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We construct a microwave detector based on the voltage switching of an underdamped Josephson
junction that is positioned at a current antinode of a λ=4 coplanar waveguide resonator. By measuring the
switching current and the transmission through a waveguide capacitively coupled to the resonator at
different drive frequencies and temperatures, we are able to fully characterize the system and assess its
detection efficiency and sensitivity. Testing the detector by applying a classical microwave field with
the strength of a single photon yields a sensitivity parameter of 0.5, in qualitative agreement with
theoretical calculations.
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I. INTRODUCTION

The light emission by single microscopic quantum
systems displays a number of nonclassical features which
have been exploited in fundamental investigations in
quantum physics and which may result in applications
in metrology, quantum communication, and computing.
Potential applications, however, would suffer from the
rather weak coupling between atoms and single optical
photons. This consequence has stimulated efforts to study
the same features with macroscopic artificial atoms. A
particularly successful system relies on solid-state super-
conducting circuits. Because of the Josephson nonlinearity,
such circuits have an anharmonic excitation spectrum and
may be restricted to an effective two-level system which
can interact resonantly with microwave fields. Besides the
stronger coupling of superconducting circuits, an additional
advantage is that they can be designed and fabricated on
chip scale, thereby allowing the integration in and scaling
to larger systems with multiple components.
Essential quantum-optical effects with superconducting

qubits, such as vacuum Rabi splitting [1], resonance
fluorescence of a single artificial atom [2], and single-atom
lasing [3] have already been observed. Microwave fields
can be amplified, detected, and fully characterized in
homodyne setups [4]. The effective coupling to trans-
mission waveguides has made it possible to efficiently
monitor the emitted radiation and verify the validity of the
quantum trajectories of qubits conditioned on the detection
record [5,6], as well as to apply feedback and stabilize
coherent superposition states of the qubit [7].

Quantum optics benefits from high-efficiency single-
photon detectors. It relies on the energy of the individual
photons being sufficient to exploit the photoelectric
effect and liberate an electron which can be amplified
and detected [8]. Transition-edge sensors [9] and super-
conducting nanowire single-photon detectors [10,11] also
require a sufficiently large energy of the incident photon to
heat and thus modify the current through the detector. For
the detection of weak incident microwave fields, promising
results have been obtained recently by the use of ther-
mometry at superconductor–normal-metal–superconductor
[12] and normal-metal–insulator–superconductor [13]
junctions.
Still, with present technology, a general-purpose detector

for single microwave photons is not possible due to the low
energy associated with photons in the microwave regime.
However, a few ideas for work-arounds exist. For the
creation and detection, a qubit is a natural component
to consider when interested in single-photon dynamics,
as qubits inherently work in the single-excitation regime.
Indeed, the creation of single photons has been demon-
strated by transferring the excitation from an excited qubit
to a cavity [14,15] and to an emission line [16]. A possible
photon detector could work by the absorbtion of a photon
by a qubit and then reading out the qubit state [17,18]. The
phase qubit is therefore of particular interest as the qubit
supports a built-in readout process [19,20]. The phase qubit
is a current-biased Josephson junction (CBJJ) [21–23]
operated in a regime of only two bound states. Recent
works using a CBJJ have made progress towards a single
microwave-photon detector [22,24–26]. This work expands
on this progress.
A CBJJ is a device of particular interest since the phase

variable associated with the junction acts as a particle*gregor.oelsner@leibniz‑ipht.de
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trapped in a washboard potential. The properties of the
CBJJ are, however, modified by even a weak probe field
and may therefore directly measure an incident microwave
field. The experiment presented here uses the tunneling
events in a CBJJ as a photon detector in the few-photon
regime by coupling the CBJJ to a λ=4 resonator. The
general idea is to use the device both as a collector of
photons and as a detector, sensitive to a single or a few
quanta in the resonator through a classical measurable
response in the form of a voltage switch over the
Josephson junction. The major difference between the
approach discussed in this work and that addressed in
Refs. [22,26] is that the detection here is not due to the
resonant interaction between a single CBJJ (operated
as a phase qubit) and a photon, which produces a signal
governed by the photon number. In contrast, the tunneling
properties of the CBJJ are directly affected by the strong
coupling to the current amplitude of the resonator and
depend on the microwave-photon number only via its
relation to the field amplitude. This difference makes the
appropriate theoretical treatment much different. A phase
qubit requires only two states to be properly described,
but, for a CBJJ coupled (possibly off resonantly) to
the field of a resonator, many levels may be relevant.
Furthermore, the switching dynamics can no longer be
described as a simple incoherent decay from the two
qubit levels, but it must be described as a resonator
field-dependent process. Furthermore, the current device
may result in several operational advantages. (i) With the
detector operating as a qubit, it can inherently only
measure one photon, but, using the current setup, a
threshold for any number of photons in the field can be
set, allowing for a wider spectrum of applications. (ii) The
bandwidth of the detector is more directly controlled
since engineering a capacitive coupling to a resonator is
straightforward. (iii) For the CBJJ to work well as a qubit,
the bias current must be tuned to a specific value. For our
setup, the resonator frequency depends only weakly on the
bias current. (iv) A phase qubit is often dominated by a
very large decoherence rate, which limits its detector
efficiency. (v) A resonator is more convenient to incor-
porate in a modular fashion in larger circuits. For instance,
one can imagine an additional qubit being dispersively
coupled to the resonator such that this device now also
works as a qubit readout device.

II. SAMPLE AND EXPERIMENTAL SETUP

In Ref. [27], we used a quantum trajectory treatment to
analyze the performance of such a system comprised of a
λ=4 coplanar waveguide resonator shunted to ground via a
Josephson junction, and here we demonstrate a prototype
of such a device and report on its performance. We design
and fabricate a superconducting circuit that consists of two
λ=4 waveguides, both shunted to ground via a Josephson
junction. The chip layout, together with light-microscope

(LM) micrographs of selected parts and a SEM image of
one of the Josephson junctions is shown in Fig. 1. For the
application of microwave signals and for the characteriza-
tion of the system, a transmission line is capacitively
coupled to the resonators. The coupling capacitance is
estimated to be Cc ¼ 10 fF from a full electromagnetic
finite-element simulation. The length of the resonators is
chosen for a center frequency of the fundamental resonance
of about 2.5 GHz. A slight length difference is introduced
to detune their resonant frequencies by about 60 MHz to
allow the individual characterization of each device [28].
The sample is fabricated on a silicon substrate using the
cross-type Nb=AlOx=Nb fabrication process [29] with a
target critical current density of 200 A=cm2. The output
(gap) voltage of the Josephson junctions takes a value of
2.8 mV, and no additional amplifiers are necessary for
detection. The sample is placed in a dilution refrigerator
with a base temperature of about 15 mK. The external noise
is reduced by magnetic and superconducting shielding,
together with heavy filtering of the input and output signal
lines. To estimate the influence of the external dc lines on

FIG. 1. (a) An (8 × 6)-cm sample is displayed as a colored
design picture consisting of a central conduction line (blue), two
coupled λ=4 resonators (yellow), dc connections to the Josephson
junctions (green), and test junction circuits in the corners of the
chip (red). (b) A LM micrograph of the coupling capacitance of
the upper resonator. The central conductor and the resonators are
formed by coplanar lines. (c) LM micrograph of the junction’s
position in the resonator current antinode. From the top-central
point, the dc-bias line is visible. Beyond the junction, it continues
as a central resonator line with a ground plane on each side.
(d) SEM image of the Josephson junction shunting the resonator
in its current antinode. The barbell-like structure is a layer of Nb
deposited on top of the structured trilayer that forms the rest of the
circuit, and the Josephson junctions are found in the overlap.
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the microwave properties of the oscillators, we bond only
one junction to the external lines.

III. EXPERIMENTAL CHARACTERIZATION

With a first set of experiments, we determine the param-
eters of the subsystems. First, we measure the transmission
of the central transmission line at different frequencies,
and we find two resonances, at ω1=2π ¼ 2.506 GHz
and ω2=2π ¼ 2.44 GHz, with similar quality factors Q of
about 1000. Thus, we conclude that no significant additional
losses are introduced by connection of the resonator and
the junction to the dc circuitry. By applying a dc-bias current
to the connected Josephson junction, we are able to measure
its resonance frequency ω1 shift to lower values; see the
lower panel in Fig. 2.
The Josephson inductance is a function of the bias

current, LJ ¼ Φ0=ð2π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

I2c − I2
p

Þ, where Φ0 is the magnetic
flux quantum. Therefore, the total resonator inductance
Lt ¼ LE þ LJ also depends on I. By making use of the
lumped element representation of the oscillator, we obtain
an equation for its resonance frequency,

ω1 ¼
1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

CEðLE þ LJÞ
p : ð1Þ

By fitting this expression to the data, we are able to extract
the effective resonator capacitance CE ¼ 1.6� 0.05 pF, its
inductance LE ¼ 2.49� 0.07 nH, and the critical current,
Ic ¼ 13.8� 0.08 μA. The error bars represent the 95% con-
fidence bounds of the fitted values. Knowing these param-
eters, we can estimate the mean amplitude of the current
Iph ≈

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ℏω1=LE

p ¼ 25 nA produced by a single photon in
the resonator. Note that vacuum fluctuations are of the same

order of magnitude, and therefore it is important that we
characterize the actual difference of the response of the
device for the vacuum and weak microwave fields [27].
In the next series of experiments, we determine the

switching current distributions under different experimental
conditions by ramping up the current with a rate of
0.5 μA=s and recording the values at which the junction
switches to the finite-voltage state. The extracted values for
the mean switching current and their standard deviations σ
are plotted in Fig. 3 for different temperatures of the chip.
At the lowest temperatures, we find the largest values of
the switching current Im of about 13 μA, with a standard
deviation σ of 40 nA. The measured switching currents are
in qualitative agreement with the expected temperature
dependence [30], although the steepness of the expected
mean value is overestimated (possibly because of the
resonator coupling). Specifically, we observe a crossover
from a quantum to a thermally activated tunneling regime
at around 200 mK, which is consistent with a normal
resistance of RJ¼140Ω and a capacitance of CJ¼400 fF
[29], estimated from the junction size and geometry.

IV. SENSITIVITY

These experiments all serve as characterization of the
system parameters. Now we use the device to sense a
weak microwave field. The application of a driving signal
V in sinωpt yields a resonator driving amplitude of
Ωd ¼ CcV inV0=2ℏ. Here, V in is the input voltage ampli-
tude at the coupling capacitance and V0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ℏω1=CE

p
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FIG. 2. (Upper panel) The normalized transmission amplitude
as a function of the probing frequency. From dark to light curves,
the dc-bias current at the junction is increased in steps of 1 μA.
The crosses in the lower panel show the center frequency (cf)
shifts as a function of the bias current. They are found by fitting
the transmission dips in the upper panel to Lorentzian line shapes.
The measured frequency shifts are in excellent agreement
with the analytical fit in Eq. (1) (the solid line).
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FIG. 3. Mean switching current (the black curve) and standard
deviation (the gray curve) of the switching-current histograms at
different temperatures. The dashed red curves correspond to
theoretical curves calculated as in Ref. [30]. While the temper-
ature dependence of the standard deviation is reproduced quite
well, the mean switching currents are underestimated by theory.
The large variation around 300–500 mK is most probably due to
additional noise present during the measurement time. (Inset)
Examples of the histograms [the switching probability (sw pr)
over the bias current] at temperatures of 600, 300, and 14 mK,
marked by points, crosses, and stars, respectively.
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zero-point voltage of the resonator. In the experiments,
carried out at 15 mK, we ramp the bias current, observe the
switching behavior, and record the switching-current dis-
tributions as functions of the applied microwave frequency
and amplitude.
In Fig. 4, the different curves display the frequency

dependence of the mean switching current (upper panel)
and its standard deviation (lower panel) for different values
of the applied amplitude. The curves appear from left to
right according to the increasing values of the amplitude
indicated. The curves for different amplitudes all show a
similar dependence on the frequency detuning.
The overall frequency dependence can be explained by

the shift of the resonance curve with increasing bias current
(see Fig. 2). To detect a given amplitude of the rf signal,
the bias current must attain a specific value such that the
additional rf current suffices to switch the junction to the
finite-voltage state. Because of the nonlinear Josephson
inductance, this bias current shifts the resonator frequency,
and hence the optimal input coupling is achieved at the
shifted resonance condition of the resonator. When decreas-
ing the frequency for large amplitude driving, we obtain a
standard deviation with a minimum that lies below the one
for the undisturbed junction. We obtain this result because
the strong driving allows excitation directly into the
continuum that is represented by the voltage state, in
addition to the switching by tunneling [23].
Finally, from the same experimental data, we extract the

dependence of the maximal shifts of the mean switching
currents as a function of the driving amplitude and the
corresponding photon number in the resonator (see
Fig. 5). For the device to work as a detector of single
photons, the design needs to be tailored such that the
sensitivity is maximal at the frequency of the photons. The

bandwidth of the detector is then set by the linewidth
appearing in Fig. 4.
The upper panel of Fig. 5 displays a linear dependence

of the maximal shift of the mean switching currents on the
driving amplitude. This linearity indicates that the switch-
ing to the voltage state that leads to the detection is, indeed,
caused by the modulation of the junction potential by the rf
current in the coupled resonator and junction system [27],
and not just by resonance between the applied microwave
and the qubit.
In the upper plot of Fig. 6, we show the switching-

current distributions for the undisturbed and the weakly
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FIG. 6. (Upper panel) The measured undisturbed histogram
(the gray crosses) compared to the maximally shifted histograms
for the lowest applied driving power (the black dots). They have a
Hellinger distance [31] of 0.51. For comparison, the theoretical
predictions are shown in the lower panel for the same parameters.
The histograms shifted by the microwave signal in both cases
show a characteristic peak structure.
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driven junction. To estimate whether the detector is
illuminated with a given field strength or not by a single
measurement of the switching current, one merely
identifies which of the two candidate switching-current
probability distributions is larger at the value measured.
The accomplishment of that procedure, averaged over the
possible outcomes, is quantified statistically, e.g., by the
Hellinger distance [31] between the distributions. For
Gaussian distributions, this distance is given analytically
by their widths and separation and, for simplicity, we shall
characterize our (non-Gaussian) distributions by a width σ
and by their mean values Im and Is. Because the width
of the histograms prevents a precise identification of the
switching current Is, the amplitude signal-to-noise ratio
can then be defined as SNR ¼ ðIm − IsÞ=σ. This definition
motivates the assignment of the sensitivity parameter,
S ¼ SNR=ðSNRþ 1Þ, denoting how well we can distin-
guish whether a drive is applied. With the loss rate
κ ¼ ω1=Q, the mean number of photons N ¼ 4Ω2

d=κ
2

inside the resonator can be assigned to a driving amplitude
Ωd [32]. By plotting S as a function of the photon number
in the lower panel of Fig. 5, we find a SNR of 1 and a value
of S ¼ 0.5 for a drive strength corresponding to a single
microwave photon in the resonator.

V. COMPARISON TO THEORY

We use the theory developed in Refs. [23,27] to calculate
the effective potential from which we directly found a
switching rate [33], both when applying a weak field and
without any drive. Using these rates, we calculate the
results shown in the corresponding lower panel of Fig. 6,
which are equivalent to the measured results in the upper
plot. While the theory produces a narrower distribution
(σ ¼ 10 nA), it qualitatively reproduces the experimental
data and we calculate a sensitivity of 0.65 in the single-
photon regime. The broader distribution of the experiment
is most likely due to the multimode structure of the
resonator. In Ref. [27], we explicitly neglected higher
modes, as both the resonator and the CBJJ were far detuned
from these modes. However, in the experiment, the CBJJ is
also far detuned from the probed mode, and thus we expect
the CBJJ to interact equivalently with several modes. This
additional interaction effectively introduces another decay
channel of the resonator that is not taken into account in the
theory and leads to a broader switching distribution.
Notably, we find that the theory directly reproduces a
spiked structure of the switching-current distribution for the
driven detector also seen in the measured results, which
confirms that this structure indeed is related to the coupling
between the resonator and the current-biased Josephson
junction. The theory also predicts that we may achieve a
higher sensitivity for a device with a smaller critical current.
The detection also works nicely for strong microwave
signals and, after calibration at a fixed frequency detuning

in Fig. 4, we can conclude that the device can be used to
infer the intensity of the drive signal.

VI. DISCUSSION

The current device does has a few drawbacks compared
to an all-purpose single-photon detector in the microwave
regime. As identified by employing the theory in
Ref. [27], the resonator’s lifetime must be larger than
the tunneling time of the CBJJ, set by the effective
coupling of the resonator to the CBJJ. This qualification
requires a Q factor of around 1000, and thus the device
will measure microwave fields within a frequency
bandwidth of only a few megahertz. This value, however,
is not so different from the bandwidth of linear quantum-
limited amplifiers [34–37]. A more detrimental drawback
is the initialization time and the related dead time of the
detector. The detector works by having the bias current
slowly ramped up from 0. This ramping takes seconds in
order to avoid nonadiabatic excitations in the CBJJ.
Similarly, once the detector switches, it must be reset
by setting the current back to 0 and waiting approximately
milliseconds for the quasiparticles to leave the CBJJ. This
requirement implies a very low repetition rate for experi-
ments using this detector.
While the current experimental device is far from a

perfect photon detector, we may consider setups where the
present detector may be preferable to the homodyne or
heterodyne detection schemes commonly used in circuit
QED. Such an experiment could be a microwave analogy
of a Hanbury Brown and Twiss (HBT) experiment [38].
In a HBT experiment, a source of light is split on a beam
splitter and correlations between measurements of the
two output fields reveal photon statistics of the input field.
With photon detectors at the outputs, the two-time
correlation function between the two signals is denoted
G2ðτÞ ¼ hI1ðtÞI2ðt − τÞi, with I iðtÞ being the intensity at
detector i. Now, if the input field is a single-photon field
(as opposed to a coherent field), the correlation function
vanishes for simultaneous detection, i.e., G2ð0Þ ¼ 0,
which would not be true for a coherent field. This effect
for single photons is known as antibunching. A microwave
analogy of such an experiment was performed in
Ref. [39] by using linear amplifiers and heterodyne
detection. The linear signal does, obviously, contain
signatures of antibunching, but only by recording many
(in the order of 105) time trajectories does the statistics of
the classical signals reveal the G2 function of the single
photons [4]. A similar experiment can be performed with
two of our detectors. Here, the bias currents of both
detectors are slowly ramped up as in the current experi-
ments, and the joint switching-current distributions
PQðIb1; Ib2Þ and PCðIb1; Ib2Þ can be recorded for a single-
photon source or a coherent drive with a single photon, on
average, respectively. Similarly, we have a joint distribution
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function P0ðIb1; Ib2Þ measured with no input signal. Then
we find the relationG2ð0Þ ∝ hðPQ − P0Þ=ðPC − P0ÞiIb1¼Ib2
and thus we can directly observe the antibunching of
microwave photons, an effect that was previously only
inferred indirectly [39]. However, because of the long
initialization and dead times of the detector, the measure-
ment time to obtain sufficient data for calculating the G2

function would still be comparable to the total time using
quantum-limited linear detectors in the setup used in
Ref. [39].

VII. CONCLUSION

In this work, we develop the prototype of a device that
may be used for the determination of classical field
amplitudes in the microwave domain. Our device achieves
a sensitivity parameter of 0.5 in the low photon limit. This
value is in agreement with the expected signal level of
single photons, and it may be improved by altering the
design. For example, the width of the switching-current
distributions may be decreased and, for the values achieved
in Ref. [30], a sensitivity parameter of the order of unity can
be expected at the single-photon level. Furthermore, the
input coupling of the cavity may be optimized and the
resonator can be matched to fit the impedance of standard
transmission lines and thus can avoid reflections. Based
on the work presented here, such optimized devices are
currently under development in our laboratory and will be
made the subject of future investigations.
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