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We theoretically investigate the temperature-to-phase conversion (TPC) process occurring in dc
superconducting quantum interferometers based on superconductor–normal-metal–superconductor
(S-N-S) mesoscopic Josephson junctions. In particular, we predict the temperature-driven rearrangement
of the phase gradients in the interferometer under the fixed constraints of fluxoid quantization and
supercurrent conservation. This mechanism allows sizeable phase variations across the junctions for
suitable structure parameters and temperatures. We show that the TPC can be a basis for sensitive single-
photon sensors or bolometers. We propose a radiation detector realizable with conventional materials and
state-of-the-art nanofabrication techniques. Integrated with a superconducting quantum-interference
proximity transistor as a readout setup, an aluminum-based TPC calorimeter can provide a large
signal-to-noise ratio >100 in the 10-GHz–10-THz frequency range and a resolving power larger than
102 below 50 mK for terahertz photons. In the bolometric operation, electrical noise equivalent power of

approximately 10−22 W=
ffiffiffiffiffiffi
Hz

p
is predicted at 50 mK. This device can be attractive as a cryogenic single-

photon sensor operating in the giga- and terahertz regime with applications in dark-matter searches.

DOI: 10.1103/PhysRevApplied.9.054027

I. INTRODUCTION

Detecting radiation in the microwave to terahertz regime
has a range of applications from astrophysics to quantum
devices. For applications where cooling to low temper-
atures is available, superconducting sensors provide a way
to construct high-sensitivity detectors, both for bolometric
detection of continuous power [1–4] and also toward the
detection of few photons [5–9].
Thermal superconducting radiation detectors [1–3,10]

generally make use of the sensitive dependence of super-
conducting electrical response on the local electronic
temperature, which changes as photons are absorbed.
The specific way this response is utilized varies in different
detectors. Kinetic inductance [1,11,12] and Josephson
superconductor–normal-metal–superconductor- (S-N-S)
[8,13–15] based detectors make use of the temperature
dependence of the supercurrent. The changes in the current
response can be detected, e.g., via resonant circuits [11] or
inductively or directly [1,16] coupled superconducting
quantum-interference-device (SQUID) sensors. In the
direct coupling scheme, variation of the critical current
or inductance in the detector embedded as one junction of a
dc SQUID affects the distribution of phase differences
across the second junction and the current balance, which
can be detected. Similarly, if the two junctions reside in a

closed superconducting ring, the result is temperature-to-
phase difference conversion (TPC), which is the basis of the
device discussed below.
The phase difference across a superconducting junction

can be generally determined via the current flowing
through it. However, in S-N-S and weak links, it is also
possible to determine the value via tunnel-junction spec-
troscopy—this forms the basis for the superconducting
quantum-interference proximity transistor (SQUIPT) [17].
In a SQUIPT, the phase difference is measured by observ-
ing the tunneling current through a tunnel junction [3]
connected to the middle of the weak link. Such measure-
ments can also be made at high bandwidth [18,19]
enabling fast measurement timescales that are required
for calorimetry.
Superconducting weak links are useful in hot-electron

bolometers (HEBs) in that the superconductivity inhibits
electronic heat conduction out of the detector region
[1,2,20], improving sensitivity via reduction of the intrinsic
thermal-fluctuation noise. For bolometric devices, another
key quantity is the detector heat capacity [1,2], reducing
which lowers the minimum detectable energy and reduces
the thermal response time. These parameters can be
adjusted to optimize the detector performance within the
constraints of the readout method.
In this paper, we propose a mesoscopic superconducting

bolometer and calorimeter for single-photon and continu-
ous power detection in the gigahertz to terahertz frequency
range. The operation is based on temperature-dependent
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kinetic inductance change of a superconducting weak link
resulting in TPC in a superconducting ring and its nonlocal
readout via an integrated SQUIPT sensor (see Fig. 1). The
measurement scheme can accommodate a small detector
volume, enabling small heat conductivity and heat capacity,
which results in reduced intrinsic thermal noise and low
minimum detectable energy and response time. In the
weak-link device, these quantities are also tunable via
the magnetic flux. For the readout scheme, we predict
temperature sensitivities of tens of nK=

ffiffiffiffiffiffi
Hz

p
in a temper-

ature range tunable over T ¼ 10 mK to 1 K with the choice
of the magnetic flux. We provide an appropriate simplified
theoretical model for the operation and thermal response
and analyze the main performance characteristics in the
bolometric and calorimetric modes. In calorimetric oper-
ation, we predict signal-to-noise ratios up to 100 in the

10 GHz to 10 THz range and a resolving power larger than
100 for single photons at detector bath temperatures of
50 mK, with characteristic thermal time τ ∼ 10–500 μs. In
the bolometric mode, noise equivalent power (NEP) down
to NEP ≈ 10−22 W=

ffiffiffiffiffiffi
Hz

p
at Tbath ∼ 50 mK is predicted and

mainly limited by the thermal-fluctuation noise in the
detector.
The structure of the manuscript is as follows. In Sec. II,

we outline the operation principle and the theoretical
background for the temperature-to-phase conversion and
its SQUIPT detection. In Sec. III, we discuss the thermal
model for the system and the main performance character-
istics of the calorimetric operation mode. Section IV
discusses the performance characteristics in the bolometric
mode, and Sec. V concludes with a discussion.

II. DETECTOR

A. Operating principle

We consider a dc SQUID based on two S-N-S
Josephson junctions [see Fig. 1(a)]. Each junction consists
of two superconducting leads coupled to an N wire of
length L through highly transmissive interfaces. The
contact with S induces superconducting correlations in
the N regions through the proximity effect, which is
responsible for the supercurrent flow through the junctions
as well as for the modification of the wires’ DOS. The
transverse dimensions of the wires are assumed to be much
smaller than L so that they can be considered as quasi-one-
dimensional.
Both S-N-S junctions are assumed to be short; i.e., they

satisfy the condition Δ0 ≲ ℏD=L2, where Δ0 is the S
energy gap, and D is the diffusion constant of N. The
above choice is dictated by three main reasons: (i) Drastic
reduction of the detector-sensing element volume in order
to achieve a substantial improvement of the sensor perfor-
mance. (ii) The analytical solutions for both the super-
current and the quasiparticle DOS in the weak links are well
known in the short-junction limit, which somewhat sim-
plifies the whole analysis of the detector. (iii) For short
junctions, the phase-dependent response of the DOS in the
readout junction is maximized leading to enhanced readout
transduction sensitivity.
The variables φd and φr denote the macroscopic quan-

tum phase differences across the detector and readout
junction, respectively. By neglecting the ring kinetic
inductance, it follows from fluxoid quantization that

φd þ φr ¼ 2πΦext=Φ0 þ 2kπ; ð1Þ
whereΦext is the applied magnetic flux, k is an integer, and
Φ0 ≃ 2.067 × 10−15 Wb is the flux quantum.
We suppose the S loop to be backed at a distance LS from

the N-S interfaces of the detector junction by Andreev
mirrors [20], and superconductors S1 with a large energy
gap Δ1 ≫ Δ0 in good electric contact, so that S1 blocks

FIG. 1. (a) Scheme of a dc superconducting quantum interfer-
ometer realized with two S-N-S Josephson junctions. Absorption
of electromagnetic radiation of energy hν increases the electronic
temperature (Te) in the N region of the detector junction thereby
suppressing the Josephson supercurrent circulating in the loop.
The suppression leads to a variation of phase difference (φd;r)
across both Josephson junctions and to a modification of the DOS
in their N regions. The DOS in the readout junction is probed via
a SQUIPT used as the readout circuit. The structure, therefore,
operates as a temperature-to-phase converter, i.e., δTe → δφd;r. L
denotes the length of the junctions, and Φext is the applied
magnetic flux. (b) Enlargement of the detector in the vicinity of
the weak-link region: Superconducting electrodes S1 with energy
gap Δ1 ≫ Δ0 (Δ0 is the zero-temperature energy gap in S) in
good electric contact with the loop constitute Andreev mirrors for
the energy absorbed by quasiparticles in the N region. The
Andreev reflection allows energy relaxation in the detector
junction to occur predominantly via electron-phonon interaction
with lattice phonons in the enclosedN and S regions (see text). LS
is the length of the S portions in direct contact with the N
nanowire.
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out-diffusion of the heat absorbed by the N wire and the S
electrodes [see Fig. 1(b)], as quasiparticle energy cannot
escape through the S=S1 interfaces due to Andreev reflec-
tions. The above design for the detector region allows
thermal relaxation to occur predominantly via the slower
electron-phonon mechanism in the N and S regions. In
order to retain the larger kinetic inductance of the short-
junction link determined by Δ0 instead of Δ1, we choose
below the length LS ≫ ξ0 where ξ0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏD=Δ0

p
is the

coherence length of the weaker superconductor.
The external incident radiation is coupled to theN region

via a suitable antenna. If it is coupled as in Fig. 1, the
absorbed power is distributed both to the detector and the
readout junctions and divided evenly if the junctions are
identical. Different designs may also be able to concentrate
the power dissipation mainly in the detector junction
between the Andreev mirrors. Here, we neglect the imped-
ance of the ring itself, as it is small in the gigahertz to
terahertz range compared to the junctions. In the discussion
that follows, we ignore heat losses due to part of the power
being dissipated in the readout junction.
The antenna impedance matching is influenced by the

impedance Zd of the short detector junction, which is
qualitatively similar to that of superconductors [21,22]. At
low temperatures and in the short-junction limit, the
dissipative component has a frequency threshold deter-
mined by the DOS gap εg ¼ Δ0j cosðφd=2Þj in the junction:
ReZ−1

d ðωÞ ∼ ðRd
NÞ−1θðℏω − 2εgÞ þ ðRd

NÞ−1e−εg=kBT . At fre-
quencies above the gap, the inductive component is of order
ImZ−1

d ðωÞ ∼ ðRd
NÞ−1πΔ0=ðℏωÞ. As a consequence, we

expect that good radiation coupling can be achieved at
frequencies ν > 2εg=h by matching the normal-state resis-
tance Rd

N of the junction to the antenna. At frequencies
below the DOS gap, the ability of the proximized normal
wire to absorb energy in linear response becomes sup-
pressed at low T, which is a generic limitation of super-
conducting absorber elements. For large enough excitation
amplitude, i.e., phase oscillation induced by incoming
radiation pulse being δϕdðtÞ ¼ eV=ðℏωÞ≳ 1, where V is
the voltage amplitude across the junction, multiphoton
events can contribute to the absorption also at lower
frequencies.
It is beneficial for the performance of the device if the

readout junction remains at a low temperature compared to
the detector junction, even if part of the input power heats
it. This condition is enforced by the presence of the
superconducting tunnel probe and the lack of Andreev
mirrors in the readout junction resulting in electronic heat
out-diffusion that is larger by a factor of approximately
eðΔ1−Δ0Þ=kBT ≫ 1. Depending on the parameters, it is
possible to supplement the cooling by an additional
tunnel-coupled N cooling fin [23] in the readout junction,
but as we discuss in Sec. IVA, this is likely not necessary
for the parameters we consider.

B. Model

In the short-junction limit, the Josephson current (Id;rc )
flowing through the detector and readout weak links at
temperature T can be written as [24,25]

Id;rc ðT;φd;rÞ ¼
πΔðTÞ
eRd;r

N

cos

�
φd;r

2

�Z
ΔðTÞ

ΔðTÞ cosðφd;r=2Þ
dε

×
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ε2 − Δ2ðTÞcos2
�
φd;r

2

�r tanh

�
ε

2kBT

�
;

ð2Þ

where ΔðTÞ is the BCS temperature-dependent pairing
potential in S, Rd;r

N is the normal-state resistance of the
detector (readout) junction, kB is the Boltzmann constant,
and e is the electron charge. In the limit of zero temperature
(T ¼ 0), Eq. (2) reduces to [24]

Id;rc ð0;φd;rÞ ¼
πΔð0Þ
eRd;r

N

cos
�
φd;r

2

�
artanh

�
sin
�
φd;r

2

��
: ð3Þ

In Eq. (2), Rd;r
N ¼ ρL=Ad;r, ρ ¼ ðνFe2DÞ−1 is the wire

resistivity, νF the density of states at the Fermi level in N,
and Ad;r is the wire cross section of the detector (readout)
Josephson junction. Moreover, in the following, the elec-
tron temperature in the detector junction is denoted by Te
(T ≡ Te), whereas that in the readout weak link is supposed
to coincide with the lattice temperature T ≡ Tbath (see
discussion in Sec. IVA).
The electromagnetic energy hν absorbed in the detector

junction elevates the temperature Te in N and in the lateral
portion of S, thereby leading to a decrease of the dis-
sipationless supercurrent Id;rc circulating (for Φext ≠ 0) in
the superconducting loop. The temperature dependence of
the junction’s critical current is shown in Fig. 2(a) being
evaluated from Eq. (2) for φd ¼ φr ¼ π=2 by setting
T ≡ Te ¼ Tbath. Note that the critical supercurrent is almost
saturated for Te ≲ 0.25Tc (Tc is the critical temperature of
S) and decreases linearly with the temperature around
Te ≈ Tc.
Such a temperature-induced suppression of Id;rc yields a

finite variation of the phase drop across both S-N-S
junctions owing to the following: (i) conservation of the
supercurrent circulating along the S loop and (ii) fluxoid
quantization in the interferometer [Eq. (1)]. As a conse-
quence, for a given Φext, the phases φd and φr can be
determined for any Te and Tbath from condition (i), i.e., by
solving the equation

IdcðTe;φdÞ ¼ IrcðTbath;φrÞ: ð4Þ

This equation is at the origin of the TPC process. By
defining the parameter α¼Rd

N=R
r
N ¼Ar=Ad as the degree
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of asymmetry of the SQUID junctions, we can solve Eq. (4)
for the phase φr existing across the readout junction in
order to investigate in detail the full TPC process. We note
that the asymmetry parameter can also be written as α ¼
Ld
J=L

r
J when both junctions are at the same temperature,

where Ld;r
J is the kinetic inductance of the detector (read-

out) junction, so that it immediately expresses which
junction of the interferometer will mainly determine the
phase biasing of the superconducting loop for a given
external flux Φext. In particular, for α ≫ 1 the phase drop
along the ring predominantly occurs across the detector
junction, whereas in the opposite situation (α ≪ 1), the
phase drop occurs mainly across the readout weak link.
Figures 3(a) and 3(b) show the phase φr calculated

from Eq. (4) as a function of Te and α for Φext ¼ 0.4Φ0

[Fig. 3(a)] andΦext¼0.499Φ0 [Fig. 3(b)] at Tbath ¼ 0.01Tc.
It turns out that the largest TPC effect occurs by settingΦext
at approximately 0.5Φ0 where the phase response can be
very sharp [see Fig. 3(b)]. In particular, by choosing values
for α around or slightly less than 1 yields sizable phase
modulation amplitudes in the readout junction at higher
temperatures Te. By contrast, for α > 1, the modulation
amplitude occurs for lower temperatures, although slightly
reduced.
The parameter α also controls the phase difference over

the detector junction φd and, therefore, the energy gap
εdg ¼ Δ0 cosðφd=2Þ. As we discuss above, this gap provides
a frequency threshold 2εdg below which it can be difficult to
impedance match the detector junction to an antenna. To
reduce εdg , a larger α should be chosen, which, however,
reduces the sensitivity of TPC. Below, we choose this

trade-off at α ¼ 3 (dashed lines in Fig. 3) corresponding to
2εg=h ¼ 10 GHz. If a higher frequency threshold is
acceptable, better performance characteristics can be
achieved by values closer to α ¼ 1.

C. Readout weak-link behavior

The temperature-induced suppression of the critical
current may thereby yield a variation of phase drop
(δφr) across the readout junction. Measuring δφr with a
suitable setup enables us to assess with accuracy the
electronic temperature Te and, hence, the radiation
absorbed by the S-N-S weak link of the detector. Yet,
owing to the proximity effect, φr affects the spectral
characteristics of the corresponding N region as well, for
instance, by determining the exact shape of the local
quasiparticle DOS in the N wire. In the following, we
show that probing the phase-induced variations of the DOS
with a SQUIPT implemented in the readout junction is a

(a) (b)

(c) (d)

ext ext

ext ext

FIG. 3. (a),(b) Contour plot of the phase φr across the readout
junction vs α and Te calculated for Φext ¼ 0.4Φ0 (a) and Φext ¼
0.499Φ0 (b) at Tbath ¼ 0.01Tc. (c),(d) Contour plot of the
minigap εrg in the N region of the readout junction vs α and
Te calculated for Φext ¼ 0.4Φ0 (c) and Φext ¼ 0.499Φ0 (d) at
Tbath ¼ 0.01Tc. Dashed lines in all panels positioned at α ¼ 3
correspond to the value chosen for the interferometer in all
forthcoming calculations unless differently stated. Δ0 denotes the
zero-temperature energy gap in corresponding to the critical
temperature Tc ≃ Δ0=1.764kB.

(a) (b)(b

FIG. 2. (a) Josephson current Id;r vs Te ¼ Tbath calculated at
φd;r ¼ π=2. Tbath and Tc are the bath and critical temperature of

the S loop, respectively, whereas Iπ=2c is the zero-temperature
Josephson current at φd;r ¼ π=2. (b) Scheme of time (t) evolution
of the electronic temperature Te in the detector junction after
absorption of a photon at energy hν. Tmax

e is the temperature
reached in the weak link after the arrival of a single photonic
event. τdiff represents the diffusion time across the N wire,
whereas τe-ph is the electron-phonon relaxation time. In the
present setup, τdiff ≪ τe-ph due to the short length of the N wire
and the low temperature at which the detector is conceived to
operate.
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simple and effective way to get direct and detailed
information about Te-driven phase changes.
The SQUIPT [shown on the upper part of the scheme of

Fig. 1(a)] consists of a superconducting tunnel junction
with normal-state resistance Rp coupled to the middle of
the N wire of the readout junction [17]. So far, SQUIPTs
have been implemented in a few geometrical configurations
[17,26,27] and with different material combinations
[17,28,29]. For the sake of clarity, we assume here the
probing electrode (of width w) to be made of the same
superconducting material S as the SQUID ring. φr changes
induced by temperature Te variations in the detector
junction affect the readout N wire DOS and thereby the
current Ip vs voltage characteristic of the superconducting
tunnel junction biased at voltage V [see Fig. 1(a)].
Let us now analyze the N wires DOS (N d;r

N ) in the S-N-S
junctions. In the short-junction limit, which is the relevant
one for the present case, we have the well-known result
(cf. e.g., Refs. [25,30]):

N d;r
N ðx;φd;r; ε; TÞ

¼ Re

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðεþ iΓÞ2

ðεþ iΓÞ2 −Δ2ðTÞcos2 φd;r

2

s

× cosh

 
2x − L

L
arcosh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðεþ iΓÞ2 −Δ2ðTÞcos2 φd;r

2

ðεþ iΓÞ2 −Δ2ðTÞ

s !
;

ð5Þ

where ε is the energy relative to the chemical potential of
the superconductors, x ∈ ½0; L� is the spatial coordinate
along the N wires, and Γ is the Dynes parameter accounting
for broadening in S.
N d;r

N exhibits a minigap εd;rg ðφd;r;TÞ¼ΔðTÞjcosðφd;r=2Þj
for jεj ≤ εd;rg whose amplitude depends on φd;r, and is
spatially constant along the N wires. In particular, εd;rg ¼ Δ
for φd;r; ¼ 0 and decreases by increasing the value of the
phase, vanishing at π. Therefore, the quasiparticle spectrum
in the N region can vary from that of a gapped super-
conducting material (for φd;r; ¼ 0) to that of a gapless
normal conductor (at φd;r; ¼ π) just by changing the phase
across the weak link.
The impact of the electronic temperature Te of the

detector on the DOS in the readoutN weak link is displayed
in Figs. 3(c) and 3(d) where the minigap amplitude εrg is
plotted as a function of Te and α for Φext ¼ 0.4Φ0

[Fig. 3(c)] andΦext ¼ 0.499Φ0 [Fig. 3(d)], both calculated
at Tbath ¼ 0.01Tc. These results show that the minigap
behavior is qualitatively similar to that of φr and confirm
that for α ¼ 3 it is possible to obtain sufficient Te-induced
modulation of εrg. The above value for α is set in all
forthcoming calculations, unless differently stated, to
evaluate the response and performance of the nanodetector.

D. SQUIPT response

Let us now turn to discussing the behavior of the
SQUIPT current vs voltage characteristics which allow
us to understand how to exactly operate the superconduct-
ing interferometer for radiation detection in the present
setup. The current flowing through the superconducting
tunnel probe of the SQUIPT in the readout junction is
dominated by quasiparticles and can be written as [31]

IpðVÞ ¼
1

ewRp

Z ½ðLþwÞ=2�

½ðL−wÞ=2�
dx

×
Z

∞

−∞
dεN r

Nðx; ε;φrÞN p
Sðε̃ÞFðε; ε̃Þ; ð6Þ

where N p
Sðε; TeÞ ¼ jRe½ðεþ iΓÞ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðεþ iΓÞ2 − Δ2ðTeÞ

p
�j

is the BCS normalized DOS of the S probe electrode at
temperature Tbath, ε̃ ¼ ε − eV, Fðε; ε̃Þ ¼ ½f0ðε̃Þ − f0ðεÞ�,
f0ðεÞ is the Fermi-Dirac energy distribution function, and
Rp is the normal-state tunneling resistance of the probing
junction. In the following calculations, we assume for
simplicity that the superconductor forming the probing
electrode is identical to that realizing the loop so that
N p

Sðε; TÞ ¼ N d
Sðε; TÞ. Moreover, we set w ¼ L=3 and

Rp ¼ 105 Ω as characteristic parameters of the SQUIPT
readout. For calorimetric operation, we also assume the
measurement of the current is possible on bandwidths
comparable to the relevant inverse thermal relaxation time
of the detector junction (see below); the possible fast
readout schemes are discussed in Refs. [18,19].
Figure 4(a) illustrates the general behavior of the low-

temperature SQUIPT current vs voltage characteristics
IpðVÞ at Φext ¼ 0.499Φ0 in the absence of radiation
(i.e., hν ¼ 0, Te ¼ Tbath), and for nonzero radiation
(hν ≠ 0, Te > Tbath) heating the detector junction. In
particular, the onset of large quasiparticle tunneling occurs
at an energy corresponding to the sum of the gaps in the
superconducting probe and the N proximity layer, as
expected for a tunneling process through a S-I-S tunnel
junction [32]. Therefore, in the absence of radiation, this
onset appears at eV0 ¼ ΔðTÞ þ εrgðT; ν ¼ 0Þ, whereas
under the effect of radiation of energy hν, the onset occurs
at eVν ¼ ΔðTÞ þ εrgðT; νÞ. Moreover, 2ΔðTÞ=e ≥ Vν > V0

since ΔðTÞ ≥ εrgðT; νÞ > εrgðT; ν ¼ 0Þ as a consequence of
heating in the detector junction originating from absorption
of radiation [see Figs. 3(c) and 3(d)]. From these results, it
follows that by biasing the SQUIPT at voltage V� (with
V0 ≲ V� ≲ Vν), the absorption of a photon will yield a
reduction (δI) of the current Ip flowing through the
tunneling probe. As a consequence, a direct radiation
readout can be performed with the SQUIPT by a simple
measurement of its current at fixed bias voltage.
The impact of asymmetry of the two S-N-S Josephson

junctions forming the SQUID on the SQUIPT character-
istics is displayed in Fig. 4(b), which shows Ip vs V
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calculated for selected values of α at Φext ¼ 0.499Φ0 and
ν ¼ 0. The figure shows that increasing α leads to V0

approaching 2Δ0, as expected from the increase of εrg in the
readout junction [see Figs. 3(c) and 3(d)]. Therefore, a
precise tuning of the SQUIPT working voltage V� can, in
principle, be achieved by setting the asymmetry of the
junctions forming the SQUID.
For the value α ¼ 3 used in the remainder of the text, at

Te ¼ Tbath ¼ 0.01Δ0 and Φext ¼ 0.499Φ0, φr ≈ 0.07π,
and the voltage threshold for ν ¼ 0 [see Fig. 4(a)] resides
at eV0 ≈ 1.994Δ0.

E. Temperature-to-current conversion
and noise analysis

Hereafter, we describe the behavior of the SQUIPT
corresponding to a temperature-to-current transducer, i.e.,
the ability of the system to convert a temperature variation

δTe in the detector weak link into a current change δI in the
readout tunnel junction.
Figure 5(a) shows the dependence of the current Ip

through the probing junction on the temperature Te for
different values of V by keeping fixed the external flux
Φext ¼ 0.499Φ0 for α ¼ 3 and Tbath ¼ 0.01Tc. In particu-
lar, the current turns out to be strongly dependent on Te for
specific values of the biasing voltage; in particular, we note
that for V ¼ V� ¼ 1.995Δ0=e and V ¼ V� ¼ 1.998Δ0=e,
Ip can vary significantly for temperatures Te in the range of
approximately 0.05Tc to 0.2Tc. The above V� values stem
from the chosen parameters of the structure, and will lead to
a high sensitivity for radiation detection. By contrast, for
other bias-voltage values, the current response is somewhat
moderate in the whole range of temperatures.
A figure of merit which is useful to characterize the

readout weak-link performance is represented by the temper-
ature-to-current transfer function τI ¼ ∂Ip=∂Te, which is
shown in Fig. 5(b) for the same parameters as in Fig. 5(a).
For V ¼ V� ¼ 1.995Δ0=e and V ¼ V� ¼ 1.998Δ0=e, τI

(a) (b)

(c) (d)

ext

ext

FIG. 5. (a) Current Ip vs temperature Te characteristics of the
SQUIPT readout junction calculated for a few values of V at
Φext ¼ 0.499Φ0. (b) Absolute value of the temperature-to-
current transfer function jτI j vs Te calculated for the same
parameters as in panel (a). (c) Ip vs Te characteristics calculated
for a few values ofΦext at V ¼ 1.995Δ0=e. (d) Absolute value of
the temperature-to-current transfer function jτIj vs Te calculated
for the same parameters as in panel (c). In all these calculations,
we set α ¼ 3 and Tbath ¼ 0.01Tc.

(a)

(b)

ext

ext

FIG. 4. (a) Current (Ip) vs voltage (V) characteristics of the
SQUIPT readout junction in the absence (Te ¼ Tbath, ν ¼ 0) and
for finite incoming radiation (Te > Tbath, ν ≠ 0) calculated for
Φext ¼ 0.499Φ0, α ¼ 1, and Tbath ¼ 0.01Tc. The voltage onset
of large quasiparticle tunneling for zero (hν ¼ 0) and finite
frequency (hν ≠ 0) are indicated (black dashed arrows). The bias
voltage of the SQUIPT readout junction is denoted by V�,
whereas δI indicates the current variation due to the absorption
of a photon of energy hν. (b) Ip vs V calculated for
Φext ¼ 0.499Φ0, Tbath ¼ 0.01Tc, ν ¼ 0, and for several values
of α. The degree of asymmetry of the interferometer determines
the onset of large quasiparticle tunneling in the absence of
radiation.
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obtains the largest values in the range of approximately
0.05Tc to 0.2Tc, which is expected from the corresponding
behavior of the current in the same temperature window.
Figure 5(c) displays the dependence of Ip on Te for

different values of the applied magnetic flux Φext by
keeping fixed the bias voltage V ¼ 1.995Δ0=e for α ¼ 3
and Tbath ¼ 0.01Tc. Approaching the 0.5Φ0 flux leads to a
stronger response of tunneling current through the readout
junction. On the other side, values of Φext far away from
0.5Φ0 correspond in general to a weaker dependence of Ip
on the temperature. The corresponding transfer functions
are shown in Fig. 5(d) and are calculated for the same
parameters as in Fig. 5(c).
The intrinsic temperature sensitivity (temperature noise)

per unit bandwidth of the probe junction (sT) is related to its
current-noise spectral density (SI) as

sT ¼
ffiffiffiffiffi
SI

p
jτIj

; ð7Þ

where τI is the temperature-to-current transfer function
discussed before. The low-frequency current-noise spectral
density of the tunnel probe is [33]

SI;tunðVÞ ¼ 2eIpðVÞ coth
�

eV
2kBTbath

�
: ð8Þ

We note that Eq. (8) describes both regimes of shot noise,
i.e., kBTbath ≪ eV, and thermal noise, i.e., eV ≪ kBTbath,
and holds in the tunneling limit.
In Fig. 6(a), we show the temperature noise sT vs Te

calculated for selected values of V at Φ ¼ 0.499Φ0.
The maximum temperature sensitivity is obtained for
V ∼ 1.95–2.0Δ0=e, where the temperature noise can be
of the order of 10−8 K=

ffiffiffiffiffiffi
Hz

p
. Figure 6(b) displays the

temperature noise vs Te calculated for a few values of the

external flux at V ¼ 1.995Δ0=e. In particular, sT is mini-
mized at different temperatures depending on the specific
value of Φext and obtains values as low as a few tens of
nK=

ffiffiffiffiffiffi
Hz

p
at a temperature range tunable over T ¼ 10 mK

to 1 K with the choice of Φext.

III. NANOCALORIMETER OPERATION

A. Thermal model

The operation principle of single-photon detection (i.e.,
operation as a calorimeter) based on the TPC effect can be
understood by inspecting the scheme displayed in Fig. 2(b)
which shows a sketch of time evolution of the electronic
temperature Te in the detector weak link after the arrival of
a photonic event. In particular, we assume that depending
on the photon energy hν, Te is increased with respect to
Tbath up to Tmax

e uniformly along the wire over a timescale
set by fast timescales, e.g., the diffusion time τdiff ¼ L2=D
(see red full line) and LC time of the superconducting loop.
The diffusion time with the typical parameters chosen for
our S-N-S junctions is of the order of approximately
10−12 s. After the initial absorption, the electronic temper-
ature Te relaxes toward the bath temperature over a
timescale set by the electron-phonon relaxation time
τe-ph. For instance, in the normal state, this time is given
by τe-ph ≈ ½ðk2BνFÞ=ð0.34ΣÞ�T−3

bath, where Σ is the electron-
phonon coupling constant. By setting, for instance,
Σ ¼ 5 × 108 Wm−3K−5 typical of silver (Ag), we obtain
τe-ph ∈ ½10−4–10−7� s for Te ∈ ½10−1–1� K so that τdiff ≪
τe-ph [see dashed line in Fig. 1(c)]. As we shall argue, in
our system, thanks to superconducting correlations induced
in the N regions, τe-ph can be longer than that in the
normal state.
Consider now an event where the detector junction

absorbs energy δU ¼ hν. The energy δUðTe; Tbath;ΦextÞ
required for increasing the temperature of the detector
junction from Tbath to Te consists of heat δQd of the
quasiparticles in the detector junction and work δW ¼
δWd þ δWr required for changing the phase differences

over the junctions φð0Þ
d;r ↦ φð1Þ

d;r. The energy required is
bounded by free-energy differences δWr;d ≥ δFr;d. Below,
we assume that δWr ¼ δFr and that the detector does not
exchange heat with other systems (on the short timescales):
in the real device, the energy required can be larger due to
some heat δQr ≥ 0 entering the readout junction and
exiting the heat sinks. For a device where the detector
junction is impedance matched to the antenna better than
the readout, we expect δQr < δQd so that most of the
absorbed heat is useful for detection.
In the above model, we have

δUðTe;Tbath;ΦextÞ¼Udðφð1Þ
d ;TeÞ−Udðφð0Þ

d ;TbathÞ
þFrðφð1Þ

r ;TbathÞ−Frðφð0Þ
r ;TbathÞ: ð9Þ

(a) (b)

ext

ext

(K
/
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z)

(K
/

H
z)

FIG. 6. (a) Temperature sensitivity sT vs temperature Te
calculated for a few values of V at Φext ¼ 0.499Φ0. (b) sT vs
Te calculated for a few values of Φext at V ¼ 1.995Δ0=e. In all
calculations, we set α ¼ 3 and Tbath ¼ 0.01Tc.
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Above, the phases φð1Þ
r;d ¼ φr;dðTe; Tbath;ΦextÞ and φð0Þ

r;d ¼
φr;dðTbath; Tbath;ΦextÞ are the functions of the temperature
and flux that we discuss in Sec. II B. The effective total
electronic heat capacity for constantΦext is then defined as

Ce
totðTe; TbathÞ ¼

d
dTe

δUðTe; Tbath;ΦextÞ

¼ Te
d

dTe
Sd½Te;φ

ð1Þ
d ðTe; Tbath;ΦextÞ�; ð10Þ

and it accounts for the readjustmentof thephases.The relation
to the quasiparticle entropy Sd ¼ −∂TFd of the detector
follows from Eq. (9), Ud;r ¼ Fd;r þ TSd;r and the current

balance Id− Ir ¼ ∂φd
Fdðφð1Þ

d ;TeÞ− ∂φr
Frðφð1Þ

r ;TbathÞ ¼ 0.
The entropy for short S-N-S junctions is to a good

approximation [34] given by

Sdðφ; TÞ ≃ ðVd
S þ Vd

NÞSBCSðTÞ

−
ℏ
2e

Z
φ

0

dφ0∂TIdcðφ0; TÞ; ð11Þ

where the first term also accounts for the phase-independent
heat capacity of the superconducting S part of the detector.
The second term corresponds to the quasiparticle states
bound at the junction; the result automatically satisfies the
thermodynamic relation ∂φS ¼ −½ℏ=ð2eÞ�∂TIc. The bulk
superconductor entropy density is

SBCSðTÞ ¼ −2νSFkB
Z

∞

−∞
dεN BCS½T;ΔðTÞ�

× f0ðε; TÞ ln½f0ðε; TÞ�: ð12Þ

From the above, we can obtain the relations
δUðTe; Tbath;ΦextÞ and TeðδU; Tbath;ΦextÞ for given system
parameters.
We now fix the parameters for the hybrid detector in

Fig. 1(b). For the normal part, we choose a 10-nm-thick,
10-nm-wide Ag wire with L ¼ 200 nm (volume
VN ¼ 2 × 10−23 m3 ¼ 200 × 10 × 10 nm3). For the super-
conducting part (S), we consider aluminum (Al) with
Tc ¼ 1.4 K, Δ0 ¼ 1.764kBTc, and select volume VS ¼
2 × 10−21 m3 ¼ 2ð500 × 20 × 100 nm3Þ corresponding
to LS ¼ 500 nm. The densities of states are νF ¼
1.0 × 1047 J−1m−3, νSF ¼ 2.15 × 1047 J−1m−3, and D ¼
0.01 m2 s−1. This corresponds to normal-state resistance
of RN ≃ 80 Ω, but other material choices providing better
impedance matching are also possible.

B. Temperature response of the detector weak link

It is interesting to show, first of all, the behavior of the
total electronic heat capacityCe

tot of the detector junction, as
it determines the temperature response of the sensor. The
total heat capacity displayed in Fig. 7(a) is calculated vs

temperature Te for two relevant values of the applied
magnetic flux at Tbath ¼ 10 mK. The general behavior of
Ce
tot is the one typical of a BCS superconductor; i.e., it is

characterized by an amplitude exponentially suppressed
with respect to that in the normal state at low Te (i.e., for
Te ≲ 0.25Tc) and a sizable discontinuity at the critical
temperature Tc. The exponential suppression of Ce

tot at low
Te is at the origin of the high sensitivity of detection for
microwave photons typical of our setup.
Figure 7(b) shows the final electronic temperature Te in

the detector junction as a function of energy absorbed (hν)
from the incoming photon calculated from Eq. (9) for
several values of Tbath at Φ ¼ 0.499Φ0. We notice, first of
all, the sizable enhancement of the temperature, typically
occurring below approximately 100 GHz, which can be
achieved in the junction at low bath temperature, in
particular, for Tbath ≲ 100 mK. This enhancement stems
predominantly from both the exponentially suppressed
amplitude of the junction electronic heat capacity Ce

tot

(a) (b)

(c) (d)

to
t

to
t

ext

bath

FIG. 7. (a) Behavior of the total electronic heat capacity Ce
tot in

the detector junction vs temperature Te calculated at 10 mK for
two values of the applied magnetic flux. Dashed line represents
the total electronic heat capacity when the system is in the normal
state. The inset shows an enlargement of Ce

tot in the low-
temperature regime. (b) Electronic temperature in the detector
junction Te vs ν calculated for several values of Tbath at
Φext ¼ 0.499Φ0. (c) Relative variation of the electronic temper-
ature δTe=T0

e vs ν calculated for the same parameters as in panel
(b). (d) Phase φr across the readout weak link vs absorbed energy
hν calculated for a few Tbath values atΦext ¼ 0.499Φ0 and α ¼ 3.
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and from the reduced volume of the N wire, which is
peculiar for the present setup. We emphasize that for a bath
temperature of 10 mK, Te obtains values as high as
approximately 90 mK for 10-GHz photons and up to
approximately 150 mK at 100 GHz. For larger Tbath, the
increase of Te is less pronounced below 100 GHz owing to
the temperature-driven enhancement of the electronic heat
capacity and becomes sizable only at frequencies exceed-
ing 1 THz.
The relative variation of the temperature δTe=T0

e ¼
½TeðhνÞ − Teð0Þ�=Teð0Þ versus hν for the same values of
Tbath as in Fig. 7(b) and Φ ¼ 0.499Φ0 is displayed in
Fig. 3(c). In the present setup, δTe=T0

e at approximately
800% for 10-GHz photons and approximately 4000% for
10-THz photons can be obtained at 10-mK bath temper-
ature. By increasing Tbath, δTe=T0

e gets reduced reaching
approximately 10% for 10-GHz photons and approxi-
mately 300% for 10-THz radiation at Tbath ¼ 100 mK.
These results for substantial temperature variations in the
weak link suggest that a large signal-to-noise ratio can be
achieved with a TPC-based single-photon detector in the
microwave frequency range.
The evolution of the phase φr across the readout junction

as a function of the photon energy hν is shown in Fig. 7(d)
for several bath temperatures atΦ ¼ 0.499Φ0. Note that at
low Tbath, the phase across the weak link starts to be
reduced already for a few tens of gigahertz, whereas at a
higher bath temperature, a reduction of φr occurs only for
larger frequencies. This behavior stems from the fact that at
low bath temperature, it is easy to enhance the electron
temperature also at low photon energy due to suppressed
electronic heat capacity, with the following reduction of
circulating supercurrent and thereby of phase drop across
the readout junction [see Figs. 3(a) and 3(b)]. By contrast,
at higher Tbath, the total heat capacity is larger so that higher
photon energies are required to change the junction temper-
ature appreciably. As a consequence, the reduction of φr is
less pronounced.

C. Performance: Signal-to-noise ratio
and resolving power

In the operation as a calorimeter, i.e., in the pulsed
detection mode, we define the SNR of the detector as

S
N
½TeðhνÞ� ¼

jIpðV; TbathÞ − Ip½V; TeðhνÞ�jffiffiffiffiffiffiffiffiffiffi
SI;tot

p ffiffiffiffi
ω

p ; ð13Þ

where IpðV; TbathÞ is current flowing through the SQUIPT
biased at voltage V in the idle state, Ip½V; TeðhνÞ� is the
current through the SQUIPT after the absorption of energy
hν, SI;tot is the current-noise spectral density in the absence
of radiation, and ω is the SQUIPTmeasurement bandwidth.
Note that in the denominator of Eq. (13), the current-noise
spectral density of the tunnel junction is evaluated in the

idle state (hν ¼ 0), where the tunneling noise contribution
to SI;tun is larger than for hν ≠ 0 [see Fig. 4(a) and Eq. (8)].
In the calorimeter operation mode, the expression is
appropriate for measurement bandwidths ω≳ 2π=τ, where
τ is the characteristic timescale for the relaxation of the
system back to equilibrium after absorption of a photon. In
general, τ is determined by the relaxation processes
occurring in the weak link, and, in the present setup, the
predominant energy relaxation mechanism stems from
electron-phonon interaction (see below). Moreover,
we also note that for the tunneling noise contribution
S=N ∝ 1=

ffiffiffiffiffiffi
Rp

p
so that a SQUIPT tunnel probe with lower

resistance is, in general, beneficial in order to maximize
the SNR.
After energy absorption, the equation governing time

evolution of the temperature Te in the sensor weak link can
be written as

Ce
totðTe; Tbath;ΦextÞ

dTe

dt
¼ − _Qtot

e-phðTe; TbathÞ; ð14Þ

where _Qtot
e-phðTe;TbathÞ ¼ _QN

e-phðTe;TbathÞþ _QS
e-phðTe;TbathÞ

is the total heat flow between electrons and lattice phonons
in the detector region. Here, _QN

e-ph is heat exchanged in the

N region, whereas _QS
e-ph is the one exchanged in the lateral

S portions of the detector. _Qi
e-phðTe; TbathÞ (with i ¼ N, S)

is given by [35,36]

_Qi
e-ph ¼−

ΣiVi

96ζð5Þk5B

Z
∞

−∞
dEE

Z
∞

−∞
dεME;Eþε½ΔiðTeÞ;Γi�

× εjεj
�
coth

�
ε

2kBTbath

�
ðfE −fEþεÞ−fEfEþεþ 1

�
;

ð15Þ

wherefEðE;TeÞ¼tanh½E=ð2kBTeÞ�,Mi
E;E0¼N d

i ðEÞN d
i ðE0Þ−

Re½F d
i ðEÞF d

i ðE0Þ��, and Σi is the electron-phonon coupling
constant in the N (S) region. Here, F are anomalous
spectral densities, which for BCS superconductors, have
the form

F SðEÞ ¼ ΔRe
sgnðEÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðEþ iΓÞ2 − Δ2
p : ð16Þ

When the structure is in the normal state, Eq. (15) reduces
to the well-known expression _Qi;N

e-ph ¼ ΣiViðT5
e − T5

bathÞ [3].
In our case, we approximate the normal-wire part of _Qd

e-ph

with its normal-state value. As for α ¼ 3, the minigap in the
detector is almost suppressed. This choice leads to an
underestimation of the SNR. We estimate numerically that
the inverse proximity effect in the superconducting regions
is not important given this approximation.
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The electron-phonon thermal conductances GN;S
e-ph can be

obtained by differentiating Eq. (15) vs Te:

Gi
thðTÞ ¼

∂ _Qi
e-ph

∂Te

				
Te¼Tbath¼T

¼ 5ΣiViT4giðTÞ;

giðTÞ ¼
1

960ζð5Þ
Z

∞

−∞

dEdεEjεj3Mi
E;E−ε

k6BT
6 sinh ε

2kBT
cosh E

2kBT
cosh E−ε

2kBT

:

ð17Þ

Here, giðTÞ is a dimensionless function obtaining the value
gið∞Þ ¼ 1 in the normal state or at high temperature and
decreasing exponentially to gð0Þ ¼ ðΓ=ΔÞ2 ≈ 0 at low
temperatures kBT ≲ Δ in the superconducting state.
Integration of Eq. (14) yields the electron-phonon

relaxation halftime,

τ1=2ðν; TbathÞ ¼
Z

Tmax
e ðνÞ

½Tmax
e ðνÞþTbath�=2

dTe
Ce
totðTeÞ

_Qtot
e-phðTe; TbathÞ

; ð18Þ

which allows us to determine the relevant thermal time
constant of the detector for any given energy of the
incoming photon. In Eq. (18), Tmax

e ðνÞ is the maximum
electron temperature reached in the weak link after
absorption of a photon of energy hν. For small temperature
changes, the heat current can be linearized and written
in terms of a thermal conductance _QtotðTe; TbathÞ≃
ðTe − TbathÞGtot

th ðTbathÞ, and, in this case, τ1=2 ≃
lnð2ÞCtot

e ðTbathÞ=Gtot
th ðTbathÞ ¼ lnð2ÞτðTbathÞ is directly

related to the linear thermal relaxation time τðTbathÞ.
Finally, in the pulsed-mode operation, an important

figure of merit is represented by the resolving power
hν=δE (δE is the energy resolution of full width at half
maximum) [3]

hν
δE

ðνÞ ¼ hν

2
ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p
NEPTFN

ffiffiffi
τ

p ; ð19Þ

where NEPTFN is the thermal-fluctuation noise-limited
noise equivalent power of the sensor which stems from
thermal fluctuations between the electron and the lattice
phonon system in the detector region. The resolving power
is calculated for Te ¼ Tbath, i.e., in the idle state of the
detector in the absence of radiation. In this case, the
fluctuation-dissipation theorem states that at equilibrium,
NEPTFN is given by [3]

NEPTFN ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kBT2

bathG
tot
th

q
; ð20Þ

where Gtot
th ¼ ∂ _Qtot

e-ph=∂Te is the total thermal conductance
of the detector. As a result, recalling thatCe

totðTbathÞ ¼Gtot
th τ,

the resolving power can also be written as

hν
δE

ðν; TbathÞ ¼
hν

4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 ln 2kBT2

bathC
e
totðTbathÞ

p ; ð21Þ

depending only on the electronic heat capacity.
The thermal energy fluctuations in the detector also

contribute to the current noise measured in the readout

SI;tot ¼ SI;tun þ SI;TFN; ð22Þ

SI;TFN ≃
				 dIp
dðhνÞ

				2 NEP2TFN
τ−2 þ ω2

≃
jIpð0; TbathÞ − Ip½0; TeðδEÞ�j2

ω
; ð23Þ

where δE ¼ NEPTFN=
ffiffiffiffi
ω

p
is the root-mean-square (rms)

energy fluctuation during time t ¼ 2=ω for ω≳ 1=τ. The
intrinsic noise SI;tun of the tunneling is given by Eq. (8).
Figure 8(a) shows the detector time constant τ1=2

calculated from Eq. (18) vs frequency ν for several values

(a) (b)

(c) (d)

FIG. 8. (a) Detector time constant τ1=2 vs absorbed energy hν of
the incoming radiation calculated at different bath temperatures
Tbath. (b) Detector signal-to-noise ratio (S=N) vs voltage V
calculated at 10 mK for a few values of frequency of the
incoming radiation. (c) Maximum SNR (S=Nmax) vs ν calculated
for the same bath temperatures as in panel (a). (d) Detector
resolving power hν=δE vs ν calculated for the same Tbath as in
panel (a). In the calculations of panels (a)–(c), we set Φext ¼
0.499Φ0 and α ¼ 3.
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of Tbath at Φext ¼ 0.499Φ0. From the figure, it turns out
that τ1=2 ∼ 10−5–10−4 s in the range Tbath ¼ 10–100 mK.
The detector signal-to-noise ratio S=N at 10 mK vs bias

voltage V across the SQUIPT is displayed in Fig. 8(b) for a
few values of photon energy. Here, we set Φext ¼ 0.499Φ0

and assume the measurement bandwidth ω ¼ 2π=τ1=2. We
note, in particular, that the SNR is maximized close to
2Δ0=e (compare to Fig. 4) and, depending on V, it obtains
values ≳500. The maximum achievable SNR (S=Nmax) vs
photon frequency ν is shown in Fig. 8(c) for the same bath
temperatures as in Fig. 8(a). The SNR is a nonmonotonic
function of frequency, generally decreasing at high fre-
quency and at low frequencies where hν=δE < 1. Notably,
SNRs of the order of 100 can be obtained in the whole
frequency range for bath temperatures below 100 mK.
Increasing Tbath leads to a general reduction of the SNR.
The resolving power hν=δE vs photon frequency calcu-

lated for the same Tbath as in Fig. 8(a) is displayed in
Fig. 8(d). In particular, the figure shows that resolving
power values > 100 can be achieved above 10 GHz at
10 mK. At 100 mK, these values are significantly reduced
due to the rapid increase in thermal fluctuations. The
resolving power makes the detector of potential use in
microwave and far-infrared single-photon detection.
The role of flux biasing of the interferometer is displayed

in Fig. 9(a) where the SNR vs frequency at 10 mK is shown
for selected values ofΦext. In particular, moving away from
Φ ¼ 0.5Φ0 leads to a reduction of the SNR in the low-
frequency end, and only significant deviations lead to
suppression in the whole range.
The impact of the Dynes parameter Γ on the signal-to-

noise ratio is shown in Fig. 9(b), where S=Nmax is
calculated vs ν at 10 mK for a few values of Γ. The result
is computed using the same value in the detector and
readout junctions and in the readout probe. In particular,
sufficiently small values of Γ have no effect on S=Nmax.
The resolving power is similarly insensitive to it (not
shown). The effect of Γ mainly comes from the readout

junction because under the operating conditions in the
detector junction φd ≈ π so that the energy gap in the
detector is εdg ≪ Δ, and there are low-energy states con-
tributing to heat capacity also at Γ ¼ 0.
In the above analysis, we assume the readout junction

voltage bias does not fluctuate. A deviation from this limit
results to photoassisted tunneling due to the fluctuations,
and the convolution [37] with the noise can suppress the
S=N peak. To give an estimate of the effect, the fluctuations
should be compared to the width of the maximum of S=N,
which in Fig. 8(b) is jeV − 2Δ0j ≲ 10−2Δ0. Modeling the
noise from the measurement circuit with a R − C circuit
with resistance Renv ≪ Rp and parallel capacitance C, we

have δVrms ≃
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
πωenvR2

envSI

p
, where ωenv ¼ 1=ðRenvCÞ sets

the maximum detector bandwidth. For thermal noise SI
from room-temperature resistance Renv, eδVrms=Δ0 ∼
0.006½Renv=ð100ΩÞ�1=2½ωenv=ð2π×105HzÞ�1=2. The junc-
tion shot noise can be neglected compared to the
environment noise in this case. The effect of fluctuations
can also be compared to the dependence on Γ shown in
Fig. 9 [38]. To estimate undesired signal cross-coupling
from the antenna, consider a large input power Popt ¼
10−15 W ¼ 1013 Hz × h=ð10−5 sÞ (c.f. the bolometer dis-
cussion in Sec. IV) dissipated in the readout junction: the
corresponding fluctuation across the readout S-N-S junc-
tion is eδVrms;r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
RrPopt

p ≲ 0.001Δ0, a part of which can
contribute to the voltage fluctuations over the tunnel probe.
We expect that with sufficient filtering, voltage stability
better than eδVrms ∼ 10−2Δ0 can then be achieved with
standard room-temperature electronics, which is sufficient
for the detector operation.

IV. NANOBOLOMETER

A. Thermal model

The sensor operation in continuous power excitation
(i.e., operation as a bolometer) can be described by
considering those mechanisms that transport energy in
the N and S parts of the detector. At low temperature,
i.e., typically below 1 K, the main contribution stems from
electron-phonon heat flux which can be modeled according
to Eq. (15). In particular, the incoming radiation is first
absorbed by electrons in the weak link, while the lateral
contacts with large superconducting gaps (Δ1) prevent
energy from escaping from the island. Then, the system
can relax by releasing energy from electrons to the
lattice phonons residing at Tbath. Under absorption of a
continuous power Popt, the steady-state temperature Te in
the weak link is determined for any Tbath from the solution
of the energy balance equation for incoming and outgoing
power:

Popt þ _Qtot
e-phðTe; TbathÞ ¼ 0: ð24Þ

(a) (b)

FIG. 9. (a) Detector maximum signal-to-noise ratio S=Nmax vs
frequency ν calculated for several values ofΦext. (b) S=Nmax vs ν
calculated for a few values of Γ at Φext ¼ 0.499Φ0. In all the
calculations, we set Tbath ¼ 10 mK.
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Thanks to the reduced amplitude of _Qtot
e-phðTe; TbathÞ (and

of the corresponding thermal conductance Gtot
th ) at suffi-

ciently low temperatures, Eq. (24) predicts that a fairly
large electronic temperature can be established in the sensor
even for a quite moderate absorbed optical power. It is
instructive to show, first of all, the behavior of GS

th ≈Gtot
th

obtained from Eq. (17) as a function of Tbath. The sensor
thermal conductance is displayed in Fig. 10(a) (dash-dotted
line). In particular, Gtot

th turns out to be somewhat sup-
pressed with respect to that in the normal state (Gd

th-N), and
is reduced by an order of magnitude for Tbath ≲ 0.2Tc.
These results for suppressed thermal conductance indicate
that reduced NEPTFN (20) values can be achieved with a
TPC-based nanobolometer.

As anticipated above, owing to the suppression of Gtot
th , a

small absorbed optical power can markedly overheat
electrons in the weak link, as shown in Fig. 10(b). In
particular, at Tbath ¼ 10 mK, power of 10−22 W can
enhance Te up to 25 mK. At a higher bath temperature,
the effect is less pronounced due to enhanced electron-
phonon interaction. For instance, at 50 mK, Te reaches
100 mK for an input power of approximately 10−19 W.
The relative variation of temperature δTe=T0

e ¼
½TeðPoptÞ − TeðPopt ¼ 0Þ�=TeðPopt ¼ 0Þ versus Popt is dis-
played in Fig. 10(c) for the same values of Tbath as in
Fig. 10(b). In the bolometric configuration, δTe=T0

e of the
order of 10% can be obtained for 10−24 Wand up to 300%
for 10−20 W at 10 mK. At Tbath ¼ 50 mK, δTe=T0

e obtains
values of order 0.01% and approximately 30% for the
same Popt.
We can also now comment on the assumption made

above that the readout junction remains at temperature
T ≈ Tbath. The cooling of the readout weak link is provided
by electronic heat transport to the S tunnel probe and out-
diffusion to the ring. The estimates for these can be written
as [3,39]

Gr
S;T;th ¼

1

4e2RpkBT2

Z
∞

−∞
dE

E2N r
NðEÞN r

SðEÞ
cosh2 E

2kBT

; ð25Þ

Gr
S;ring;th ≃Gr

N;ring;thðTÞ
Z

∞

Δ=kBT
dx

3x2

2π2 cosh2 x
2

; ð26Þ

where N are the densities of states on the two sides. The
factor Gr

N;ring;thðTÞ ¼ L0Gr
N;ringT is the normal-state elec-

tronic heat conductance from the junction to the thermal
baths separated by the ring, where L0 ¼ π2k2B=ð3e2Þ is the
Lorenz number, and Gr

N;ring is the characteristic normal-
state conductance between the detector and thermal baths.
In order for the readout to remain close to Tbath on the
relevant detector timescales, we should have Gr

S;th ¼
Gr

S;T;th þGr
S;ring;th ≫ Gd;tot

th ; i.e., this conductivity should
be large compared to the electron-phonon heat conductivity
of the detector junction. The above conductivities are
shown in Fig. 10(a), together with Gd;tot

th , for the parameter
choices assumed above. We can observe that it remains
large compared to the electron-phonon heat conductivity
at Tbath ≳ 50 mK.
Finally, we wish to comment on the thermal transport

out of the detector junction via the electron-photon
heat conductance, Ge−γ ¼ κðTÞGQðTÞ, where GQ¼
πk2BT=ð6ℏÞ¼GQ;0T≈10−12W=K2×T is the thermal con-
ductance quantum, and κðTÞ an impedance matching factor
[40–42]. The matching factor κ for BCS superconduc-
tors was considered in Ref. [43]. We can estimate
κ ∼ 4Re½Z−1

d �Re½Z−1
env�=jZ−1

d þ Z−1
envj2, where Zd is the

impedance of the detector and Zenv that of its total

(a) (b)

(c) (d)

th
th

th

th

ring,th

bath

bath
opt

opt bath

bath

tot

FIG. 10. (a) Weak-link total electron-phonon thermal conduct-
ance Gd;tot

th of the detector vs Tbath. Gd
th-N denotes the total

e-ph thermal conductance in the normal state. The electronic
heat conductivity of the SQUIPT S tunnel probe and ring
(Γ=Δ0 ¼ 10−5, Gr

N;ring ¼ 10Ω−1) are also shown for comparison.
(b) Electronic temperature Te in the detector junction vs optical
power Popt calculated for several values of Tbath. (c) Relative
variation of the electronic temperature δTe=T0

e vs Popt calculated
for the same bath temperatures as in panel (c). (d) NEP vs Tbath
for thermal-fluctuation noise (TFN) and shot noise (SQUIPT)
at V ¼ 1.995Δ0. In the calculations of panels (b)–(d), we set
Φext ¼ 0.499Φ0 and α ¼ 3.
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electromagnetic environment, at thermal frequencies ω≲
kBT=ℏ. For the detector junction at kBT∼ℏω≪Δ, Z−1

d ≃
GN½ð4ΔÞ=ðℏωÞ�sinh½ðℏωÞ=ð2kBTÞ�K0½ðℏωÞ=ð2kBTÞ�e−Δ=ðkBTÞ−
iGNπΔ=ðℏωÞ [22], where K0 is a Bessel function so that
κðTÞ ¼ κNðTÞg̃ðTÞ, g̃ðTÞ ∝ e−Δ=ðkBTÞ. In the normal state,
Ref. [42] obtained κN ∼ 10−3 for a mismatched circuit at
100 mK, which, in our case, corresponds [cf. Eq. (17)] to a
crossover from dominant e-ph to dominant e-γ at the
temperature T�¼½GQ;0κN=ð5ΣdVdÞ�1=3×½g̃ðT�Þ=gðTÞ�1=3 ≈
50mK×½g̃ðT�Þ=gðT�Þ�1=3, and g ∼ g̃ as both scale expo-
nentially at kBT ≪ Δ due to the superconducting gap in the
detector DOS. Note that the contribution of the super-
conducting elements and the SQUIPT readout to Re½Z−1

env�
are similarly suppressed, so that optimizing Ge−γ is likely a
problem of eliminating spurious couplings in the exper-
imental setup.

B. Performance: Noise equivalent power

We now turn to discussing the achievable performance of
the detector in the bolometric operation. In this configu-
ration, an important figure of merit is represented by the
noise equivalent power which stems from several uncorre-
lated sources of noise. In the present setup, the dominant
contribution is due to thermal-fluctuation noise-limited
noise equivalent power [NEPTFN; see Eq. (20)], whereas
Johnson noise is absent owing to the operation of
the Josephson junction in the dissipationless (i.e., super-
current) regime. The NEPTFN is essentially independent
of the Dynes parameter Γ. The contribution of the
SQUIPT readout to NEP (NEPSQUIPT) is determined by
NEPSQUIPT ¼ Gd;tot

th sT , where sT is the temperature sensi-
tivity discussed in Sec. II E.
Figure 10(d) shows the NEP vs Tbath. The minimal total

NEP is approximately 10−22 W=
ffiffiffiffiffiffi
Hz

p
at Tbath ≈ 50 mK,

and is determined by the thermal-fluctuation noise in the
typical operation regime.

V. CONCLUSIONS

Combining (i) temperature-to-phase conversion due to
kinetic inductance changes and (ii) SQUIPT tunneling
spectroscopy for detection of the variation of the phase
difference provides a basis for a thermal superconducting
radiation detector. On the temperature-sensing side, the
sensitivity of the device is boosted by the strong depend-
ence of the SQUIPT tunneling current on the phase
difference (Fig. 4). Moreover, it is influenced by the effect
of the detector junction kinetic inductance variation on the
phase difference of the readout junction, which is enhanced
around the half-flux tuning point Φ ≈Φ0=2 (Fig. 3). The
thermal sensitivity of the device is amplified by the small
heat capacity of the detector junction, both due to super-
conductivity (Fig. 7) and the small volume, and by the
reduction of electronic heat out-diffusion by the Andreev

reflections from the superconductors. In principle, these
aims could also be achieved using longer S-N-S junctions
not strictly in the short-junction regime (L≲ ξ0). Such a
choice implies a different trade-off between the heat
capacity (determined by volume and resistance) of the
junction, the DOS gap giving the linear-response absorp-
tion threshold, and the kinetic inductance. We expect
lithographic fabrication of both short [44] and long [17]
junction devices is feasible.
For thermometry, the temperature-to-phase conversion

differs from, e.g.,N-I-S sensors [3] in that the measurement
is nonlocal; i.e., the readout junction is separated from the
detector junction, and there is little electronic thermal
coupling between them. Instead, the coupling is electrical,
provided by supercurrent flow. This structure is useful for
improved sensitivity, as maintaining the SQUIPT readout at
a low temperature with cooling fins (here, the S tunnel
junction) improves its performance, and this cannot not be
done inside the detector junction. We predict temperature
sensitivities of tens of nK=

ffiffiffiffiffiffi
Hz

p
in a temperature range

tunable over T ¼ 10 mK to 1 K with the choice of the
magnetic flux.
In the calorimetric mode, assuming that sufficiently fast

measurement of the N-I-S tunneling current is made,
resolving power (Fig. 8) of hν=δE ≈ 1–100 is found in
the range ν ≈ 1010–1013 Hz, provided a low bath temper-
ature below Tbath ≲ 100 mK to suppress thermal noise. The
operation frequency range is at somewhat lower frequen-
cies, and the resolving power is higher when compared to
an inductively coupled weak-link detector [13]. Compared
to previously suggested small-volume superconducting
nano-HEBs [2] operating in a similar temperature range,
these numbers constitute an improvement in sensitivity;
compared to Ref. [4], δE will be 1–2 orders of magnitude
smaller while retaining a similar thermal time constant τ.
For the bolometric response, considering noise from the

SQUIPT readout and thermal fluctuations, we find the NEP
mostly dominated by the thermal-fluctuation noise of the
detector junction for the relevant operation temperatures.
Because of the small volume and superconductivity of the
detector junction, we find NEP≲ 10−21 W=

ffiffiffiffiffiffi
Hz

p
below

100 mK. This predicted NEP is below those obtained in
recent sensitive sub-kelvin superconducting bolometers
and kinetic inductance detectors, for which NEP≳
10−20 W=

ffiffiffiffiffiffi
Hz

p
in similar millikelvin temperatures have

been reported [2]. In comparison to the superconducting
bolometers of Ref. [4], the difference is largely due to the
smaller device volume and heat conductivity, as the
limitation is due to intrinsic thermal-fluctuation noise.
In summary, we theoretically analyze a design and a

readout scheme for a superconducting weak-link radiation
detector. The performance numbers indicate an improve-
ment over previously proposed weak-link detectors and
will be competitive with other types of superconducting
sensors operating in similar frequency and temperature
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ranges. We expect the design can be realized with current
nanofabrication technology. The detector concept can be
useful for the investigation of current open problems in
astrophysics [2,45] and quantum electronic circuits.
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