. (c) Evolution of the buffer frequency with the respect to
the magnetic flux through the SQUID. Orange points are data,
the solid red line is a fit, and the dashed black line represents
the buffer Purcell filter frequency. Due to the frequency detun-
ing between the buffer and its filter, the buffer bandwidth κb
varies with its frequency. The red square represents the operat-
ing point. (d) Cyclic operation of the SMPD consisting of three
steps repeated continuously. The detection window (D) involves
switching on the pump tone (purple) for Td = 10 µs to allow
the conversion of the incoming photon (orange). The measure-
ment window (M) involves applying a readout pulse (green) on
the waste resonator to measure the qubit state. The reset win-
dow (R) is a conditional loop to reinitialize the qubit in its
ground state. The excited population of the qubit during the pulse
sequence is represented below. The average detector blind time
is Tm + Tr = 1.9 µs.

rate κw. The reciprocal four-wave mixing process [second
term in parentheses in Eq. (2)] is therefore suppressed and
the qubit is left in its excited state. The detector behaves as
an energy integrator, which is independent of the incom-
ing photon waveform provided that its spectral extension
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remains included than the frequency linewidth of the buffer
mode.

The four-wave mixing being a resonant process, it is
intrinsically narrowband. To make it a practical detector,
our device is made frequency tunable to match the pho-
ton frequency of interest by inserting a superconducting
quantum interference device (SQUID) in the buffer res-
onator [see Fig. 1(b)]. The detector frequency can be tuned
from ωb/2π = 7.005 GHz over several hundred megahertz
[see Fig. 1(c)]. Two bandpass Purcell filters are associated
with the resonators to prevent spurious decay of the qubit
into the lines [37]. Therefore, the buffer resonator linewidth
depends on its frequency detuning with respect to its Pur-
cell filter. The bandwidth κb/2π = 3 MHz is maximal
for ωb/2π = 6.824 GHz. In the following, the detector
is characterized at ωb/2π = 6.979 GHz and κb/2π = 0.2
MHz. The resonance frequencies of the waste resonator
ωw/2π = 7.704 GHz and the transmon qubit ωq/2π =
6.184 GHz are fixed. The relaxation time T1 of the trans-
mon qubit is measured as T1 ∼ 37 µs [see Fig. 2(d)] and
its equilibrium population fluctuates around peq ∼ 2–4 ×
10−4 [see Figs. 2(c) and 2(d)], close to the lowest reported
[38–41]. For the particular value ωb/2π = 6.935 GHz, the
pump tone set by the four-wave mixing resonance con-
dition becomes resonant with the buffer resonator. Under
such conditions, the pump couples directly to the buffer,
the four-wave mixing becomes degenerate, and the SMPD
cannot operate. This collision between the pump and buffer
frequencies is due to fabrication inaccuracies and has been
corrected in the second version of the design (SMPD2; see
Appendix I).

The optimal pump characteristics (frequency ωp/2π and
amplitude ξ ) are determined experimentally by monitoring
the qubit population while illuminating the buffer mode
with a weak coherent signal and by sweeping the pump
tone frequency and amplitude. As shown in Fig. 2(b), a
large excited state population is found in the qubit state
conditioned on the presence of the illuminating tone for
a pump frequency of ωp/2π = 6.885 GHz. This value is
in good agreement with the mode frequencies, taking into
account the qubit Stark shift induced by the pump and the
dispersive shift of the resonators.

In a restricted subspace where buffer and waste are never
simultaneously populated, our device can be described by
two cavities coupled with the strength g3 = 2|ξ |√χbχw [6]
(see Appendix D). In this framework, the maximum detec-
tion efficiency is expected when the coupling strength g3
matches the geometric mean of decay rates of the buffer
and waste resonators such that 2|ξ |√χbχw = √

κbκw [36].
The model also provides an explicit formula for the trans-
fer efficiency η4wm between a buffer photon and a qubit
excitation:

η4wm = 4C
(1 + C)2 , (3)

(a) (b)

(c) (d)

FIG. 2. (a) Qubit-excited population as a function of the pump
amplitude |ξ | applied to the qubit when a coherent tone of 360
zW (77 850 photons per second) is applied on the buffer res-
onator. The pump frequency is adapted for each amplitude to
follow the Stark shift. Orange points are data, the dark red solid
line represents a fit using (3), and the black solid line represents
the chosen amplitude. (b) Qubit-excited population as a func-
tion of the pump frequency ωp/2π when no signal is sent to the
buffer (dark blue) and when a coherent tone (360 zW) is applied
(orange). Solid red lines represent Lorentzian fit, and the dashed
black line is the center of the resonance. (c) Qubit readout when
no pulses are applied to the qubit (red), giving a qubit equilib-
rium population peq = 2 × 10−4, and qubit readout just after a
reset sequence (green), giving a reset population preset = 10−5.
Solid lines represent Gaussian fit. The dashed black line rep-
resents the qubit readout after a π -pulse, and the vertical solid
line corresponds to the chosen readout threshold. (d) Qubit relax-
ation curve from the excited state (blue) and from the ground
state (green). Solid lines represent exponential fits. The yellow
window corresponds to the detection time Td = 10 µs.

where C = 4|ξ |2χbχw/κbκw is the cooperativity associated
with the four-wave mixing. Unit transfer efficiency is
reached for C = 1. Taking into account resonator losses,
we expect a maximum transfer efficiency of η4wm = 0.86
(see Appendix E). To determine the pump amplitude cor-
responding to the optimal cooperativity, we operate the
four-wave mixing for various pump amplitudes by sending
photons to the buffer resonator. The resulting qubit-excited
population, plotted in Fig. 2(a), is in good agreement with
the theoretical two-coupled-cavities model. We have cho-
sen to operate slightly below the optimum pump amplitude
to mitigate the heating effects.

In order to avoid spurious qubit heating due to the
pump tone, a low pump amplitude is desirable. This is
conveniently achieved if the dispersive shifts χb,w are
larger than the κb,w. Here, the measured dispersive shifts
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are χb/2π = 5.2 MHz, χw/2π = 18.8 MHz and the res-
onators linewidths κb/2π = 0.2 MHz (at the point con-
sidered) and κw/2π = 1.8 MHz. At unit cooperativity, the
pump energy is |ξ |2 = 5 × 10−3 in units of qubit exci-
tation. Note that the large dispersive shift between the
resonators and the qubit is not detrimental for two reasons.
First, the maximum number of excitation in modes during
the transfer process never exceeds one, so that higher-
order nonlinear terms do not contribute significantly to the
dynamics as shown on Fig. 2(b). Second, Purcell filters at
the output of each of the resonators inhibit the spurious
decay of the qubit into transmission lines.

III. CYCLIC OPERATION

The detector is operated cyclically, with the operation
cycle consisting of three subsequent steps [see Fig. 1(d)].
The first, “detection” (D), involves applying to the qubit
a pump pulse at frequency ωp for a detection time Td =
10 µs (see Appendix G for Td calibration). If a photon
enters into the buffer resonator, the four-wave mixing pro-
cess triggers a qubit excitation and the dissipation of a
photon into the waste resonator.

In the second step of the cycle, “measurement” (M), the
qubit state is dispersively read out using the waste res-
onator for a measurement time Tm = 0.5 µs. Note that
the threshold used to discriminate the qubit ground and
excited states is chosen to maximize the SMPD power
sensitivity defined in Eq. (1). As shown in Fig. 2(c), this
threshold favors the readout fidelity of the ground state
at the expense of the readout fidelity of the excited state
p(1|e) = ηRO = 0.73. The dark count is minimized at the
expense of a moderate reduction in efficiency.

The third step of the cycle consists of a conditional
reset (R). If the qubit is previously found in its ground
state, we directly go to the next cycle. If the qubit was
found in its excited state, a π -pulse is applied though
the pump line and the qubit state is measured again, the
procedure being repeated until the ground preparation suc-
ceeds. Owing to the high fidelity of the qubit ground-state
readout, we reset the qubit well below its equilibrium pop-
ulation peq as shown in Fig. 2(d); the reset infidelity is
as low as preset = 10−5. The reset step is nondeterminis-
tic, with an average reset time Tr ≈ 0.5 µs. For the reset
to work optimally, the quantum nondemolition character
of the measurement must be ensured. To meet this con-
dition, we use a traveling wave parametric amplifier and
we carefully tune the readout pulse length and amplitude.
Moreover, the readout pulse frequency is detuned with the
respect to the waste resonator frequency by the dispersive
shift of the qubit, such that the readout pulse enters the res-
onator if and only if the qubit is in its excited state. This
allows us to enhance the quantum nondemolition character
of the measurement when the qubit is in its ground state.

A waiting time of 1 µs is added at the end of the reset
step to let the waste resonator return to its ground state.
The average cycle time is Tcycle = 11.9 µs, which sets
the duty cycle of the detector ηD = Td/Tcycle = 0.84. This
quantity could be made arbitrarily close to 1 by increas-
ing the duration of the detection window. However, the
qubit relaxation in a characteristic time T1 = 37 µs [see
Fig. 2(d)] sets an upper bound, by introducing a contribu-
tion ηqubit = (T1/Td)(1 − e−Td/T1) to the overall efficiency,
which actually limits the detection step duration.

The detector is operated by continuously repeating the
cycle about 8 × 104 times per second. Its temporal res-
olution is determined by the detection time Td = 10 µs,
whereas its dead time is Tm + Treset = 1.9 µs.

IV. DETECTION EFFICIENCY

The operational efficiency is measured by sending a cal-
ibrated tone at the center of the SMPD line [see Fig. 3(d)]
while the cycle is repeated. The power of the microwave
tone is calibrated by using the dephasing of the qubit
induced by the presence of photons in the buffer cav-
ity [42].

Typical measurement records of the detector for various
illumination powers are shown Fig. 3(a). The operational
efficiency of the SMPD, η = 0.43, is obtained by measur-
ing the ratio between the click event rate and the incoming
photon rate as shown in Fig. 3(b). The efficiency is in
good agreement with the expected one that includes four
different contributions: the transfer efficiency η4wm, the
qubit relaxation ηqubit, the duty cycle ηD and the readout
fidelity ηRO resulting in a theoretical efficiency ηtheory =
η4wm · ηRO · ηD · ηqubit = 0.46.

V. DETECTION BANDWIDTH

The detector bandwidth is measured by varying the fre-
quency of a 10-µs photon pulse sent to the buffer resonator
during the detection window. The qubit excitation proba-
bility is measured and multiplied by a constant factor so
that the maximum value corresponds to the overall effi-
ciency η = 0.43. This inferred efficiency is then plotted
with the respect to the frequency of the input photons
as shown in Fig. 3(d). The detector bandwidth, defined
as the full width at half maximum (FWHM), is κd/2π =
0.57 MHz.

From a model of two coupled cavities (see Appendix D),
explicitly derived in Ref. [6], we can obtain an analytical
expression for κd with respect to κb and κw:

κd =
√

2

√√√√
√

κ2
b κ2

w +
(

κb − κw

2

)4

−
(

κb − κw

2

)2

, (4)

yielding the theoretical κd,th/2π = 0.43 MHz. Here κd,th ≈
2κb which corresponds to the limit where κw � κb. We
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(a) (b)

(c) (d)

FIG. 3. (a) Time traces of the SMPD operated in cyclic mode;
each vertical line represents one photon detection. The power of
the coherent tone sent to the buffer resonator is progressively
increased from 0 W (dark blue) to 54 zW (12 000 photons per
second) (orange). (b) Detected count rate as a function of incom-
ing photon rate. The efficiency η is extracted with a linear fit
(solid line). The deviation from the linear behavior is due to the
detector saturation. (c) Dark count rate as the function of time.
Each point is the average rate over approximately 12 s, which
corresponds to 106 cycles. The dashed line represents the dark
count saturation α = 85 s−1. (d) Inferred efficiency of the SMPD
as a function of the frequency of the coherent tone applied to the
buffer resonator. The power of the tone is still 360 zW. Solid lines
represent a Lorentzian fit. The detector bandwidth defined as the
full width at half maximum is κd/2π = 0.57 MHz.

attribute the discrepancy between the theoretical and the
measured bandwidth to the 100 kHz spectral broadening
caused by the finite length of the excitation pulses.

VI. DARK COUNTS

The dark count rate is estimated by measuring the count
rate of the detector in the absence of input photons as illus-
trated in the top panel of Fig. 3(a). The dark count rate
is found to be 60 s−1 for a few minutes’ operation. As
shown in Fig. 3(c), when operated on an hour time-scale,
we observe a slight rise of the dark count rate to 85 s−1

over a period of 1 h, after which it remains stable within
±4 s−1 over 10 h. The initial dark count rise is attributed
to the heating of the cold stage of the refrigerator due to the
continuous power delivered by the qubit pump. The sensi-
tivity of the detector in steady state regime is then simply
given by Eq. (1) and yields a value S = 10−22 W/

√
Hz.

VII. DARK COUNT BUDGET

The dark counts α can be decomposed into three main
contributions: the thermal population of the qubit αqubit,
the heating of qubit by the pump α4wm, and the presence
of thermal photons in the input lines αth. The resulting
dark count rate is the sum of the three contributions:
α = αqubit + α4wm + αth, each of which can be addressed
individually.

The first contribution is the probability of finding the
qubit in its excited state in the absence of the four-wave
mixing process. This depends on the qubit excitation prob-
ability after the reset preset and the relaxation rate T−1

1 of the
qubit toward its equilibrium population peq [see Figs. 2(c)
and 2(d)] such that αqubit = (peq/T1)ηD + preset/Tcycle. We
evaluate this contribution to αqubit = 5 s−1 by using the
parameters peq, T1, preset, ηD and Tcycle defined in the previ-
ous sections. To mitigate this source of noise, the qubit is
thermalized by filtering the line on a broad frequency range
up to the infrared domain (eccosorb filter) and by properly
designing an electromagnetic shield composed of three
interleaved screens in μ-metal, copper and aluminum.

The second contribution is the spurious heating of the
qubit by the pump tone α4wm. This contribution is mea-
sured by applying a pump tone detuned from the four-wave
mixing condition while measuring the equilibrium popula-
tion of the qubit. As shown in Fig. 2(b), in these conditions
peq = 3 × 10−4, a value included in the fluctuation inter-
val of the equilibrium population. This contribution to the
overall dark count rate is therefore considered negligible.

The third contribution, αth, is due to the presence of spu-
rious photons in the input transmission lines. The integra-
tion of the mean number of photons per mode in the buffer
input line n̄b over the linewidth of the detector κd gives the
corresponding dark count rate αth = 80 s−1. At the cryostat
base temperature (10 mK), this contribution should be neg-
ligible as the Planck law would predict an average number
of photons per mode n̄b = 3 × 10−15; however, it is noto-
riously difficult to thermalize the microwave field at such
low temperatures. Based on a Johnson-Nyquist description
of thermal noise, we can derive the explicit relation [43]
(see Appendix F)

αth = κd

4
ηn̄b. (5)

To verify the validity of this relation, we measure the ther-
mal dark count as the function of a well-defined mode pop-
ulation, that is, when the refrigerator temperature is above
40 mK. This temperature is measured by a thermometer
anchored to the mixing chamber plate. We acquired the
dark count rate α in a range from 10 mK to 100 mK,
waiting for the end of the transient regime each time.
Since the heating is not selective, all parts of the chip
are affected, including the transmon qubit which causes an
increase in its equilibrium population peq and a decrease in
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(a)

(c)

(d)

(b)

FIG. 4. Johnson-Nyquist law demonstrated with the SMPD.
Qubit relaxation time T1 (a) and qubit equilibrium population
peq (b) taken every minute. These values are used to determine
the value of αqubit. The fridge temperature is shown in dashed
gray lines. (c) Thermal dark count rate αth = α − αqubit for dif-
ferent refrigerator temperatures shown in dashed gray lines. Each
point corresponds to the average dark count rate over 105 cycles;
the light blue areas correspond to the data selected to extract the
averages by avoiding the transient regime. (d) Relation between
the mode population n̄b, calculated from the refrigerator temper-
ature, and the thermal dark count rate αth. Each point (purple)
corresponds to the average of the colored areas of (c); an exam-
ple of distribution is given in the inset for the green zone. The
solid line correspond to the Johnson-Nyquist relation where η is
the SMPD efficiency and κd the SMPD bandwidth.

its relaxation time T1. To take these effects into account,
these two quantities are measured every minute during the
experiment [Figs. 4(a) and 4(b)], giving minute-by-minute
monitoring of αqubit. Note that the relaxation time is now
of the order of 20 µs, compared with 37 µs in the previous
sections. This decrease appeared for an unknown reason
after a few cooldown cycles.

The thermal dark count rate αth = α − αqubit is plotted
as a function of time [see Fig. 4(c)] and with the respect
to the thermal photon population n̄b calculated from the
refrigerator temperature [see Fig. 4(d)]. The relationship
between αth and n̄b is linear with a slope of ηκd/4, therefore
validating Eq. (5).

As explained earlier, at 10 mK, n̄b is decoupled from the
refrigerator temperature, but we can estimate an equivalent

electromagnetic temperature from the dark count measure-
ment. At 10 mK, the measured dark count is α = 85 s−1

[see Fig. 3(c)], as we evaluate αqubit to 5 s−1’ the equiv-
alent αth is 80 s−1, corresponding to n̄b = 6.5 × 10−5. By
using Eq. (5), the equivalent electromagnetic temperature
of the input line is 35 mK.

In principle, one could further improve the SMPD
performance by improving the attenuation of the lines.
However, the temperature of the microwave radiations is
challenging to reduce arbitrarily close to the cryostat base
temperature as it requires a large amount of attenuators that
are thermally well anchored.

VIII. CONCLUSION

We have demonstrated the operation of a single
microwave photon detector based on a four-wave mixing
process.

The efficiency of the device reaches 0.43 and is quanti-
tatively understood from the contributions of the detector
duty cycle, the qubit ability to store an excitation, the qubit
readout, and the four-wave mixing efficiency. It can be
improved in future devices with longer transmon relax-
ation times (see Appendix H), noting that qubit T1s up
to several hundred microseconds have been demonstrated
[44,45].

The second key quantity studied in this article is the
dark count rate. We have demonstrated that most of these
false-positive events are caused by spurious photons due
to the electromagnetic temperature of the line. A direct
way of lowering the dark count would be to reduce the
detector bandwidth so that it matches the bandwidth of the
measured system.

Utilizing these metrics, the power sensitivity of the
SMPD is determined as S = �ω(

√
α/η) = 10−22 W/

√
Hz.

We have also verified the direct relation between the count
rates and the thermal occupation of the lines, opening the
way to using the SMPD as an absolute thermometer in the
10–100 mK range.

Even though further improvements of the device per-
formance are desirable in the future, its high sensitivity
has already enabled new experiments, such as single-
spin electron spin resonance spectroscopy [8], as well as
proof-of-principle axion search.
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APPENDIX A: EXPERIMENTAL PARAMETERS
OF THE DEVICE

Table I summarizes the various parameters of the device.
The parameter ωPw (ωPb) is the frequency of the waste
(buffer) Purcell filter. κPb, κPw are the filters bandwidth.
Ec/2 is the anharmonicity of the qubit. κb,ext(κb,int) is
the coupling (internal) losses of the buffer resonator and
κw,ext(κw,int) is the coupling (internal) losses of the waste
resonator.

APPENDIX B: OTHER OPERATING POINTS

In the main text, we present the SMPD for the specific
buffer frequency ωb/2π = 6.979 GHz. In this section, we
present the dark count and the efficiency of the detector
at two other buffer frequencies: ωb/2π = 6.9697 GHz and
ωb/2π = 6.9549 GHz.

The efficiency is measured by sending a coherent wave
packet of amplitude bin to the buffer for a time tb, while

TABLE I. Parameters of the SMPD1 components. The buffer
frequency is shown for 3 significant values of the flux in the
SQUID loop corresponding to: the maximum frequency, the
operating frequency in the main text and the resonance frequency
with respect to the Purcell filter.

Qubit

ωq/2π 6.184 GHz
Ec/4π ∼ 240 MHz
χb/2π 5.2 MHz
χw/2π 18.8 MHz
T1 ∼37 µs
T2 ∼56 µs
peq ∼2 × 10−4

Buffer φ/φ0 = 0 φ/φ0 = 0.11 φ/φ0 = 0.25

ωb/2π 7.005 GHz 6.979 GHz 6.824 GHz
κb,ext/2π 0.152 MHz 0.172 MHz 2.95 MHz
κb,int/2π 0.100 MHz 0.028 MHz nc

Waste

ωw/2π 7.704 GHz
κw,ext/2π 1.72 MHz
κw,int/2π 0.11 MHz

Filters

ωPb/2π 6.824 GHz
κPb/2π 84.2 MHz
ωPw/2π 7.620 GHz
κPw/2π 180 MHz

(a) (b)

(c) (d)

10 µs

Pump

buffer

readout
tb

bin

ww

while 

n n

0 2 4 6
pulse duration tb ( s)
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0.5

/
D

b/2 = 6.9697 GHz
N = 2000
b/2 = 6.9549 GHz
N = 47079
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time (s)

50
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100

125

150

175

200

225

(s
1 )

b/2 = 6.9697 GHz
N = 4302
b/2 = 6.9549 GHz
N = 1159

FIG. 5. (a) Pulse sequence used to measure efficiency. A pump
tone (purple pulse) of duration 10 µs is sent to the qubit mode,
and an incoming coherent wave packet (orange pulse) of duration
tb and amplitude bin is applied to the buffer. The qubit-excited
state population pe is detected by the waste (green pulse). (b)
Cycle similar to the main text repeated n = 12 500 times per
experiment. (c) Efficiency η/ηD as a function of wave-packet
duration tb, measured with sequence (a). Each point is averaged
N times. (d) Dark count measured over n = 12 500 cycles of
tcycle = 11.8 µs. Each point corresponds to the average of k =
500 cycles. The experiment is repeated N times and averaged.

the four-wave mixing is activated by the pump tone [see
Fig. 5(a)]. The photon flux corresponding to the amplitude
bin is calibrated using a Ramsey experiment perturbed by
a field sent to the buffer (see [43] for more details). For
each time tb we measure the ratio between the number of
photons sent and the qubit-excited population, which gives
the detector efficiency without the duty cycle contribution:
η/ηD. As shown in Fig. 5(c), due to the buffer bandwidth,
the efficiency grows with tb until it reaches an asymptote
corresponding to η/ηD. Taking into account the duty cycle
ηD = 0.84, we get η = 0.41 for ωb/2π = 6.9697 GHz and
η = 0.34 for ωb/2π = 6.9549 GHz.

The dark count rate α is measured by repeating the
detection cycle Nn times, where N is the number of exper-
iments, and n = 12500 is the number of detection cycles
of tcycle = 11.8 µs per experiment. For each experiment,
the number of clicks per second is averaged over k = 500
cycles and plotted as a function of time in Fig. 5(d). We get
α = 125 s−1 for ωb/2π = 6.9697 GHz and η = 90 s−1 for
ωb/2π = 6.9549 GHz.

These figures give a sensitivity of S ≈ 1.2 × 10−22 W/√
Hz for both buffer frequencies, comparable to the sensi-

tivity shown in the main text.

APPENDIX C: NOISE-EQUIVALENT POWER

The NEP is defined as the minimum detectable power
with a signal-to-noise ratio (SNR) of 1 for a certain integra-
tion time t. This quantity, expressed in W/

√
Hz, provides
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a good representation of the absolute sensitivity of the
SMPD.

We will first write the SNR considering that the detected
signal is provided by a continuous tone of power P, at res-
onance with the buffer resonator and with a Poisson noise.
When this microwave tone is turning ON, the number of
photons impinging the detector for a time t is Pt/�ωb.
Due to the dark count rate and the efficiency, the num-
ber of clicks given by the detector is SON = ηPt/�ωb + αt.
In contrast, when the microwave tone is OFF, the signal
integrated by the detector for a time t is SOFF = αt.

The signal of interest is Sint = SON − SOFF = ηPt/�ωb.
As all the distributions are Poisson, the associated noise
is Nint = √

SON + SOFF. Assuming that the dark count is
perfectly known, we can reduce the expression of the noise
to Nint = √

SON.
The SNR of the detection is then given by

SNR = ηPt/�ωb√
Pt/�ωb + αt

. (C1)

The NEP is given by the power P corresponding to SNR =
1, yielding

NEP = �ωb(1 + √
1 + 4tα)

2tη
. (C2)

In this paper, the integration time is set such that
√

αt � 1
reducing the NEP to

NEP = �ωb

√
α

η
√

t
. (C3)

APPENDIX D: TWO-COUPLED-CAVITIES
MODEL

The detector response can be modeled by considering
that the buffer and waste resonator are coupled with a con-
stant G = −ξp

√
χqbχqw due to the four-wave parametric

process involving the qubit, where ξp is the pump ampli-
tude in units of square root of photons and χqb (χqw) the
dispersive coupling of the buffer (waste) resonator to the
qubit. We can write down the system of coupled equa-
tions for the buffer and waste intraresonator fields ν and
β, assuming that the resonators are lossless:

ν̇ = −iδbν − iGβ − κb

2
+ √

κbνin, (D1)

β̇ = −iδwβ − iG∗ν − κw

2
+ √

κwβin, (D2)

where δb and δw are the buffer and waste frequencies in
the frame rotating at the probing frequency, and νin and βin
are the respective input field amplitudes. Now using the
relation between the intraresonator fields and the input and

output flux
√

κbν = νin + νout, from the equilibrium solu-
tion of the coupled system we can extract the transmission
coefficient |S21|2 = |βout/νin|2. Assuming zero input flux
on the waste, this leads to

|S21|2 =
∣∣∣∣∣

2ξp
√

κbκwχbχw

−4δbδw + 2iδbκw + 2iδwκb + κbκw + χbχwξ 2
p

∣∣∣∣∣
2

,

(D3)

or with the respect to the cooperativity C = 4(χbχw/κwκb),

|S21|2 = 4C∣∣∣− 4δbδw
κbκw

+ 2i δb
κb

+ 2i δw
κw

+ 1 + C
∣∣∣
2 . (D4)

This expression can be directly related to the detector effi-
ciency η4wm as the input photon frequency is varied. The
FWHM of |S21|2,

κd =
√

2

√√√√
√

κ2
b κ2

w +
(

κb − κw

2

)4

−
(

κb − κw

2

)2

, (D5)

gives the bandwidth of the detector.

APPENDIX E: TRANSMISSION COEFFICIENT IN
PRESENCE OF BUFFER RESONATOR LOSSES

The effect of the buffer resonator internal losses on the
efficiency η4wm can be evaluated by inserting κtot = κb,int +
κb,ext (internal and coupling losses) into Eq. (D1). Assum-
ing that the incoming photon and the pump frequencies
are optimally tuned (i.e., δb = δw = 0), the transmission
coefficient becomes

|S21|2 = 4C(
κb,int
κb,ext

+ 1 + C
)2 . (E1)

The maximization of |S21|2 with respect to the cooperativ-
ity C yields

|S21|2 ≤ 1
1 + κb,int

κb,ext

. (E2)

The internal losses of the buffer resonator κb,int/2π =
0.028 MHz, combined with the external (coupling) losses
κb,ext/2π = 0.172 MHz, give the maximum efficiency of
the main text, η4wm = 0.86.

APPENDIX F: JOHNSON-NYQUIST NOISE

The thermal noise detected in the main text is described
by a Johnson-Nyquist noise. In the classical framework,
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the noise power is expressed as a function of the detec-
tor bandwidth �f and the temperature T of the experi-
ment: Pth = kbT�f . In the quantum regime relevant to our
experiment performed at low temperature 10 mK (kbT �
�ωb), the average energy provided by the modes is given
by Bose-Einstein statistics such as kbT → �ωn̄b, where
n̄b = 1/(e�ω/kbT − 1) is the number of photons per mode.
The expression describing the flux of thermal photons per
second is then

Pth

�ωb
= n̄b�f . (F1)

To extract the extra number of clicks αth induced by this
photon flux, we must take into account its conversion effi-
ciency, which depends on the total detector efficiency η,
but also on its frequency detuning with the buffer resonator.
In the limit where κb � κw, we can consider that the con-
version efficiency |S21|2(f ) is given by a Lorentzian func-
tion centered around fb = ωb/2π with an FWHM κd/2π .
This assumption yields the total number of extra clicks
during a detection window:

αth =
∫ +∞

−∞

n̄bη

1 +
(

f −fb
κd/(4π)

)2 df

= n̄bηκd

4
. (F2)

APPENDIX G: OPTIMIZATION OF THE
DETECTION TIME Td

In the main text, we define the qubit efficiency
as ηqubit = (T1/Td)(1 − e−Td/T1). This expression can
approach close to 1 by shortening the detection window,
thereby diminishing the ratio Td/T1. Nevertheless, reduc-
ing Td also decreases the duty cycle ηD. One thus has to
find a tradeoff between ηD and ηqubit by maximizing the
product

ηDηqubit = T1

Tm + Tr + Td
(1 − e−Td/T1). (G1)

In the limit where Tm + Tr � Td � T1 , the product
ηDηqubit takes the simple form

ηDηqubit ≈
(

1 − Tm + Tr

Td

) (
1 − Td

2T1

)
. (G2)

The optimal detection window is then equal to

Td ≈
√

2(Tm + Tr)T1. (G3)

Taking into account the parameters of our system, we
choose Td = 10 µs.

APPENDIX H: EFFECT OF QUBIT RELAXATION
TIME IMPROVEMENT ON SMPD SENSITIVITY

In the main text, we assert that augmenting the qubit’s
T1 is a pivotal factor in advancing the detector’s sensitiv-
ity to a great extent. Indeed, an extended T1 inherently
enhances the efficiency of the qubit, ηqubit. Furthermore,
under the assumption of a constant Tr + Tm, from Eq. (G3),
it becomes apparent that the optimal detection time rises,
thereby amplifying the duty cycle ηD. An extended relax-
ation time contributes also to heightened readout effi-
ciency, ηRO. It becomes possible to increase the readout
time, Tr, without encountering adverse effects from relax-
ation events during measurement. This naturally enhances
the distinction between the two states within the phase
plane.

The qubit relaxation time also plays a role in
the SMPD dark count rate, as it appears directly in
αqubit = (peq/T1)ηD + (preset/Tcycle) and indirectly in αth =
(κd/4)ηn̄b involving the total efficiency η.

Assuming that the T1 of the device presented in the
main text is larger by an order of magnitude, it follows
that ηqubit, ηRO, ηD ∼ 1 and η ∼ η4wm. Concerning the dark
count rate, αqubit ∼ 0 s−1 and α ∼ αth.

Under these conditions, we can estimate that the new
sensitivity would be ShighT1 = 6.8 × 10−23 W/

√
Hz (com-

pared with the actual sensitivity S = 10−22 W/
√

Hz).
To further improve the sensitivity of the detector, it is

crucial to reduce the dark count rate due to the thermal
population of the line. As mentioned in the main text, one
option is to reduce the bandwidth of the detector to match
the bandwidth of the system being measured. A detailed
study of the dark count rate behavior with the respect to
the bandwidth of the SMPD is given in Ref. [43].

APPENDIX I: TWIN SMPD DEVICE

In the main text we present the characterization of
our first working device (SMPD1) with a sensitivity
S = 10−22 W/

√
Hz. A twin device (SMPD2) was fab-

ricated a few months later to be used in a spin detec-
tion experiment [8]. Its resonator frequencies (ωb/2π =
7.459 GHz unbiased, ωw/2π = 8.004 GHz) and qubit fre-
quency (ωq/2π = 6.193 GHz) were chosen to optimize the
detector performances around 7.3 GHz. The qubit has a

TABLE II. Details of efficiency and dark count rate for SMPD1
and SMPD2.

Device αqubit (s−1) α4wm (s−1) αth (s−1)

SMPD1 5 / 80
SMPD2 9 2 90

ηD ηRO η4wm ηqubit

SMPD1 0.84 0.76 0.86 0.84
SMPD2 0.79 0.90 0.69 0.73
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smaller lifetime, T1 = 15 µs, and a comparable equilib-
rium population, peq = 2 × 10−4. The measured efficiency,
η = 0.32, and the measured dark count rate, α = 103 s−1,

give an absolute sensitivity S = 1.5 × 10−22 W/
√

Hz at
7.3 GHz. Table II shows the efficiency and dark count
budget of SMPD2 and how it compares with SMPD1.
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temperature are shown.
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The decrease in ηD and ηqubit is due to the shorter
T1, while the increase in ηRO is due to a cleaner cali-
bration of the parametric amplifier. The SMPD2 buffer
resonator presents higher internal losses which translate
into a smaller η4wm.

APPENDIX J: CRYOGENIC SETUP

Figure 6 shows the wiring of the cryogenic setup used in
this experiment. Lines 1 and 2 correspond to the detector
input. They are used both to characterize the parameters of
the buffer resonator (ωb, κb) and to calibrate the detector
efficiency by sending a well-controlled number of pho-
tons. Line 3 is a dc flux bias line for tuning the SQUID
inductance, which controls the frequency ωb of the buffer
resonator. Lines 4, 5, and 6 are used to probe the waste res-
onator to perform a dispersive readout of the qubit. Line 7
corresponds to the qubit drive.
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