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We present a scheme to detect itinerant microwave radiation at the single photon level. Using existing
Josephson-photonics devices, where two microwave cavities are coupled by a dc-voltage-biased superconducting
junction, we theoretically show how to implement a stroboscopically repeated, near-projective measurement of
a photon impinging on one of the cavities. Optimizing rate, duration, and strength of the measurement by flux
control of the junction and developing a threshold protocol to detect the photon from a homodyne measurement
of the radiation output of the other cavity, we achieve highly efficient detection with low dark counts. By
cascading the detector with a preamplifier, where a similar two-cavity Josephson-photonics device acts as a
photon multiplier, we can further improve the device to reach a detection efficiency of 88.5% with a dark count
rate of ~10~*y,, set by the resonance width y, of the absorbing cavity. These results for a preamplification factor
of 2 suggest that higher preamplification factors may yield near-unity efficiencies.
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I. INTRODUCTION

The efficient detection of single itinerant microwave pho-
tons remains a highly challenging task. This functionality
is a key ingredient for many protocols and technologies in
quantum information processing, quantum sensing, and quan-
tum communication that rely on the quantum dynamics of
superconducting electronic devices [1,2]. More recently, they
have also been used in magnetic resonance spectroscopy on
single spins [3—5] or spin ensembles [6,7] and in dark matter
search experiments [8—10]. The requirements for different
applications are as varied as the schemes of proposed and re-
alized single-photon microwave detectors (see recent reviews
[1,2,11] and references within). Schemes include bolometric
detectors [12—16], which have not yet reached single-photon
sensitivity, threshold detectors [10,17-22], efforts to improve
efficiency by arrays or cascades of detectors [23-26], vari-
ous platforms incorporating qubits driven by complex pulse
sequences [27-29], or devices specifically designed for re-
solving the photon-number distribution of a pulse with known
arrival time [30].

Many proposals incorporate as the first step in the detec-
tion chain a cavity, on which the itinerant photon impinges.
The state of the cavity is measured to detect if a photon has
been absorbed, transforming the task of detecting an itinerant
photon into the readout of a quantum state. It has long been
recognized [25,31] that in any such proposal the measurement
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of the cavity’s state induces a Zeno-type backaction, which
adversely affects the absorption of the incoming photon by
the cavity, limiting the detection efficiency.

Here, we revisit this basic idea, but introduce three addi-
tional ingredients to such a scheme: First, we show within a
toy model that stroboscopically repeated, instantaneous pro-
jective measurements of the cavity, which leave the cavity
free to absorb the photon undisturbed in between the mea-
surement instances, can achieve efficient detection. Second,
we show that such a scheme can be realized utilizing existing
Josephson-photonics devices (JPDs), where two microwave
resonators are coupled by a dc-voltage-biased Josephson junc-
tion. These versatile devices can implement a variety of
unconventional nonlinear single-photon or multiphoton drives
[32-38] to create microwave radiation with interesting (quan-
tum) properties [39-46], and have also been proposed [47,48]
and tested [49-51] for amplification and detection tasks. Here,
they are used to implement a drive of the second cavity
that (1) depends on the state of the first one and (2) can be
switched on and off via the flux bias of a superconducting
quantum interference (SQUID) Josephson junction. Sending
the itinerant photon into the first cavity and monitoring the
output of the second via homodyne detection then mimics the
aforementioned toy model. Investigating the full simulation of
the device’s quantum dynamics under a detailed measurement
protocol, we find promising results with detection efficiency
reaching 69.8% for realistic system parameters. Third and
finally, we will describe how our scheme can be improved
by preamplifying the photon with the same type of Joseph-
son device, acting as a photomultiplier as described in Refs.
[47,48,50]. Simulating a cascaded chain of a twofold multi-
plier and a detector, we will show a detection efficiency that
closely approaches simple estimates based on the toy model,
promising further improvements for higher multiplication
factors.

Published by the American Physical Society
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II. STROBOSCOPIC PROJECTIVE DETECTION
OF AN ITINERANT PHOTON

As explained in Sec. I, this paper will present a device
enabling the detection of a single itinerant microwave photon
by implementing a stroboscopically repeated, near-projective
measurement of the occupation of a cavity, on which the
itinerant photon impinges. If the photon is absorbed (as op-
posed to reflected) by the cavity, the projective measurement
gathers information on the photon’s existence. The described
measurement process is nondestructive in the sense that, sub-
sequent to the measurement, the photon decays from the
cavity into its output transmission line and could, in principle,
be subjected to further measurements [52]. Before presenting
the experimental platform and the complete protocol in full,
it is instructive to briefly investigate a simplified toy model
that assumes a device-independent perfect projective mea-
surement.

To start with, we need a full quantum description of the
deterministic dissipative dynamics of a single photon imping-
ing on a cavity and of the probabilistic quantum measurement
process. The latter will then be replaced by the more complex
description of the actual implementation of the measurement
device in Secs. IIT and IV.

A single bosonic input field probing a quantum system is
characterized by its carrier frequency w,, its incident time-
dependent pulse shape u(z), and its quantum state (either a
pure state [y), or a mixed state p,). We specifically consider
the experimental scenario of a few-photon pulse impinging
on a single microwave cavity with (rotating-frame) Hamilto-
nian ﬁo = hA,n, with loss rate y,, where A, = w, — w, is
the rotating-frame detuning (cf. Table I in Appendix A for
an overview of the notation). Theoretically, that situation is
described following the framework presented by the Mglmer
group [53,54]. The approach relies on eliminating the explicit
description of the propagating field by the introduction of
an auxiliary cavity a, with a time-dependent loss rate g, (t)
[see Fig. 1(a)], specifically constructed to emit the quantum
pulse u(t) [53,54]. In the cascaded Master equation with H =
ﬁo + Hype and

T
A, = %gu(t)maza +Hec., (1a)

L, = g, + vat, (1b)

the interaction Hamiltonian and the modified single Lindblad
operator ensure the unidirectional influence of the quantum
pulse driving the cavity. To demonstrate this effective descrip-
tion, the occupations of a, and a as well as the integrated
output of the system, when a photon in a resonant Gaussian
mode impinges on a are shown in Fig. 1(b). The photon is
emitted from a, (blue), impinges on cavity a where it is partly
reflected and partly absorbed and re-emitted (green) to the
environment, where the integrated output finally reaches unity
(violet).

Projective measurements performed on the cavity a are
added by simulating the system up to the point of a projective
measurement at #, ; with the same Lindblad master equa-
tion for a, and a. Then, depending on the outcome O; € {0, 1}
of the measurement j, the new state p’ of the system is given

(@

occupation

1 Ya

FIG. 1. (a) Effective description of a microwave cavity driven
by an input field. The scenario is theoretically modeled by a cas-
caded Master equation involving an auxiliary cavity a, that emits
the quantum pulse u(z) via a tunable decay coupling g,(t) (blue
arrow). We assume a Gaussian mode u(z) ~ e~“’/2 with spectral
width o, = y, in a single-photon Fock state |y), = |1),. The input
field is partly reflected and partly absorbed and reemitted by the
microwave cavity. (b) Occupations of auxiliary cavity a, emitting
the photon, cavity a that absorbs and subsequently emits the photon,
and the integrated output ng, = fo’ (ﬁ:ﬁa)(t’)dt/ . The plateau in gy
at ty, ~ 4 indicates destructive interference of contributions from
direct reflection and from photon absorption and reemission.

by

Py, p(tm,j)Po,
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P (tm jlO)) = ———F%7,
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with P, = 1, ® |1)(1], when a photon is detected, and Py =
1 — P, if not. Subsequently, the state p’ is evolved with the
Lindblad master equation up to the next measurement.

Figure 2 shows two distinct trajectories with stroboscopi-
cally repeated projective measurements. When a measurement
finds no photon, as seen in all measurements of the first
trajectory (solid line), the cavity occupation, #,, resets to 0
and must be driven up again by the incoming photon pulse.
When a photon is found as in the measurement at t = 47/y,
of the second trajectory (dashed line), the state of the system is
projected to |01), ,. Afterward, the photon decays from cavity
a into the environment. Because the quantum pulse contains
no further photons after this detection, it ceases to drive cavity
a thereafter.

The probability to miss the photon in measurement j, con-
ditional on the previous measurement outcomes, is p;(0; =
O{Oi}, k < j) = tr[,?)(tm,j)lso]. Thus, the photon detection
probability n of finding the photon in any of the M mea-
surements is given by n =1 — 1'[11‘4"':0p_,-(0|0/< =0Vk < j).
That overall detection probability 1 depends on the pulse
shape u(t), the measurement rate yy, = 1/fgir, Where tgig
is the time between measurements, and the position of the
measurements relative to the quantum pulse. The dependence
of n on yy is depicted in Fig. 3 for several pulse shapes
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FIG. 2. Stroboscopic projective measurements (performed with
frequency ¥, = 0.2y,) of a microwave cavity a that is subject to
an impinging resonant Gaussian single-photon pulse (o,/y, = 0.1).
Since the arrival time of the photon pulse is unknown, the exact
times of the measurements with respect to the position of the single
photon pulse are arbitrary. Each measurement projects the cavity’s
state either to |1), (i.e., the photon is detected) or to |0),, where the
photon remains undetected (cf. schematic setup in the inset). The
solid line shows a trajectory where the photon was never detected,
while the dashed trajectory detects the photon in the measurement at
Im,j = 47/va, where the (total) state is projected to ) = |01), ,. Be
cause of the subsequent exponential decay, the cavity occupation will
be (with very high probability) projected to vacuum in the following
measurement. The probability to find the photon at measurement j,
pj(1) =p;(0; =1, Oy =0Vk < j)isindicated by purple markers,
while the total photon detection probability is n = 67%. The y axis
shows both the occupation and the probability (same scale). (Param-
eters: Yy = 0.2y,, 0, =0.1y,,and A, =0.)

(Gaussian, rising/decaying exponential). To detect a photon
with high probability, it has to be resonant in order to enter
the cavity efficiently (cf. the solid curves in light/dark blue
for Gaussian pulses with small/large frequency spread), and
measurements should occur frequently enough, so that it is not
missed. However, measuring too frequently freezes the cavity
in the empty state by the quantum Zeno effect: the initially
quadratic increase in occupation after an unsuccessful mea-
surement leads to a very small probability for a measurement
following shortly after. This decrease in probability cannot be
compensated by the increased number of measurements. In
accordance with these simple arguments, we find an optimum
at a moderate detection frequency of y;, ~ 0.4y, (for resonant
pulses).

A simple way to characterize the pulse is by its spectral
width, which should be smaller than the cavity’s resonance
for good absorption. Given such resonant pulses, their exact
pulse shape is less important, as exemplified by comparing
the solid light blue to the dashed light blue line in Fig. 3;
the latter stemming from the (natural) exponential decay of
an input cavity with constant decay rate. It turns out that an
exponential pulse with y,,/y, = 0.1, due to its heavier spectral
tails, has a slightly lower detection probability than a Gaussian
pulse with o,,/y, = 0.1.

1.0

--------

- Uu/'Ya =0.1 - 'Yu/'\/a =1
== Yu/va=0.1 . preamplified:
0.2 — /=1 ou/va = 0.05
0.2 0.4 0.6 0.8 1.0
'Ym/’ya

FIG. 3. Detection probability n depending on the measurement
rate ¥, for different pulse shapes. The curves were averaged over
several measurement positions relative to the pulse. Shaded regions
indicate the range of detection probabilities depending on the rel-
ative measurement position. A maximum detection probability of
n = 81% can be achieved for a measurement rate y, = 0.4y, for
spectrally narrow and resonant Gaussian input pulses (solid light
blue, o, = y,/10), while it peaks at n = 78% for resonant ex-
ponential input pulses, u(t) = /7, 0(t)e /> (where y, = y./10,
dashed). For spectrally broader Gaussian input pulses (o, = y,, dark
blue line and region) and for a time-reversed exponential pulse
u(t) = /7. 0(—t)e"/* (y, = y,, red line and region), the maxi-
mum detection probability is significantly smaller. Due to the stricter
time confinement of those pulses, the position of the measurements
relative to the pulses’ arrival time strongly influences the total de-
tection probability, especially for low measurement frequencies. A
preamplification of a resonant single-photon Gaussian input pulse
(0, = v,/20) with multiplication factor n = 2 (cf. Sec. IV) enables
near-deterministic detection, n = 95%.

It is also instructive to consider a single-photon pulse
shaped to the time-reversed version of the natural exponen-
tial decay, which has recently raised attention, as it can be
perfectly absorbed [55]. A cavity with matching decay rate
will reach unity occupation at the time the pulse stops (see
Appendix B) before it eventually decays. Were a single mea-
surement to occur at that time of unity occupation, it would
result in deterministic detection (upper left corner of the red
shaded region in Fig. 3). However, if the arrival time of the
photon is unknown, the resulting detection probabilities have
to be averaged over all possible positions of the stroboscopic
measurements (shaded vertical range). The resulting averaged
probability (dashed red line) is quite small for that pulse
shape.

III. A JOSEPHSON-PHOTONICS DEVICE
IMPLEMENTING PROJECTIVE DETECTION

Aiming to implement the projective measurement of the
occupation of a cavity a, discussed in its idealized ab-
stract version in the previous section, we use the two-cavity
Josephson-photonics device shown in Fig. 4 [56]. Two cavities
are connected in series with a dc-voltage-biased Josephson
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FIG. 4. Schematic electrical circuit of a Josepshon-photonics de-
vice consisting of two microwave cavities connected in series with a
dc-voltage-biased Josephson junction. By tuning the voltage to the
single-photon resonance of cavity b, wy. = w,, each Cooper pair
tunneling through the junction effectively creates one photon in b.
The linear driving of cavity b is renormalized by virtual excitations
[cf. the Bessel functions in Eq. (4a)], and thereby depends on the state
of cavity a. An impinging quantum pulse modifies the state of cavity
a, which effectively modulates the driving and thus the quantum state
of cavity b.

junction, such that the system can be described by the Hamil-
tonian [36]

HJPD = Fla)a&Tfl + ha)bBTl;
— Ejcoslwact + ap(@’ +a) + Bo(b" +b),  (3)

where the dc voltage can be associated with a driving fre-
quency wge = 2eVy./h (cf. Table I in Appendix A for an
overview of the notation). In such a device, the tunneling of
a Cooper pair across the junction (represented by the e*i®«!
terms in the Hamiltonian) couples to processes containing
any number of photon creation/destruction events in the two
cavities, [aoa 1" [eo@]™ [Bob [ Bob] (m, n, s,t € Ny), stem-
ming from the expansion of the cos term in Eq. (3). Here,
oy, Bo are the zero-point fluctuations of the phase variables
of cavities a, b [32,33,36]. Relevant are those terms, where
the energy of the tunneling Cooper pair closely matches the
energy of created and destroyed photons. For instance, a pair
of entangled photons in cavity a and b may be created, if
Wdeent = 0, + wp [40,45,57]. Here, we tune the dc bias to
2¢eVy. = hwge ~ hwy, such that there is a dominant low-order
term, sin (wdct)ﬁo(l;+ + b, driving cavity b linearly, while
cavity a appears as a mere bystander to this process. However,
from the argument above, it is obvious that this simple process
is modified by other resonant processes involving arbitrary
powers of i, = a'a and #,, which (1) make the single-photon
driving of b nonlinear, and, more importantly for this work,
(2) make the drive of cavity b depend on the occupation of
cavity a.

To isolate the so-renormalized resonant process, we move
to the rotating frame and apply a rotating-wave approximation
(RWA) yielding

Hrwa = hiAa a + iAbTD

EfBo o ot — J1(2Bov/p)
i=0=:lb b]JO(zaoJ;Z)—ﬁom :

(4a)

~ FA AR rir ErPos 2
N AL+ RADD —i=2=1b = b 1(1 — agia),

(4b)

with A, = w, — w, 0 (usually set by the input pulse, i.e.,
Oaror = W)y Ay = @ — e, Ef = E;e~@H0/2 and where
colons denote normal ordering of operators. An intuitive
understanding of the Hamiltonian can be provided by the
approximation in the last line [Eq. (4b)]. It assumes negligible
nonlinearities in the driving of b (i.e., o/ {71p) K 1) and a
single photon in cavity a, for which case the Bessel function
:Jo(2a9~/71,) : can be projected to the n, = 0, 1 subspace. The
moment-occupation coupling pyii, realizes a driving strength
for cavity b that depends on the state of cavity a. As direct
consequence, a photon detection scheme can be devised that
monitors observables of b, such as homodyne or heterodyne
quadrature measurements, and thereby acquires information
on the occupation of a. In the following, we will lay out how
this basic idea is extended to a full scheme of stroboscopic
detection of itinerant photons. First, we will sketch how a
single near-projective measurement of the state of a closed
(va = 0) cavity a is realized, by switching on a strong Joseph-
son coupling, E,, and thus an 7i,-dependent driving of cavity
b in the JPD setup of Fig. 4 [58]. To infer the information on
iy, @ convenient measurement observable has to be extracted
from the monitored output of b. After characterizing a single
measurement, we will turn in Sec. III B to stroboscopically
repeated fast measurements of an open cavity a, on which a
single-photon pulse impinges.

A. Homodyne detection

We want to implement a near-projective measurement of
cavity a by monitoring the x quadrature of the microwave-
radiation output of cavity b. To describe such a homodyne
measurement, we follow the standard quantum-optics ap-
proach [59] and employ the stochastic master equation,

dp(t) =dpdt + drpdW, 5)
with the Wiener increment
(dw) =0, (dW?) = dt. (6)
The deterministic part of the master equation is given by
dip = =ilH. p] + DIC1p + DISIp, (7
with
DILIp =

IRLALT — pL'L — L' Lp). 8)

For our setup, the unmonitored operator is C= I:d [60] [see
Eq. (1b)], as we do not observe cavity a directly, while the
output of b is monitored, § = L, = ./7,b. The Hamiltonian
H is the full model Hamiltonian (4a), potentially including
the cascaded auxiliary cavity with the interaction Hamiltonian
(1a).

The stochastic part is calculated by

dop =8p+ pS" — ulSp + pST1p. ©)
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The stochastic quantum master equation then yields individual
trajectories for the quadrature measurement,

. ap AW
Jo = Ly + L) + —, (10)

dr
where the derivative of the Wiener increment simulates vac-
uum noise associated with each measurement run. These
trajectories have the same noise properties as an experi-
ment, where the radiation leaking out of b is fed into a
phase-sensitive quantum-limited amplifier, whose output is

subsequently recorded and processed classically.

To implement a projective measurement of cavity a, the
Josephson coupling E; is switched on, so that cavity b is
driven on its fundamental single-photon resonance, A, =
wp — wge = 0. For the purpose of this work, we assume a
perfectly stable dc voltage [61]. According to Eq. (4b), if
cavity a is in the vacuum state, cavity b is driven into the
coherent state |B), with 8 = E} Bo/(hys). The effective driv-
ing of b is reduced when cavity a is occupied by a photon
and, indeed, vanishes for &g = 1. In the following, we choose
oo = | as aconvenient and experimentally realistic value [43].
The scheme remains conceptually unchanged when the full
nonlinearities of the Bessel functions in Hamiltonian (4a) are
considered, as they have been in all our numerical simulations.
This results in a slight deformation of the coherent state |8).

For the measurement to be projective, the two possible
outcomes need to be distinguishable. We can estimate the
information gained from a single measurement by integrating
the homodyne signal. The expectation value of the coherent
state amplitude can then be determined with a standard devi-
ation of 1/4/y» AT, where the integration time AT is limited
by the lifetime ! of a photon in cavity a. If the separation of
the measured quadrature given by g is larger than the standard
deviation,

*
By L (1
hyy — AT
the coherent state can be successfully distinguished from the
vacuum state, thereby achieving a projective measurement.
The results of such measurements on a closed (i.e., y, =
0) cavity a prepared in different initial states are shown in
Fig. 5. After E; is switched on, the quadrature (X,) (shown
in Fig. 5 for individual trajectories without the Wiener incre-
ment) quickly approaches a finite value or zero, while the state
of the cavity is projected to the corresponding measurement-
eigenstates |0) or |1), if the initial state is a superposition

V), = (10) + [1))/+/2.

2

B. Stroboscopically repeated measurements

Keeping the Josephson coupling constantly on, E; # 0,
is not conducive to our ultimate goal of detecting itinerant
single-photon pulses, as it will strongly reduce the probability
that the incoming photon is absorbed by the cavity. This can
be seen as being due to a strong dephasing noise acting on
cavity a caused by the fluctuations of the state of cavity b
[cf. the (b — bR, term in the Hamiltonian (4)] or as an
effect analogous to the quantum-Zeno-like reduction of the
detection probability for the regime of projective measure-
ments with high rate in Fig. 3. In consequence, we turn to

measurement
on off

%

FIG. 5. Measuring a closed cavity a, y, =0, in a Josephson-
photonics setup. The coupling E; is switched on between ¢y, = 20
and ¢y, = 40. The top panel shows the occupation of cavity a, while
the bottom panel shows the quadrature (%) of cavity b. If cavity a
is empty, cavity b is driven to a (near-)coherent state | = 1.6) and
returns to vacuum when E; is switched off (dashed black lines). For
ayp =1 and when |y/), , = |1), the effective driving strength of b
vanishes, such that b stays in vacuum irrespective of the coupling
(dashed magenta lines). When cavity a starts in a coherent superpo-
sition [¥)o, = (|0) + [1))/ /2, the measurement projects its state to
either |0), (solid orange lines) or |1), (solid blue lines) with a proba-
bility of 1/2 each. (Parameters: y, = 1, 8y = 0.3, A, = A, = 0, and
EjBo/(hyp) = 1.6.)

stroboscopically switching E; from zero to E; < 0 only for
a short measurement interval, just long enough to determine
the state in a, and repeat such near-projective measurements
with a frequency similar to the optimal frequency for our toy
model’s projective measurements in Fig. 3. This requires a
separation of timescales, y;, >> y,, so that b adapts to the state
in a very quickly and thus mimics the ideal instantaneous
projective measurement. In a realistic experiment, the off-on
ratio of the effective Josephson coupling of the SQUID may
be limited to ~1%. For an unimpeded absorption one requires
the inverse of the inequality (11) above to hold in the “off”
phase, which is achievable for this ratio.

Figures 6(a)-6(c) show two example trajectories, one with
and one without an incoming photon, where three consecutive
measurements are performed in the manner just described.
Panel (a) displays the occupation of cavity a, while panels (b)
and (c) show the measurement signal: the observed quadra-
ture (%) both with the explicit noise term of Eq. (10) (blue
and orange) and for comparison without it (solid red lines).
Considering first the trajectory without an incoming photon
[orange line in panels (a) and (c)], cavity b is driven toward its
finite-quadrature steady state during the measurement, while
relaxing back to the ground state once Ej is off. For a single-
photon input, similar behavior in cavity b is observed during
the first and third measurements, where the state in cavity a is
projected onto & |0), as seen in panel (a). For the second mea-
surement, on the other hand, cavity a is projected onto ~ |1),
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FIG. 6. (a) Occupation 7, with (blue) and without (orange) res-
onant Gaussian photon input for three consecutive measurements
(gray areas). Absorption of the photon happens in the second mea-
surement shown, where a is projected to [1). (b), (c) Measurement
outcome J,, (blue/orange) and expectation value ,/y;(%,) without
noise (red) corresponding to the two trajectories shown in panel (a).
The outcomes O; of the three measurements are plotted as dark green
crosses (scale on the right). The measurement where a photon is
detected shows a significantly smaller outcome O; (circled cross).
(d) Measurement outcomes for several trajectories with/without
(blue/orange) input photon, where each trajectory was measured 31
times (vertical stacks). Data points below a chosen threshold (gray
line) are classified as detection events. [Parameters: yy,/y, = 0.4,
tn¥a = 0.6,0,/va = 0.1, %/va = 10,00 = 1, fp = 0.3, A, = A =
0, and E; Bo/(fiyy) = 1.6.]

causing the quadrature (X,) to remain closer to 0. However,
the noise on the actually observed J,, makes distinguishing
between these measurement outcomes more challenging. To
distinguish the difference of the signals hidden in background
noise, Jy, is integrated

Tj41,start
0; =/ Jy, @)w()dt, (12)
1j start

with a weight function w(#) to obtain a single real value
O; for each measurement [indicated by + markers in panels
(b) and (c) of Fig. 6]. Low values of O; as in the sec-
ond measurement of the middle panel indicate a successful
photon detection. The weight function w(t) can in principle
be chosen arbitrarily, but strongly influences the photon de-
tection efficiency. In our analysis, we choose a physically
motivated w(z), discussed in more detail in Appendix C, as
the difference between expectation values (%) of the Lindblad
solutions where the initial state is either |0,0,) or |1,0;). Thus,
it disregards values at the start and long after the measure-

ment, where the expected observed quadrature of » does not
depend on the state of a, while peaking where that dependence
is maximal.

For the classification of measurements, a threshold is de-
fined, below which a photon detection event is declared.
Measurement outcomes O; for some trajectories without (or-
ange points on the left) and with input (right) are shown in
Fig. 6(b) with a threshold line set to classify as many mea-
surements correctly as possible.

With the chosen circuit parameters, weight function, and
threshold definition, we obtain a detection efficiency of n =
69.8% coming quite close to detection probability of the ide-
alized projective scheme, which reached 81%. The probability
to wrongly identify a photon in one measurement is 0.029%,
which results in a dark rate of ygux = 0.116 x 1073y, assum-
ing a mean rate of 12.5 x 1073y, incoming photons. Dark
counts can be curtailed at the expense of reduced detection
efficiency by lowering the threshold value (see also Fig. 8).
The comparison with the projective measurement toy model
suggests that improved efficiency at low dark counts may
be approached by faster measurements, y,/y, — o0, and a
clearer distinction of measurement outcomes, i.e., a larger
displacement B between the respective steady states of cavity
b for empty and occupied cavity a. These conditions imply
an increase of the Josephson coupling E;, which might lead
to the breakdown of the RWA approximation and the valid-
ity of the corresponding Hamiltonian equation (4). Effects
emerging from rotating terms of the Hamiltonian will cause
spontaneous excitations in a, drastically increasing the dark
rate. By carefully choosing the resonance frequencies of the
cavities and other parameters, we estimate (see Appendix D)
that this additional dark rate remains comparable in magnitude
to the one found within the RWA. Consequently, the general
functionality of the device is preserved, albeit at the cost of
a reduced operating bandwidth. Furthermore, such far-off-
resonant, non-RWA effects can be mitigated by designing the
impedance and shaping the oscillator resonances [62].

IV. PREAMPLIFICATION FOR IMPROVED DETECTION

Any consideration to further improve the detection effi-
ciency of our measurement scheme has to start by recognizing
the hard upper limit of 81% for a resonant Gaussian single-
photon pulse achieved by perfect projective measurements
stroboscopically repeated at the optimal rate as discussed in
Sec. II. One standard approach to improve the efficiency of
a nonabsorbing detector is to cascade several measurement
units. While the JPD measurement process is indeed nonab-
sorbing, the stroboscopic measurements scatter the photons
into a multitude of modes and disturb the shape of the quan-
tum pulse so severely that any downstream cavity will struggle
to absorb the photon and thus cannot accrue further detections.

Instead, we consider a setup where a single photon pulse
is preamplified before being fed into our JPD detector. If two
(slightly delayed) independent photons were produced from
a single incoming photon, the detection limit could go up
t0 96% = 1 — (1 — 81%)>. The preamplification scenario is
particularly germane, as the very same two-cavity JPD circuit
constituting our detector can act as a photon-number am-
plifier: operated at a biasing condition 2eVy./h = nwp, — w,

033145-6



STROBOSCOPIC DETECTION OF ITINERANT ...

PHYSICAL REVIEW RESEARCH 8, 033145 (2026)

multiplication

input TL

circulator

detection

Ejy, i output TL

FIG. 7. Schematic detection setup with preamplification by a Josephson-photonics device that works as an inelastic Cooper pair tunneling
photon multiplier [48]. One photon impinging from the input transmission line (TL) is absorbed by cavity a,, and multiplied to n photons
in cavity by, by a tunneling Cooper pair when the dc bias fulfills wyc, + w,, = nwy, (here, n = 2). These photons are sent as input into the
detection device as described in Sec. III. The circulator ensures that there is no backscattering from the measurement device on the multiplier.

(n € N), each tunneling Cooper pair creates n excitations
into cavity b by annihilating one excitation from cavity a
[47,48,50]. The Hamiltonian (3) becomes in the appropriate
frame and RWA

y E*Oloﬂn Affn AT N
Hjrwa & jZT,O(abT +a'b"). 13)

Higher-order corrections [similar to the Bessel functions in
Eq. (4a) and not relevant to our immediate discussion] will
appear only for larger zero-point fluctuations «g, By. When
the Josephson coupling of the multiplier is properly matched
to input and output coupling rates [47], an incoming resonant
photon will with near certainty enter the cavity a and be
multiplied by a tunneling Cooper pair to n photons in cavity
b, which will subsequently leak out of this cavity. The modes
of this output and their occupation can be further adjusted by
modifying the ratio of input and output coupling, ,/¥s, cf.
Ref. [48] and Appendix E. There, and in all of the following,

1
1.0 !
1
f
= 0.8 - i
1
l
06 . : —_ némiw
1076 107° 1071 107 1072
’Ydark/ Yaq

FIG. 8. Detection efficiency 1 depending on the dark rate pgax
for the simple scheme from Sec. III B (blue) and with the preamplifi-
ciation discussed in Sec. IV (orange). The dashed blue line shows the
naive expectation for two independent photons. From left to right,
the threshold is increasing, YagOn = 2.7,...,7. For parameters,
see Fig. 6 for the detection JPD and Appendix E for the preamplifier.
The dashed gray line indicates the threshold chosen in Fig. 6(d) to
obtain n and Ygu« in the main text. The Gaussian input pulse has
width o, /y,, = 0.1 (blue), 0.05 (orange). Error bars indicate stochas-
tic uncertainties.

we indicate parameters for the multiplication and detection
devices with additional subindices m and d (cf. Appendix A).

As a preliminary to studying the full cascaded setup shown
in Fig. 7, we again turn to our toy model for the detection
process and consider the preamplifier’s output impinging on a
cavity, which is stroboscopically subjected to perfect projec-
tive measurements. We choose a driving strength E; for the
multiplier that guarantees near-perfect multiplication [47,48]
and reduce the frequency broadening of the incoming pulse to
retain good absorption, as the multiplication device leads to a
slight broadening (see Appendix E).

For a multiplication factor of n = 2, a detection probability
of n = 95% is reached for the optimal measurement rate (cf.
black dots in Fig. 3), which stays very slightly below the 96%
predicted for two independent photons. Similarly, for n = 3,
we find 98% (99%, respectively).

Results for the full cascaded device shown in Fig. 7 for an
n = 2 multiplier (orange line) are compared in Fig. 8§ to results
without preamplification (blue line). Here, for fixed device
parameters and weight function, the threshold is increased
from left to right, yielding increased detection efficiency, but
also rising dark rates. The improvement by preamplification
is substantial: for instance for a dark rate of yg,x = 0.116 %
10‘3yad, the detection efficiency increases from 1, = 69.8%
without multiplier to 7, = 88.5% with preamplification.

Note, however, that we show preamplifier results for a
photon rate reduced by a factor of 2 (6.25 x 1073y, neces-
sitated by the reduced frequency broadening of the pulse; see
Appendix E) and that dark counts stemming from spontaneous
photon creation in a4 (see Sec. III B and Appendix D) remain
a problem.

Due to the substantial computational effort required to
simulate the full system, our simulations are limited to a small
multiplication factor (n < 2). An exhaustive investigation of
the large parameter space and a thorough optimization are
beyond the scope of this study. This is particularly regrettable
as the naive prediction for two-photon efficiency, nj**® =
1 — (1 — ny)? (blue dashed line in Fig. 8) holds surprisingly
well. We choose a multiplication scenario where the two pho-
tons emitted from the multiplier are scrambled across multiple
output modes (cf. Appendix E). The output resembles the case
of two slightly delayed and independent photons assumed
for our naive estimate of the detection improvement. This
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suggests that the same argument may be used to calculate
n-photon efficiencies for larger multiplication factor n and fur-
ther improvements towards near-deterministic single-photon
detection may be expected.

V. CONCLUSION AND OUTLOOK

We presented a scheme to detect a single itinerant mi-
crowave photon by stroboscopic projective measurement of a
cavity, on which it impinges. We showed that a near-projective
measurement can be realized by exploiting the nonlinearity
of a Josephson junction, which couples the cavity receiving
the photon to a second one within a dc-voltage-biased circuit.
A driving, which depends on whether the photon has been
absorbed by the cavity or not, is induced by the junction
on the second cavity, whose output, monitored by homodyne
detection, reveals the photon detection.

A toy model of perfect, instantaneous projective mea-
surements was used to find the optimal stroboscopic rate:
specifically, the rate at which repeated measurements max-
imize the detection probability without severely curtailing
absorption via the quantum Zeno effect.

These results informed the full measurement scheme,
where a strong coupling is switched on for short times in-
terrupted by long uncoupled intervals. Choosing a suitable
weight function and threshold for the output signal, photon
detection efficiencies and dark count rates could be calculated.
The detection scheme was amended by using a similar Joseph-
son circuit as a preamplifier.

Using realistic parameters for the experimental devices, we
found, for instance for a dark count rate of yg,x = 0.116 x
1073y,,, a photon detection efficiency of n; = 69.8%, rising
to 7, = 88.5% using a preamplifier with a multiplication fac-
tor of n = 2. In fact, the experimental devices described in this
proposal have already been used in the multiplier configura-
tion for the amplification of a (classical) coherent continuous
wave input in Refs. [49,50]. Besides the increased complexity
of integrating a photon source and extending to the cascaded
scenario, the sufficient suppression of unwanted off-resonant
processes may be experimentally most challenging. The
flexibility of the Josephson-photonics devices will however
allow us to easily increase the multiplication factor for pream-
plification. In fact, this can in principle be done in situ by a
simple change of the dc voltage of the preamplifier device. In a
similar fashion, different resonance conditions can be chosen
by the dc voltage of the detector device to activate alterna-
tive effective coupling terms between the cavities. Different
measurement strategies for these can then be devised and
investigated. Progress in the signal analysis can also be made
by further optimizing weighting functions and thresholding
rules. The versatile platform of Josephson-photonics devices
holds high promise and the potential to play a substantial
role for the number-resolved detection of itinerant microwave
photons.
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APPENDIX A: SYMBOL OVERVIEW

In Table I, we provide a quick overview of system parame-
ters used throughout our work.

APPENDIX B: REVERSE EXPONENTIAL PULSE

For successful photon detection in a projective measure-
ment scheme, it is essential that the interrogated cavity is
driven by the impinging pulse to as high a probability of
occupation as possible. Indeed, it is well known that there
exists a specific pulse shape, a reverse exponential pulse
u(t) = m@(—t)eyﬂ’/ 2 that achieves perfect occupation of
the Fock-state |1) at r = 0; see Fig. 9 showing pulse shape,
perfect reflectionless absorption and the subsequent decay. In-
tuitively, this observation can be understood as a consequence
of time-reversal symmetry: the considered scenario being the
time reverse of the natural decay of cavity with constant loss
rate y, initialized in |1) to the environment.

If cavity a is measured projectively once, exactly at ¢ = 0,
a photon is detected for sure, n = 100%, as indicated by the
upper border of the red shaded area in Fig. 3 for y,, — O.
Increasing the measurement rate and performing several mea-
surements during the pulse disturbs the process of perfect
absorption and the maximal total detection probability de-
creases. More relevant for a detection scheme is the average
over all possible positions of the stroboscopic measurements,
for which we found in Fig. 3 (red line) rather low detection

033145-8



STROBOSCOPIC DETECTION OF ITINERANT ...

PHYSICAL REVIEW RESEARCH 8, 033145 (2026)

1.0 -~
0.8

06 N <flu>
u(t)/\/Fa

0.4 1

0.2 1

0.0 1

—10 -5 0 5 10

FIG. 9. Occupation of a cavity (green) with loss rate y, on which
a single photon in a reverse exponential pulse (blue) impinges. Its
time constant matches the life time of the cavity. At r =0, the
occupation of the cavity reaches unity.

efficiencies for the time-reversed exponential, partly ex-
plained by its rather wide spectral width which, by construc-
tion, cannot be much smaller than the cavity linewidth.

APPENDIX C: WEIGHT FUNCTION

The measurement outcomes O; are calculated by a
weighted integral over J,, as shown in Eq. (12). In the fol-
lowing, the origin of the weight function is explained in more
detail. Conceptually, it is clear that at the very beginning of the
measurement, when E; is switched on, there is no information
in J,, since in both cases (photon or no photon in a), cavity b
starts out in the same state. Therefore, the start of the measure-
ment should be weighted little and the weight should increase
while b is approaching its steady state, which is dependent on
the state in a.

On the other hand, cavity a is lossy as well. Therefore, the
photon in a might get lost while E; is nonzero that warrants
a decrease of the weight toward the end of E; % 0. When
E; = 0 again, there is still information in the amplitude of b
as it needs time to relax back to the vacuum state. During this,
the weight function should be nonzero but decay on a scale
of yp.

To fulfill these specifications, we calculate the weight func-
tion as the difference between the expectation values (x;) for
a Lindblad solution, where the initial state was either |0,0;)
or |1,0;) (see Fig. 10). Starting from the initial state |0,05),
cavity b approaches its steady state of |8) very fast, on a
timescale defined by y;, while for |1,0p), this state is reached
on the much slower timescale given by the loss of the photon
from a with rate y,.

Further optimization of the evaluation of the measurement
signal, specifically the exact form of the weight function, is
left for future work.

APPENDIX D: VALIDITY OF THE ROTATING-WAVE
APPROXIMATION

As discussed in the main text, the preferred regime for
detecting photons with the proposed scheme is a large ratio
of v»/va, so that the cavity b can quickly adapt to changes

9
- 0.
3 — I
1 w(t)
O 1 T T T I — T T
0.0 0.5 1.0 1.5 2.0 2.5

tYa

FIG. 10. Expectation values (%) for initial state |0,0,) and |1,0)
according to a Lindblad master equation. The gray area indicates the
duration of the measurement (E; # 0). The weight function w(t) =
(Xp)o — (Xp)1 is calculated as the difference of the two Lindblad
solutions. Parameters as in Fig. 6.

of a and therefore approaches an instantaneous measurement.
Furthermore, during a measurement, the change of amplitudes
of %, for [y), = |0) and |¢), = |1) must be so large that the
two states can be distinguished even with the added noise from
the homodyne measurement. To fulfill these two conditions
simultaneously, a large E; is needed. This, however, puts in
doubt the validity of replacing the full (lab-frame) Hamilto-
nian (3), by the RWA Hamiltonian (4a). The validity of the
rotating wave approximation is gauged by comparing the scale
of E; with all frequencies, w,, wp = wq. and all their sums and
differences, such as |w, — wqc|.

In the rotating frame, the Hamiltonian contains terms of the
form (@"Yb' or a*b' for I, k € Ny, with prefactor E} /2 af B}
(and their conjugated complex counterparts). These terms
rotate with the frequencies wyor = kwy ror — lWp ror = w4 and
Wrot = —kwg rot — lwp ot £ W4c, respectively, and are assumed
negligible within RWA when Ej /2 oeé ,36 < Wrot-

To explain qualitatively which effects the breakdown of
the RWA will have on the detection scheme, we exemplarily
consider the term proportional to d, namely, an extra term in
the (rotating frame but non-RWA) Hamiltonian,

~ EJ*OI()

o . 1he— (@arottwac)t AT A (@40t —wdc )t
Hy=-—1 [ae a'e 1

DN o S (D1
aon

1/2

In case, this term is non-negligible, there will be spontaneous
excitations in cavity a while performing measurements. These
excitations are not distinguishable from itinerant photons get-
ting absorbed by a in our measurement scheme, and therefore
these excitations will yield additional incorrect photon counts
and increase the dark count rate.

The effects of this specific process along with all other
terms and associated processes included in the full time-
dependent Hamiltonian (3) are illustrated by Fig. 11, where
we compare scenarios with differing y,, which effectively sets
the bandwidth of detectable photons.

For a fixed central operating frequency w,, a higher
¥, implies a larger E; (as we need to keep y, < y» and
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FIG. 11. Occupation (fi,) according to a Lindblad master equa- J 1
tion for two measurements without input pulse. For the RWA 0.09-, N 5
Hamiltonian (4a), cavity a stays empty since there is no mechanism vo/ \/%711
in the system that could excite the cavity. For low bandwidth (light v1/ \/ﬁ
green), the occupation (71,) stemming from the full Hamiltonian —0.2 1 \/
(3) closely matches the RWA results with a maximum occupancy T T 0 L T T
of (fiz)max = 7 x 107*. For a higher bandwidth (dark green), clear 0 Yaq 150 —0.5 0.0 0.5
deviations from the RWA are visible with (71,)n.x = 0.07. This would w / Vay

lead to a high dark rate in the investigated measurement scheme.
(Parameters: Y, iow = 107 w,, Vahigh = 1073w, and w;, = 0.76w,,
other parameters, see Fig. 6.)

B = EjBo/(hyy) approximately constant) and, hence, larger
non-RWA effects. Indeed, there are significant excitations
in cavity a (see the rapidly oscillating dark green line in
Fig. 11), and a maximum occupation of (fi,)max = 0.07 is
reached. Moreover, after the first measurement has concluded,
the occupation does not fully decay back to zero before the
second measurement occurs further increasing the probabil-
ity of subsequent dark counts. Decreasing y, at the cost of
lowering the bandwidth strongly suppresses the effects of
the rotating terms, and the result follows RWA more closely
(light green line). The maximum occupation in this case
stays below (7;)max = 7 X 10~*. This value can be used as
a rough estimate for the probability to detect a photon in a
single measurement, without input photon (dark count). In
consequence, we expect an additional dark rate, that is not
captured by the RWA calculations presented in the main text,
of Vdark rot = (flg)max¥m = 2.8 X 10~*y,, which is of similar
order of magnitude as the dark count rate obtained there from
the full simulations of the measurement process within RWA.

APPENDIX E: MULTIPLIER

A preamplification scheme, dubbed as the inelastic
Cooper-pair tunneling photon multiplier [47,50], can be
prepended to our detection device. It is a similar Josephson-
photonics device with two microwave modes, where the
resonance condition is set t0 wqc, + w,, ~ nwyp,. Then,
an impinging microwave photon is absorbed by cavity
an and multiplied to n photons in cavity b, by the
energy of one inelastically tunneling Cooper pair. An
impedance-matching condition fixes the driving strength
E} = h/Ya,VouVnn!/(a, By ), Where perfect conversion
(n photons are emitted from cavity b, into an output trans-

FIG. 12. (a) Autocorrelation function GV(¢,, ;) of the output
of the multiplier for multiplication factor n = 2. (b) Occupation n;
of the modes found from the diagonalization of GV(¢,,1,). The
total occupation across all modes is 2. (c) Temporal mode shapes
of input mode u(z) and the three most occupied modes v;(t), i =
0,1,2. (d) Frequency spread of input mode #i(w) and the three
most occupied modes ¥;(w), i =0, 1,2 in comparison to the res-
onance curve of cavity ag (turquoise shaded area). [Parameters:
n=2, yam/yad =0.5, th/yad = 0.5, and E]*m ﬂgmaom/(h)’ad) =L
For the detection probability in Sec. IV of the main text for n = 3,
Ej. B3, 000,/ (hyay) = /972.]

mission line) can be achieved for a continuous, coherent-state
input. For incoming temporal pulses that are sufficiently reso-
nant with cavity a,, (compare Fig. 12), this driving strength
still ensures near-perfect conversion. In general, the output
of the preamplifier is multimode due to the nonlinear multi-
plication process. A single incoming photon with frequency
Win = w,, * 0, is multiplied to n outgoing photons that are
spectrally broadened by the inverse lifetime y}, , of cavity b,
because the resonance condition wqc, + w,, £ 0, ~ n(wp, £
Vb,,) only fixes the frequency of the sum of the n outgoing
photons. By tuning the remaining parameter, y,/Vp,. the
precise output mode structure can be modified. A spectral de-
composition of the two-time coherence function GV (¢, 1) =
(B, ot (12)brm o (11)) of Fig. 12(a) yields the eigenmode occu-
pations and decomposition [cf. Figs. 12(b) and 12(c)] of the
emitted radiation into the output transmission line [53,54].
If the photon multiplier itself is used as a photon detector,
a regime is favored where a single mode of the output is
highly occupied [48]. When used as a preamplifier, we turn
to a regime of multiple output modes [cf. Fig. 12(b)], which
effectively describes a scenario similar to the hypothetical of
two slightly delayed independent photons. Specifically, these
modes are spectrally broader than the original input pulse
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[Fig. 12(d)]. If a preamplification step is used, the band-
width of both devices has to be carefully designed in order
to avoid off-resonant reflections of the preamplified signal at

the detector. Here, we choose y,, = 2¥,,,, such that most of
the preamplified signal is still sufficiently resonant with the
detector cavity aq.
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