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We present and theoretically analyze the performance of a nonlocal superconducting single-photon
detector. The device operates due to the energy-to-phase conversion mechanism, where the energy of the
absorbed single photon is transformed in a variation of the superconducting phase. Within this scope, the
detector is designed in the form of a double-loop superconductor—normal-metal—superconductor (S-N-S)
Josephson interferometer, where the detection occurs in a long S-N-S junction and the readout is operated
by a short S-N-S junction. The variation of the superconducting phase across the readout junction is
measured by recording the quasiparticle current flowing through a tunnel-coupled superconducting probe.
By exploiting realistic geometry and materials, the detector is able to reveal single photons of frequency
down to 10 GHz when operated at 10 mK. Furthermore, the device provides a value of the signal-to-
noise ratio of up 10* in the range from 10 GHz to 10 THz by selection of the magnetic flux and the bias
voltage. This device will hopefully find direct application as a single-photon detector in both basic science
and quantum technology, while the energy-to-phase conversion mechanism could be the basis of nonlocal

readout and memory architectures for superconducting qubits.
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I. INTRODUCTION

Superconducting local detectors are the state of the art
for sensing electromagnetic radiation of energies rang-
ing from hundreds of kiloelectronvolts (x rays) to tens
of microelectronvolts (approximately 10 GHz). In partic-
ular, superconductivity is exploited to boost the sensitiv-
ity of both bolometers and calorimeters operating at the
lower frequency boundary. Indeed, the most-used super-
conducting detectors in the gigahertz-terahertz band are the
transition-edge sensors (TESs) [1] and the kinetic induc-
tance detectors (KIDs) [2], due to their extreme sensitivity
and robustness. TES bolometers have reached a noise-
equivalent power (NEP) on the order of 10~'9 W/Hz!/?
[3], while KIDs have shown an NEP of approximately
1018 W/Hz!/? [4]. Moreover, these structures have shown
a frequency resolution of several hundreds of giga-
hertz when operated as single-photon detectors [5,6].
To push detection technology toward higher sensitivi-
ties and lower frequencies, miniaturization of the sensing
element has been proposed [7]. Indeed, superconducting-
nanowire single-photon detectors (SNSPDs) have been
developed in the visible and infrared bands by exploit-
ing quasi-one-dimensional channels [8,9]. Furthermore,
the Josephson effect in hybrid superconducting nanostruc-
tures is a fundamental element in the design of radia-
tion sensors and improvement of the detection sensitivity.
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Indeed, single-photon counters based on tunnel Joseph-
son junctions working down to a few tens of gigahertz
[10,11], ultrasensitive proximity nanobolometers [12,13],
thermoelectric calorimeters [14,15], and the current-
tunable Josephson escape sensor (JES) [16] have been
designed and realized. On the one hand, the strong tem-
perature dependence of superconductivity increases the
sensitivity of a detector. On the other hand, a local read-
out operation performed directly on the sensing element
could alter the detection, due to the introduction of even
a small amount of overheating. To avoid this drawback, a
nonlocal architecture separating the detector and the read-
out element can be beneficial. Within this scope, detectors
exploiting temperature-to-phase conversion (TPC) [17]
and temperature-to-voltage conversion (TVC) [18] have
been proposed.

Here, we propose a nonlocal superconducting single-
photon detector based on the energy-to-phase conversion
mechanism, which is expected to show improved perfor-
mance with respect to existing superconducting sensors.
To this end, we exploit a double-loop Josephson interfer-
ometer [19,20], where the absorption of a single photon
in a long superconductor—normal-metal—superconductor
(S-N-S) Josephson junction (detector) causes the varia-
tion of the superconducting phase across a short S-N-
S junction (readout). The output signal is obtained by
measuring the quasiparticle current flowing through a
tunnel probe coupled directly to the readout junction.
The double-loop geometry and the asymmetry between
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the two junctions (detector and readout) ensure optimal
energy-to-phase conversion, thus boosting the detection
sensitivity. Indeed, our detector is expected to efficiently
reveal single photons of frequency down to 10 GHz.
Differently from other superconducting devices, the pro-
posed detector can be tuned in situ by controlling both
the magnetic flux piercing the interferometer and the bias
voltage.

The paper is organized as follows. In Sec. 11, the device
structure and its operation principle are introduced; in
Sec. 11, the geometrical dimensions and the materials con-
stituting each element of the structure are listed; in Sec. IV,
the effects of photon absorption on the electronic temper-
ature of the detector junction are shown; in Sec. V, the
energy-to-phase conversion and its effects on the energy
spectrum of the S-N-S readout junction are evaluated; in
Sec. VI, the dependence of the output current on the photon
frequency is shown; in Sec. VII, the detection performance
of the device is displayed; and in Sec. VIII, the concluding
remarks are presented.

II. OPERATION PRINCIPLE AND STRUCTURE

The structure of our single-photon detector is shown in
Fig. 1(a), where a long-detection S-N-S junction (d, red)
is integrated in a two-loop Josephson interferometer (gray)
together with a short—S-N-S—readout Josephson junction
(r, orange). Then, a superconducting probe (p, blue) is tun-
nel coupled directly to . The device operation is based
on the strong temperature dependence of the supercurrent
flowing in d, since it is in the long-junction limit [21].
Indeed, the current-to-phase relation (CPR) of d can be
written as

1Ty, 0a) = Ica(Ty) sin (¢q), (D

where /¢, is the critical current of the junction, 7y is the
electron temperature of d, and ¢, is the superconducting
phase drop across the junction. The absorption of a single
photon causes the increase of 7, (for details, see Sec. IV)
and, thus, exponential damping of the critical current of d
[22,23]
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where e is the electron charge, kg is the Boltzmann con-
stant, R; is the normal-state resistance of the junction,
Eng = hDy/ Eé is the Thouless energy (in which £ is the
reduced Planck constant, D; is the diffusion coefficient,
and L, is the length of the proximitized normal-metal

strip). Since d is inserted in a superconducting loop, it is
subject to fluxoid quantization
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where L, is the inductance of the detection loop, fix =
1; + I (in which [, is the switching current of the read-
out junction) is the total supercurrent circulating in the
detector, ®; is the magnetic flux bias, and @ is the
flux quantum. Since I; (and thus /) strongly depends
on the electronic temperature of d, the increase of T,
due to the absorption of a single photon of energy hv
(in which % is the Planck constant and v is the pho-
ton frequency) causes a variation of ¢;. Therefore, our
single-photon detector operates due to emergy-ro-phase
conversion.

The nonlocal readout is guaranteed by the second super-
conducting loop, which is assumed to be fully screened
from the external magnetic flux (®, = 0). Consequently,
the phase drop across » (¢,) is linked to ¢, by

2L,
D

@r— $a + I, =0, “4)

where L, is the inductance of the readout loop. Thus, the
absorption of a single photon by d indirectly produces the
variation of ¢, (for details, see Sec. V). The typical method
to record a phase variation in an S-N-S junction is tunnel
spectroscopy of the normal-metal island, thus implement-
ing a superconducting quantum interference proximity
transistor (SQUIPT) [24]. The choice of r in the short-
junction limit ensures the maximum response to changes of
¢, and thus of its density of states (DOS) [25]. Within this
assumption, the CPR of r takes the Kulik-Omel’yanchuk
(KO) form [26]

w A(T),) ®
(T 0) = — " cos (f)

r
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where A(7,) is the temperature-dependent energy gap of
the ring, R, is the normal-state resistance of », and ¢ is
the energy relative to the chemical potential of the super-
conductor. Accordingly, ¢, strongly influences the DOS of
the normal-metal stripe (V) forming the readout junction

014003-2



NONLOCAL SUPERCONDUCTING SINGLE-PHOTON DETECTOR

PHYS. REV. APPLIED 20, 014003 (2023)

v (Hz)
T.=T, Tyv)2T, (b) 100107 1022 105
300 _
=
[ 10
200 H
S

100 -
T, =10 mK]
ol vl 3l
1010 101 1012 1013
v (Hz)

FIG. 1. (a) A schematic of the nonlocal superconducting
single-photon detector. The device is structured as a long-
detection (d with phase ¢, red) and short-readout (» with phase
¢y, orange) S-N-S Josephson junction interrupting two supercon-
ducting loops (gray) of inductance L; and L,, respectively. The
total circulating current (/i) divides between d (with switching
current I;) and » (with switching current 7,). The first loop is
pierced by a magnetic flux ®,, while the readout loop is fully
screened from the external magnetic field (®, = 0). A super-
conducting output probe (blue) is tunnel coupled to r. (b) The
peak temperature of the detection junction (7gpeak) versus the
frequency (v). The inset shows the thermal capacitance of d ver-
sus v calculated at the peak temperature. All calculations are
performed for 7, = 10 mK.

[27,28]
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where I, is the Dynes broadening parameter [29] and x €
[0, L£,] is the spatial coordinate along r. Furthermore, the
superconducting minigap induced by the proximity effect

is written as [30]
@r
E,(Trg) = AT cos (5). (7)

Consequently, both N,(T,,¢,) and Eg,(T,,¢,) strongly
depend on ¢, (at fixed 7;,) and thus on the electronic
temperature of the detection junction (while 7, is kept
constant).

To maximize the responsivity of the detector, we imple-
ment the output tunnel probe p in the form of a super-
conducting wire. Indeed, SQUIPTSs with superconducting
tunnel probes show enhanced output signals [31,32]. Thus,
the normalized DOS of p reads

(e — eV +iT,)
\/(e — eV +iT,)? — A2(T})

'/\/;7(8’ V) = Re > (8)

where I', is the Dynes parameter, A, is the temperature-
dependent superconducting energy gap, T}, is the electronic
temperature, and V is the voltage drop across the tun-
nel barrier. The resulting quasiparticle tunnel current reads
[25]
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where w), is the width of p, R, is the normal-state resis-
tance of the » — p tunnel junction, and £, and £y, are the
Fermi distributions of » and p, respectively. Equation (9)
clearly shows that the output current is strongly dependent
on ¢, and, thus, on the electron temperature of the detector
T,.

II1. MATERIALS

In this section, we introduce the physical dimensions
and the materials chosen for each element of the pro-
posed nonlocal single-photon detector. In particular, we
exploit a structure that is feasible using standard nanofab-
rication techniques. These structural features are employed
to determine the detection performance of the device at a
bath temperature 7, = 10 mK. The superconducting ring
is assumed to be made of aluminum (Ay =200 peV).
The detection and readout ring are assumed to show an
inductance L; = 100 pH and L, = 10 pH, respectively.
To ensure optimal interfaces and an efficient proximity
effect, the S-N-S detector Josephson junction is made
of copper (the DOS at the Fermi energy Nr, = 1.56 x
104 J7'm~3 and diffusion constant Dy = 1072 m?s~!)
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with a length £, =1.5 pm and a volume ¥; = 12 x
102! m=3. Consequently, the normal-state resistance
of d is Ry = pal?/ V= L3/(€NraDa¥s) = 28 Q. Fur-
thermore, the Thouless energy takes the value Er, 4, =
2.93 pueV « Ay; thus the junction lies in the long-limit
regime. To ensure enough space for the output tunnel
probe, the short-readout S-N-S Josephson junction is also
made of copper. It is assumed to show a normal-state resis-
tance R, = 500 Q and a Dynes parameter I', = 107*A,.
In addition, the output probe (p) is made of aluminum
(Ap, =200 peV and T, = 107*A¢,,) and is coupled to
r by a tunnel connection of normal-state resistance R, =
10 k2. Finally, the nonlocal detector can be realized on
any substrate conventionally exploited for superconduct-
ing electronics, such as silicon, silicon dioxide, or sap-
phire. In particular, sapphire could be preferable due to
its large phonon thermal conductance, thus ensuring effi-
cient evacuation of the heat arising from the single-photon
absorption.

IV. ENERGY-TO-TEMPERATURE CONVERSION

Here, we evaluate the increase of the temperature of the
detector junction 7, due to the absorption of a photon of
energy hv. We assume that a suitable antenna (e.g., bow
tie, log-log dipole, or slit) funnels the energy of the single
photons directly to d, since their direct absorption by d is
limited by their long wavelength compared to the physical
dimensions of the detection junction. The energy released
by the single photons can be confined in the normal region
of the detection junction by implementing Andreev mir-
rors (AMs) [33], which are superconducting elements with
an energy gap larger than the ring (Agm > Ao), thus
preventing heat out-diffusion. Under this condition, the
absorption of a photon exclusively causes the tempera-
ture of d to increase above the phonon temperature (75,
i.e., the bath temperature). In particular, the temperature
rises instantaneously up to a maximum value 7 pea and
then electron-phonon (e-ph) collisions tend to restore equi-
librium (7; = T}) [34]. Thus, we derive the dependence
of Typeax and the electron heat capacitance (C;) on the
frequency of the incident photon (v). To this end, we intro-
duce the temperature-dependent thermal capacitance of the
normal state, defined as [18]

2
T
Ca(Ty) = ?%Np,dkéTd, (10)

where N4 is the DOS at the Fermi energy of d. We over-
estimate the thermal capacitance (and thus underestimate
the temperature increase), since the presence of a super-
conducting minigap induced by the proximity effect damps
Cy [35,36]. Moreover, the thermal capacitance in a long
Josephson junction changes over the length of the normal-
metal wire (since the minigap is position dependent) [37],

thus complicating the analysis. We stress that our choice
provides a simple solution without influencing the oper-
ation principle of the detector and providing an under-
estimated sensitivity. Within this model, the temperature
T} peak can be calculated by solving [38,39]

Td,peak 7T2 2 Iy
hy = /T dT; C; = ?”//dNF,dké(Td’peak —T;), (11)
b

since the electron-electron thermalization is much faster
than all the other energy exchange mechanisms in the
system [17,34]. Indeed, the peak temperature takes the
form

6hv

o 12
T2V Np gk (12)

Td,peak(‘)) = \/Ti +

i.e., the peak temperature increases above T, with the
square root of the photon frequency. This behavior is
shown in Fig. 1(b), where Ty cak is calculated as a func-
tion of v at 7, = 10 mK. In particular, a single photon
of frequency 10 GHz increases the electronic temperature
of d to about 13 mK, while a 10-THz photon generates a
Tapeak 22 260 mK.

Finally, by substituting Eq. (12) in Eq. (10), we can com-
pute the dependence of the thermal capacitance of d on the
incident photon frequency:

w? 6hv
C V) = —VaNpaki [ T2 + ————
d,peak( ) 3 d'VF,d"p b n27/dk§

YN, 2Y4Nr 4k}
=nk3\/ d F’”’(” d F’”T,2,+2hu>.

3 3
(13)

We stress that this is the value of the heat capacitance of d
at the photon absorption; thus it depends on the square root
of v, as shown in the inset of Fig. 1(b). Indeed, in increas-
ing v by 3 orders of magnitude, the thermal capacitance
rises by about a factor of 20.

V. ENERGY-TO-PHASE CONVERSION

Here, we evaluate the variations of ¢, due to absorp-
tion of a photon of frequency v. To this end, we combine
the temperature and phase dependence of the electronic
transport of Josephson interferometers (see Sec. II) with
the energy-to-temperature conversion mechanism in d (see
Sec. 1IV).

014003-4



NONLOCAL SUPERCONDUCTING SINGLE-PHOTON DETECTOR

PHYS. REV. APPLIED 20, 014003 (2023)

At agiven value of 7, and &, the absorption of a photon
generates a change of the phase bias of 7, given by

@r(v)
o

|:CDd — Ldlc,d(v) sin <(,0r + 27
0

Lr[r(Tba ‘pr)
)

- (Ld + Lr)]r(Tb’ ¢r)]a (14)

where the readout junction is always fully thermalized with
the phonon bath [i.e., (75, ¢,)], while the critical current
of d strongly depends on the frequency of the absorbed
single photon

409672k Ty 4 230

(3 4 2+/2)eR,

24272 4 24hy
. dmky Ty + Ve g

2
Efq

Ica(v) =

X

A2 Ty + S
X exp ( _ Yalrd ) (15)

2
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As a consequence, ¢, is predicted to show a strong depen-
dence on the incident photon frequency. The details of the
calculations for deriving Egs. (14) and (15) are provided in
Appendix A.

Figure 2(a) shows the dependence of the phase drop
across the readout junction on the photon frequency
for different values of ®,. In particular, the variation
of ¢, with v increases with the flux bias, approach-
ing its maximum for ®; — 0.5®,. Indeed, the detec-
tor shows 8¢, (®; = 0.01dy) = |¢,(0.01d,, 10 GHz) —
¢,(0.01d¢, 10 THz)| ~ 5.7 x 1037 and 8¢,(P,; = 0.49
®y) >~ 0.297. Interestingly, the phase starts to vary at
lower frequencies by increasing ®,, thus suggesting a
larger sensitivity of the single-photon detector. In the same
flux range, ¢, reaches values larger than v /2. This implies
that the value of ®,; determines whether the photon absorp-
tion causes an increase or decrease of the induced minigap
of r [see Eq. (7)]. Figure 2(b) shows the dependence of
the induced minigap E,, on v for different values of the
flux bias. The minigap increases monotonically for &, <
0.3®,, while E, , is damped for ®; = 0.49®, (gray curve).
On the other hand, the minigap shows a nonmonotonic
dependence on v for ®; = 0.4®y. In fact, in this case, ¢,
crosses /2 [see Fig. 2(a)], which defines the periodicity
of E, ,.(¢,). Consequently, the choice of a specific value of
®, defines the sensitivity of the system to the absorption
of single photons of different energy.
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FIG. 2. (a) The superconducting phase drop across the read-

out junction (¢,) versus the frequency of the incident photon (v),
calculated for different values of the magnetic flux biasing the
device (®y). (b) The superconducting minigap induced in r (Eg )
versus v, calculated for different values of ®,. All calculations
are performed at 75, = 10 mK.

VI. OUTPUT CURRENT VERSUS v

In this section, we evaluate the influence of the single-
photon absorption on the quasiparticle transport of the
nonlocal detector. Indeed, the energy-to-phase conversion
implies a frequency-dependent change of the DOS of r
[see Eq. (6)] and thus a modification of the detector output
signal [see Eq. (9)].

Figure 3(a) shows the quasiparticle current (/) versus
voltage (V) characteristics of the detector calculated by
solving Eq. (9) at T, = 10 mK and &, = 0.49®. In par-
ticular, we evaluate the difference between the response in
the absence of radiation (v = 0, black) and in the pres-
ence of a single photon of frequency v = 10 THz (gray)
by exploiting Egs. (6), (14), and (15) to evaluate ¢,.
The I-V curves show the typical behavior of a tunnel
junction between two superconductors, where the cur-
rent increases dramatically at the transition to the normal
state (V' ~ [A,(Tp) + Eg,(¢)]/e). As shown in Fig. 2(b),
at ®; = 0.499,, the absorption of a photon causes the
increase of the induced minigap in ». Thus, the transi-
tion to the normal-state behavior of the /-7 characteristics
moves toward larger values of the bias voltage after pho-
ton absorption. This feature is combined with a change
in the conduction of the subgap quasiparticles. Therefore,
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(a) — T 1 energy of the incident photon. Beyond the voltage values
10 ¥ o, _9? shown in Fig. 3(a), we include the /(v) characteristics cal-
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FIG. 3. (a) The current (/) versus voltage (V) characteristics

of the nonlocal single-photon detector in the absence of inci-
dent radiation (gray) and for an incident photon of frequency
v = 10 THz, calculated at ®,; = 0.49®d,. The dashed vertical
lines indicate suitable values of the bias voltage for the device
operation. The inset shows the readout scheme of the detector,
where &, is the bias flux, V is the bias voltage, and [ is the
measured quasiparticle tunnel current. (b) / versus v calculated
for different values of V at ®; = 0.49®,. V' =286 WV (red) is
the bias that ensures current modulation at lower frequency. (c)
I versus v calculated for different values of V at ®; = 0.3®,.
V=310 wV (red) is the bias that ensures current modulation at
lower frequency. All calculations are performed at 7, = 10 mK.

we can measure the absorption of a single photon by
recording the tunnel current at a fixed V [see the inset of
Fig. 3(a)]. In general, the appropriate bias voltages lie in
the range Ag < eV < 2A,, since A,(10 mK) ~ Ay and
0 < E;,(¢o) < Ap. In our setting, the voltage bias range
is thus 200 wV < V" < 400 wV. This allows us to generate
easily measurable modulations of /. Despite / also being
modulated for eV < Ay (V' < 200 wV), the absolute value
of the current is rather small and thus impractical in con-
crete experimental setups. Indeed, we choose four values
of V in the best bias range to determine the current output
and the performance of the nonlocal single-photon detector
[see dashed lines in Fig. 3(a)].

We first focus on the modulation of / for values of
the magnetic flux bias guaranteeing a monotonic depen-
dence of E,, on v (increasing or decreasing). Accordingly,
the quasiparticle current tends to decrease after the pho-
ton absorption for ®; = 0.49®, [Fig. 3(b)], while 7 rises
for ®; = 0.39 [Fig. 3(c)]. In other words, the output sig-
nal depends (increases or decreases) monotonically on the

current variation at the lowest photon frequency (red lines).
In particular, the highest current modulation is ensured for
V=286 WVat®; = 049, and for V=310 uVat d,; =
0.3D. At d; = 0.49Dy, the current starts to vary over sev-
eral orders of magnitude, starting from v >~ 20 GHz, while
for a flux bias &, = 0.3D,, the strong / increase happens
around 70 GHz. This behavior is a direct consequence of
the Eg ,.(v) characteristics shown in Fig. 2(b) and suggests
sensitivity of the detector also at those low frequencies.

We now switch our attention to ®,; = 0.4d, where the
E, ,(v) characteristics are nonmonotonic. Thus, we expect
a richer and more complex behavior of the detector output
current. Indeed, the sign of the derivative of / changes with
increasing v [see Eq. (9)]. For V' > 240 WV, the current
decreases monotonically with the radiation frequency [see
Fig. 4(a)], since the E, .(v) characteristics are single valued
and monotonically increasing with v at the energies corre-
sponding to these values of V, as shown by the blue curve
in Fig. 2(b). On the other hand, for lower values of the bias
voltage, E, (v) is nonmonotonic, since the phase drop ¢,
crosses the symmetry point at 0.5 [see Fig. 2(a)]. Thus,
the system provides two possible values of v at a given
V. Consequently, the /(v) characteristics are nonmono-
tonic for V' < 240 wV. In particular, the current increases
at low frequencies, stays constant for about a decade in
frequency, and starts to decrease again at larger values of v
[see Fig. 4(b)]. On the one hand, the onset of the / dampen-
ing is weakly dependent on V' (from approximately 1 THz
at V=220 wV to approximately 2 THz at V' = 240 wV).
On the other, the onset of the current increases can be
tuned over more than one order of magnitude by chang-
ing the bias voltage in the same range. In particular, by
setting V' = 234 WV, the current is already sensitive for 10-
GHz single photons, while V' = 220 WV provides a strong
current modulation at about 200 GHz. Consequently, the
choice of the flux &, and the bias voltage V allows us
to determine the sign of the current variation with photon
absorption and to choose the sensitivity frequency range.
In particular, the device acts an energy-proportional detec-
tor by setting the right value of ®,;, as shown in Figs. 3(b)
and 3(c).

The nonlocal detector can be exploited to design cam-
eras, with the possibility of addressing more pixels due
to frequency-domain multiplexing. Indeed, in full analogy
with TESs [1,3—6], the device produces an output current
at a constant voltage bias (change of resistance). Thus,
each pixel can be inserted in an RLC circuit of a specific
resonance frequency that changes the transmitted signal
intensity at the photon absorption [7]. Finally, all the differ-
ent tones can be amplified by a superconducting quantum
interference device (SQUID) amplifier that is inductively
coupled to the detector array.
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FIG. 4. (a)[ versus v calculated for different values of the bias

voltage (V). (b) I versus v calculated for values V that highlight
the nonmonotonic modulation of E,, with increasing incident
photon frequency. All calculations are performed at &, = 0.49,
and 7T, = 10 mK.

VII. SINGLE-PHOTON-DETECTION
PERFORMANCE

Here, we investigate the sensitivity of our nonlocal
single-photon detector by calculating the typical figures
of merit for a calorimeter, such as the signal-to-noise
ratio (SNR), the energy resolution (kv/8E), and the time
constant (t1,,). We note that for a superconducting detec-
tor (and thus for the proposed device), the simultaneous
absorption of two photons is equivalent to the absorption
of a single photon of energy equal to the sum of the two
photons.

The signal-to-noise ratio evaluates the magnitude of the
signal produced by the detector when sensing a single pho-
ton with respect to the background noise. In voltage bias,
the SNR reads

1V, o] =11V, @r(v = 0)]|

vV S[,tot\/5

where Sy is the total current-noise spectral density (see
Appendix B for details) and @ = 1 MHz is the measure-
ment bandwidth. This choice satisfies the requirement @ >
27 /t1)2, Where 71, is the characteristic time constant of
the detector (as calculated below).

Figure 5 shows the dependence of the SNR on the pho-
ton frequency calculated at the same values of ®; and
V selected for the /(v) characteristics (see Sec. VI). In
particular, Fig. 5(a) shows the SNR (v) characteristics
calculated for ®; = 0.49®y. As expected for this flux
bias, the SNR increases monotonically with the photon
frequency. In addition, the detector is sensitive to low-
frequency single photons in these conditions of the flux
and voltage bias, showing the larger change of the probe
current. Indeed, the detector is able detect single photons
of frequency approximately 10 GHz (SNR > 1) for V' =
286 WV with maximum values of the signal-to-noise ratio
of about 255 at v = 10 THz. Similarly, Fig. 5(b) shows the
SNR (v) characteristics obtained for ®,; = 0.3®,. On the

SNR (v) = , (16)

V (V) 240 280
286 320 360

101 101 1012 13 1010 101 1012 10%
v (Hz) v (Hz)

V (uV) 240 280

1010 101 1012 113 1010 101 1012 1013

v (Hz) v (Hz)
FIG. 5. (a)Ac) The signal-to-noise ratio (SNR) versus the pho-

ton frequency (v) calculated for different values of the bias
voltage (V) at (a) &4 = 0.499, (b) &,; = 0.3d, and (¢) b, =
0.4®,. (d) SNR versus v calculated for values of the voltage
(V) around the maximum sensitivity at ®; = 0.4®,. The dashed
lines indicate the lower limit for single-photon detection (SNR =
1). All curves are calculated for 7, = 10 mK.

one hand, the detector is less sensitive to low-frequency
photons (SNR > 1 for v = 20 GHz at V' = 310 V). On
the other, the detector reaches SNR ~ 10* at 10 THz
for =240 wV, since the output current increases when
absorbing a single photon, thus providing a signal much
larger than the dark-current noise (v = 0).

Differently, the SNR is nonmonotonic with the fre-
quency at ® = 0.49 [see Figs. 5(c) and 5(d)], thus reflect-
ing the behavior of the /(v) characteristics. Interestingly,
the detector is insensitive to low-frequency photons for a
wide range of bias voltages (SNR > 1 for v = 2.5 THz for
V=360 nV). In the optimally biased case [V = 234 uV,
Fig. 5(d)], the detector is able to reveal 10-GHz single
photons but it becomes blind for frequencies v ~ 1 THz.
Therefore, the bias voltage can be exploited to tune the
sensitivity of the detector to single photons of the desired
energy while filtering part of the remaining electromag-
netic spectrum. We note that the sensitivity of the detector
to photons of extremely low frequency (down to 10 GHz)
highlights the importance of the proposed nonlocal read-
out mechanism. Indeed, low dissipated power into the
detector junction due to direct tunnel measurements or
even the quasiparticles created by dispersive measure-
ments can affect the detector response. As a consequence,
these effects can decrease the effective sensitivity of the
detector by increasing the noise levels and the dark counts.
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FIG. 6. (a) The energy resolution (hv/SE) versus the photon

frequency (v). The dashed line indicates ~v/SE = 1. (b) The time
constant (71,2) versus v. All curves are calculated at 7;, = 10 mK.

The energy resolution describes the ability of a detector
to distinguish the energy of the revealed single photon. For
the proposed device, it can be evaluated through

hv hv
_(UaTb) = )

SE 4212 ks T3Cu(Ty = T)

)

where the thermal capacitance Cy is evaluated at 73, i.e., at
the temperature of d before the photon absorption. Figure
6(a) shows hv/SE for our nonlocal detector calculated at
T, = 10 mK. In particular, the sensor can discern single
photons of energy approximately 10 GHz (hv/3E > 1).
Moreover, the detector shows an energy resolution of about
10° for 10-THz single photons. We stress that we exploit
the normal-state thermal capacitance [see Eq. (10)], thus
underestimating the energy resolution. This underestima-
tion is larger for low energies, where the overheating is
lower and the difference between the value of Cy in the
superconducting and normal state is at a maximum [35,36].
Therefore, these are low boundary values of the energy
resolution.

Finally, the characteristic time constant of our single-
photon detector can be determined by considering only
half of the e-ph relaxation time (7y,2), i.e., the time neces-
sary to have Ty = (Tp + Tapeak) /2, since the time response
of the output tunnel probe is much faster than the energy
diffusion. In particular, 7y, is defined as follows:

Td,peak Cd ( Td)
T2 = / dly ————,
(Tb"‘Td,peak)/2 Pé’,ph (Ta'a Tb)

(18)
where P, = ¥4Z4(T;— T;) (in which ;=2 x 10°
Wm 3K is the e-ph coupling constant of copper) is the
e-ph thermalization in d [34]. We note that to be con-
sistent with the heat capacitance, we consider the e-ph
thermalization in the normal state. In our device, the char-
acteristic time of the detector decreases by increasing v
[see Fig. 6(b)] from approximately 6 ms at 10 GHz to
approximately 70 ws at 10 THz. This is due to the rise

of the e-ph thermalization at the large electronic tem-
peratures, as reached at high single-photon frequency. In
addition, we point out that the thermalization is dominated
by the e-ph scattering even in the absence of AMs, since an
aluminum thin film is almost completely thermally insu-
lating up to electronic temperatures of about 280 mK [7]
(which is larger than the Tjpeac >~ 270 mK reached for
10-THz single photons). The time scale defined by 7,
represents the jitter of the detector, since the change of the
electronic temperature limits the operation speed and the
ability to measure two consequent incoming photons. In
fact, the energy of two consequent photons can be deter-
mined only when their time separation is large enough to
ensure the full recovery of the electronic temperature of
d to Tp; otherwise, the device can only operate as a pho-
ton counter, with no energy discrimination. Furthermore, a
large number of absorbed photons before the rethermal-
ization could bring the system to the normal state, thus
impeding the response of the detector.

VIII. CONCLUSIONS

In summary, we propose a nonlocal superconducting
single-photon detector that operates due to the energy-to-
phase conversion mechanism. The device is composed of
a double-loop interferometer with a long S-N-S Joseph-
son junction acting as detector and a short S-N-S operating
as readout. The device output signal is the quasiparti-
cle current recorded by a superconducting electrode tun-
nel coupled directly to the readout junction. Despite the
complex design, the separation of the detection and read-
out elements ensures improved sensitivity and suppressed
electronic noise arising from the measurement operations.
Differently from previous nonlocal detectors, our analysis
takes into account the nonideal phase bias due to the finite
kinetic inductance of the superconducting loops compos-
ing the device. By exploiting an experimentally feasible
structure and materials, the proposed detector is able to
reveal single photons of frequency down to 10 GHz with
an energy resolution larger than 1 when operated at 10 mK.
Furthermore, the sensitivity can be tuned by controlling the
magnetic flux piercing the detection loop and the bias volt-
age. In particular, the response to single photons in specific
windows of the electromagnetic range could be filtered
by setting the biasing parameters. Since the large detector
sensitivity arises from the exponential temperature depen-
dence of the critical current of the long—S-N-S—detector
Josephson junction, the use of large critical-temperature
materials (such as Nb or NbN) could allow us to increase
the operation temperature. In these systems, the detection
sensitivity could be limited slightly by the increase of the
e-ph thermalization at higher phonon temperatures and the
realization of the tunnel output on the short-readout junc-
tion could be impractical due to the short coherence length
that characterizes these higher-7¢ superconductors.
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This single-photon detector can find applications in both
quantum technologies and basic science, such as quantum
cryptography [40,41], optical quantum computing [42],
terahertz spectroscopy [43], and particle search [44]. Fur-
thermore, the nonlocal and noninvasive detection scheme
might also be exploited for the readout [45] or memory
[46] operations of superconducting qubits.
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APPENDIX A: CALCULATION OF ¢, VERSUS v

Here, we derive the dependence of the superconducting
phase drop across the readout junction (¢,) on the fre-
quency of the incident photon (v). Within this scope, we
need to consider the fluxoid quantization of the detection
loop [19],

27TLd de
$a+ ——lot =2 —,

Al
o S (AT)

the fluxoid quantization of the readout loop (assuming that
d, =0),

2n L,
)

©Or — Pa + Ir = 0> (AZ)

and the conservation of the circulating current,

Lot =1+ 1. (A3)

We can extract ¢, by combining Egs. (A1) and (A2):

LI,
o)

@ Lal, LI

=274 _pp 2t oy

@, @, @,

2w
= ao[q)d - Ld[tot - Lr[r]-

¢r:¢d_27r

(A4)

By substituting the circulating-current conservation

[Eq. (A3)], the phase drop can be written as

2
or = (@0 — Lolla+1,) — L, 1]
0
2
= cFO[‘IM — Laly — Lal, — L1, ]

2
= ——[®q — Lals — I(La + L,)].
Dy

(AS)

We now simplify ¢; and introduce the dependence of I,
on the temperature. To this end, we introduce the expres-
sion for the switching current of d (long S-N-S Josephson
junction),

1a(T4, 9a) = Ica(Tq) sin(@a), (A6)
and substitute

LT, ¢)
0

$a=¢r+21m (A7)
As a consequence, at a given value of ®,, the phase drop
across r depends strongly on both 7; and 7, as shown by

Qor(Td, Tr)

2
= |:(Dd — Lalca(Tq) sin(pq) — (La + L)I(T), wr)}

= q)o
2 L,1.(T,

— _jT q)d — LdIC,d(Td) Sin (pr —|— 27‘[M
@, @,

- (Ld + Lr)lr(Tra ¢r):| . (A8)

We note that ¢, has an exponential dependence on /7,
since Icg o exp(—+/Ty) for a Josephson junction in the
long-diffusion limit [see Eq. (2)] [22,23]. The absorption
of a photon increases the temperature of d above T [see
Eq. (12) and Fig. 1(b)] up to the maximum value 7} peax
(see Sec. IV), while it does not affect the readout-junction
temperature (7, = Tp). Therefore, at a given T} and ® 4, ¢,
is only a function of v, as shown by

@, (v, Tp)
_ 21

L.1.(T,
> [% — Lulcy()sin (w 4o M)
0

o)

- (La' +Lr)lr(Tba (pr)] (A9)
Finally, by substituting Eq. (12) into Eq. (2), we obtain
the dependence of the critical current of d on the photon
frequency [Eq. (15)]:

JA096m2k3 Ty - e

(3 4 2+/2)eR,

27,272 24hv
. A ky Ty, + VN
EZ

th,d

Icqa(v) =

X

2 24
A 4712]{129Tb + VdN:,d
xexp| — i . (A10)
th,d

Small fluctuations of 7} have limited impact on ¢,, since
the e-ph thermalization is strongly suppressed in nanoscale
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metallic systems (in superconducting thin films the e-ph
scattering is exponentially suppressed by the supercon-
ducting energy gap) [34].

APPENDIX B: CURRENT-NOISE SPECTRAL
DENSITY

The total current-noise spectral density takes the form

Sttot = S1,7PN + Sips B1)
where S;rpyv 1S the current noise related to the thermal
fluctuations in the detector and Sy, is the low-frequency
current-noise of p calculated in the idle state (i.e., in the
absence of radiation).

The thermal fluctuation noise can be calculated by [17]

s Y =0,0,0)] =11V =0,0.(v = 0)]?
I,TFN ==

. (B2)
w

which is related to the different between the current fluctu-
ations in the presence and in the absence of radiation when
no voltage bias is applied.

The current noise of the probe takes the form

S1p = 2el[V,¢.(v = 0)] coth ( (B3)

e
2kgTy )’

which is the intrinsic noise of the tunnel probe at voltage V'
and temperature 7}, i.e., in a dark environment.
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