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We theoretically predict and experimentally observe the onset of weak-link physics in the dynamical
response of transition-edge sensors (TESs). We develop a theoretical framework based on a Fokker-Planck
description that incorporates both the TESs electrical response, stemming from Josephson phenomena,
and the electrothermal effects due to coupling to a thermal bath. Our measurements of a varying dynamic
resistance are in excellent agreement with our theory, thereby establishing weak-link phenomena as the
main mechanism underlying the operation of TESs. Furthermore, our description enables the calculation
of power spectral densities, paving the way for a more thorough investigation of the unexplained “excess
noise” in long diffusive junctions and TESs reported in recent experiments.

DOI: 10.1103/PhysRevApplied.20.024017

I. INTRODUCTION

Superconducting transition-edge sensors (TESs) are
extremely sensitive thermometers [1,2] used as microcalo-
rimeters and bolometers in ground- and space-borne
low-temperature instruments for the detection of radi-
ation from millimeter wave up to gamma rays in the
fields of astrophysics [3–5], plasma physics [6], particle
physics [7], and nuclear material analysis [8,9], as well
as quantum information [10]. Moreover, their high-energy
resolution in the x-ray range has granted their selection
as primary detectors in large-scale telescope missions,
such as the forthcoming Athena mission by the European
Space Agency [11–13]. These low-impedance devices are
made of a thin superconducting bilayer and are electrically
biased close to their critical temperature, Tc, via supercon-
ducting leads at dc or ac bias, depending on the read-out
scheme [2,14]. During a detection event, the TES temper-
ature rises proportionally to the photon energy, leading to a
sharp change in the TES resistance as a result of the sharp
superconducting-to-normal transition [15]. Understanding
the underlying physical mechanism during this transition
is, therefore, crucial for predicting the detector sensitivity.

Over the past decade, there has been rapid progress in
understanding the physics of TESs [16–19], however, their
noise properties are not yet fully understood and there is
currently no consensus on the model describing the physi-
cal mechanism underlying the TES resistive transition and
dynamical response [17,20]. The theoretical models typi-
cally employed are based either on weak-link physics, i.e.,
using the resistively shunted junction (RSJ) model [21], or

*marios.kounalakis@gmail.com

on physical mechanisms occurring in the film, such as the
two-fluid model [22] and the less investigated Berezinskii-
Kosterlitz-Thouless (BTK) theory [23]. Despite showing
good agreement with the experimental data at equilib-
rium, the models are typically tailored to fitting existing
data in a phenomenological fashion, lacking the predictive
power of a full theoretical description. As a result, a uni-
versal description of the underlying physical mechanism
involved in the TES dynamical response, which deter-
mines the detector sensitivity to current and temperature,
is still missing.

Here we develop a theoretical framework, based
on weak-link physics, that models the TES electrical
response, including the electrothermal effects resulting
from its coupling to a thermal bath. More specifically, we
employ a Fokker-Planck equation that enables the inte-
gration of Josephson physics in the electrically biased
circuit with the thermal equilibrium steady state. Inspired
by the large separation between the electrical and ther-
mal response timescales, naturally occurring in dynamical
response measurements, we derive an alternative definition
of the dynamic resistance and noise sensitivity parameters.
We validate our model predictions against data measured
in several TES devices, showing excellent agreement with
our theory as opposed to existing models. In particular, we
find a significantly varying dynamic resistance across the
resistive transition, which is a key signature of Josephson
physics. Our experimental observations in combination
with our theoretical predictions, provide clear evidence
of weak-link phenomena underlying the physics of TESs.
Finally, we show that our model allows for the direct cal-
culation of noise power-spectral densities, enabling the
investigation of mixed-down noise from high-frequency
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processes, which is believed to be the origin of unex-
plained “excess noise” [19,20,24].

II. THEORETICAL FRAMEWORK

A typical TES comprises a bilayer thin film that is
electrically biased via two superconducting electrodes.
Several experiments have shown that the latter proximi-
tize the bilayer film, resulting in the formation of a SS′S
weak link. Supporting evidence includes the observation
of Fraunhofer-like oscillations of the critical current Ic
upon application of a perpendicular magnetic field [16],
the exponential dependence of Ic on the temperature T and
TES length L [25,26], the 1/L2 scaling of the transition
width, as well as the observation of a nonlinear inductance
in ac-biased devices [18,19].

These observations suggest that the electrical response
of TESs is governed by Josephson physics originating in
the coupling between the electrodes [27,28]. For the circuit
description of electrically biased junctions one typically
uses the resistively shunted junction (RSJ) model [29],
which consists of a current-biased Josephson junction in
parallel to a normal resistor, RN , in the presence of a fluc-
tuating current IF(t), as schematically depicted in Fig. 1(a).
The latter represents Gaussian white noise at temperature
T, with 〈IF(t)〉 = 0 and 〈IF(t)IF(t′)〉 = δ(t − t′)2kBT/RN .
Within this model, the total current flowing through the
device is given by I0 = Ic sin φ + V(t)/RN + IF(t), where
Ic is the critical current of the junction, φ is the gauge-
invariant phase difference across the electrodes and accord-
ing to the Josephson relation, V(t) = φ0dφ/dt, where φ0 ≡
�/(2e) is the reduced flux quantum [28].

Here, we model the dynamics described above using a
one-dimensional Fokker-Planck (Smoluchowski) equation
for the probability density σ(φ, t) [29]

∂σ

∂t
= ωc

[
σ cos φ −

(
I
Ic

− sin φ

)
∂σ

∂φ
+ 1

γ

∂2σ

∂φ2

]
, (1)

where ωc = IcRN /φ0 is the characteristic frequency and
γ = �Ic/(2ekBT) is defined as the Josephson to ther-
mal energy ratio [21]. Knowledge of σ(φ, t) enables the
calculation of the average phase and voltage evolution,
〈φ〉 = ∫

(σφ) dφ and 〈V〉(t) = φ0(d〈φ〉/dt), respectively,
with normalization

∫
dφσ = 1. We solve Eq. (1) using the

Python package GEKKO [30]. As an example, in Figs. 1(c)
and 1(d) we plot the dynamical evolution of σ and the cor-
responding average voltage, respectively, for I/Ic = 1.08
and γ = 4000. As expected, the nonlinear evolution of the
phase leads to an oscillating average voltage, which would
keep oscillating forever at zero temperature (γ → ∞).
At finite temperature, however, these oscillations are sup-
pressed above a certain timescale when the average phase
starts to evolve linearly over time. For times above this
timescale (τ ′) the system operates at a steady-state average
voltage, V′ ≡ 〈V〉(τ ′).

I0 IF

G

Ic RN

Tb

V

(a) (c)

(d)

(b)

FIG. 1. (a) Circuit description of TES, which we model as an
electrically biased Josephson junction with critical current, Ic, in
parallel to the normal-state resistance, RN , and thermally fluctu-
ating current, IF . The TES is additionally coupled to a thermal
bath at temperature Tb via the thermal conductance G. (b) Plot of
Ic as a function of temperature, T, obtained by fitting the exper-
imental data (open circles) with a combined Ginzburg-Landau
and weak-link theory model, where the dashed line indicates
the critical temperature (see text for details). (c) Example of
Fokker-Planck dynamics in the electrical circuit (not including
the thermal coupling to Tb) for I0/Ic = 1.08 (Ic = 6.74 μA) and
γ = 4000 showing the evolution of σ(φ, t) according to Eq. (1)
plotted in characteristic time units, where ωc = IcRN /φ0. (d)
Corresponding average voltage 〈V〉(t) normalized by I0RN .

For a realistic model description of a TES one should
also take into account the temperature dependence of
the critical current. A typical Ic(T) behavior is shown in
Fig. 1(b), where we plot the measured Ic(T) data for one of
our devices (open circles), alongside a numerical fit based
on a combined Ginzburg-Landau and weak-link model.
The first is described by Ic(T) = Ic0|1 − T/Tc|3/2 and the
latter by Ic(T) ∝ |T/Tc − 1|1/2e−L/ξ0|T/Tc−1|1/2

, where Ic0
is the zero-temperature critical current, Tc is the crit-
ical temperature, L the TES length and ξ0 its zero-
temperature coherence length [2,18]. The vertical dashed
line in Fig. 1(b) corresponds to the critical temperature.
In our model, for each device, the Ic(T) function obtained
from fitting the experimental data is used as input in Eq. (1)
such that 〈V〉(t) is only a function of I and T.

Furthermore, TESs are connected to a thermal bath at
temperature, Tb, as depicted in Fig. 1(a). This thermal cou-
pling results in electrical power loss as a result of the
thermal heat flow [2,14] that is typically described by the
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power-thermal equation [31]

CH
dT
dt

= I0V(t) − K(Tn − Tn
b), (2)

where CH is the heat capacity of the TES and K =
G/(nTn−1) is a material- and geometry-dependent param-
eter, defined by the differential thermal conductance G and
the thermal exponent n (typically 3 � n � 4) [2]. The TES
reaches a steady state, at a time τ � CH/G 	 τ ′, when
the generated electrical power is balanced by the thermal
power lost to the bath. In this regime the TES is stable,
operating at an equilibrium voltage, V0 = K(Tn − Tn

0)/I0,
and temperature T0.

III. MODELING THE DYNAMICAL RESPONSE

Crucial to the performance of a TES is its sensitivity
to changes in temperature and current. This is typically
quantified using the parameters αI = (T0/R0)(∂R/∂T)|I0
and βI = (I0/R0)(∂R/∂I)|T0

, which describe the logarith-
mic temperature and current sensitivities, respectively [2].
A high αI/βI ratio is desirable for better detector perfor-
mance. Experimentally, these parameters can be extracted
directly by measuring the TES response to a vanishingly
small electrical signal, that perturbs the TES resistance as
R(T, I) = R0 + ∂R/∂T|I0

δT + ∂R/∂I |T0
δI [19,32].

Of note, for an accurate extraction of αI and βI , a low-
power perturbing signal is injected into the electrothermal
system in order to maintain the equilibrium bias condi-
tion. In the experiments reported here, this is ensured by
applying an ac signal at a power that is less than 1% of the
operating dc bias applied at frequencies ωac ranging from
2π × 10 Hz to 2π × 30 kHz, with ωac ≤ 1/τel � 1/τ ′.
This frequency range is chosen such that it covers both
the thermal and electrical bandwidth of the detector. From
the high-frequency limit (approximately at 30 kHz > 1/τ )
we obtain an experimental estimation of βI , as derived in
Eq. (10) of Ref. [32]. This is consistent with the way we
derive βI in the calculation shown below. Note that the
highest values for ωac, are orders of magnitude smaller
than the frequency of the Josephson oscillations. This leads

TABLE I. Overview the time constants involved in the dynam-
ical system.a

Symbol Timescale Frequency scale Description

τ � 10 ms � 100 Hz Thermal
τel � 1 ms � kHz Electrical
τ ′ � 100 ns � 10 MHz Josephson
ωac 0.03–100 ms 0.01–30 kHz ac perturbation

aThe values of τ and τ ′ depend on the TES geometry and the
normal resistance value RN . The electrical bandwidth is typically
defined by the read-out circuit and the TES parameters.

TABLE II. Table of device parameters.

Parameters versus device geometry (length × width)

L × W
(μm2) 40 × 60 50 × 50 70 × 50 50 × 13 80 × 10

RN (m) 9.3 14.0 19.6 53.8 206.4
Tb (mK) 50 50 50 50 53
G (pW/K) 70 65 82 43 60
n 3.0 3.0 3.3 3.0 3.3
CH (pJ/K) 0.89 0.87 0.87 0.84 0.78
Tc (mK) 92.5 90.0 90.3 87.8 81.4

to a readout time τel 	 τ ′, such that the voltage oscilla-
tions shown in Fig. 1 are not captured. An overview of the
time constants involved in the dynamical system is given
in Table I.

Our approach to modeling the TES dynamical response
derives from the observations we discuss above, namely
that V′ is reached at a timescale that is several
orders of magnitude smaller than the total equilibra-
tion time (τ 	 τ ′) and that βI is extracted from the
impedance measurement at the high-frequency limit.
We may express the voltage response to a perturbing
current, δI , as V0(I0 + δI , T0) = ηV′(I0 + δI , T0), where
η(I0, T0, G, n, RN ) ≡ V0/V′ is the ratio of the equilibrium
and Josephson voltages at bias current, I0, and tempera-
ture, T0. Equivalently, η can be defined as the ratio of the
generated power at thermal equilibrium, I0V0, to the power
generated by the electrical circuit, I0V′, in the absence of
a thermal connection to the bath [see Fig. 1(a)]. From the
definition of η it follows that the TES dynamic resistance,
Rd ≡ ∂V0/∂I |T0

, can be written as

Rd = η
∂V′

∂I

∣∣∣∣
T0

. (3)

Similarly, the voltage susceptibility to temperature per-
turbations within the dynamical response measurement is
given by ∂V0/∂T|I0

= η (∂V′/∂T)
∣∣
I0

. Therefore, the log-
arithmic temperature and current sensitivities at I0, T0 are
given by

αI = T0

V′
∂V′

∂T

∣∣∣∣
I0

, βI = Rd

R0
− 1. (4)

In order to make predictions for αI and βI we first need to
determine both the equilibrium voltage, V0(I0, T0), and the
Josephson voltage, V′(I0, T0). Due to the large timescale
separation of τ and τ ′ (typically τ/τ ′ > 103) solving both
Eqs. (1) and (2) up to electrothermal equilibrium would
require a huge amount of resources. In our approach, we
require that, for each I0, the equilibrium values T0 and V0
are simultaneous solutions of Eq. (1) at t → 0 and Eq. (2)
at t → ∞. By doing this we essentially impose the ther-
mal equilibrium solution, V0 = K(Tn − Tn

0)/I0, to be the
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(a) (b) (c) (d)

FIG. 2. Plots of the critical current Ic as a function of temperature T for the dc-biased devices: (a) 40 × 60, (b) 50 × 50, (c) 70 × 50,
and (d) 50 × 13 geometry. The experimental data (open circles) is fitted with a combined Ginzburg-Landau and weak-link theory
model (see main text for details). The dashed line indicates the critical temperature obtained from the fits. Note that for the 40 × 60
and 50 × 13 we used only the Ginzburg-Landau function for Ic(T), due to lack of experimental data at higher temperatures.

initial solution of the Fokker-Planck, i.e., 〈V〉(t = 0) ≡ V0.
Note that the steady state of Eq. 1 does not depend on
the initial condition, i.e., for given I0 and T0 it yields the
same V′(I0, T0) regardless of the initial value of 〈V〉(t = 0),
however, solving them together and imposing 〈V〉(t →
0) = V0 is necessary for obtaining the required equilibrium
parameters I0, T0.

Furthermore, the simulation takes as input the fit-
ted Ic(T) curve, an example of which is depicted in
Fig. 1(b), and the measured material- and geometry-
dependent parameters G, n, RN , as well as the bath temper-
ature Tb, which are kept constant. As input in our model,
we additionally use the experimentally obtained device
parameters summarized in Table II, together with the criti-
cal temperature, Tc, obtained from the Ic(T) fit. Figure 1(b)
shows Ic(T) for the 80 × 10 device. The data and Ic(T)

fits for the other devices are demonstrated in Fig. 2. For
the device characterization we used the same methods as
reported in Ref. [19].

Having obtained V0, for each I0, T0, we then deter-
mine the Josephson voltage, V′, by numerically solv-
ing the Fokker-Planck equation with the initial condition
〈V〉(t = 0) = V0, not including any thermal dynamics. As
an example, in Fig. 3(a) we plot the steady-state resistance,
R0 = V0(I0, T0)/I0, (diamonds) and the associated Joseph-
son resistance, V′(I0, T0)/I0, (circles) as a function of the
current I0. Each set of I0 and T0 is represented with a dif-
ferent color, from low (blue) to high (red) current. The
computation is performed using the Ic(T) curve shown in
Fig. 1(b) and parameters RN = 206.4 m, G = 50 pW/K,
n = 3.3, Tb = 50 mK.

Furthermore, in Fig. 3(b), we plot the time evolution
of the Josephson resistance, 〈V〉(t)/I0, with initial and
final values corresponding to R0(I0, T0) and V′(I0, T0)/I0,
respectively, with the same color coding as in Fig. 3(a). In
addition, in Fig. 3(c) we plot η = V0/V′ as a function of
the resistance R0. Note that η < 1 is expected since, due
to thermal losses, the power at thermal equilibrium, I0V0,

is always lower than the power I0V′ that the circuit gen-
erates in the absence of thermal coupling to the bath. In
Fig. 4, for each device, we plot our numerical results of
R0 as a function of I0, as well as Ic(T0) and γ (T0). Our
theoretical predictions for R0 are in excellent agreement
with the experimentally obtained resistances at thermal
equilibrium.

(a) (b)

(c)

FIG. 3. (a) Normalized equilibrium resistance R0/RN (dia-
monds) and Josephson resistance V′/(I0RN ) (circles) as a func-
tion of bias current. (b) Transient dynamics of 〈V〉(t). For each
set of I0, T0 we solve the Fokker-Planck equation with the
initial and final states corresponding to V0/(I0RN ) (diamonds)
and V′/(I0RN ) (circles). Note that for each set the simula-
tion stops at t = 8TJ , where TJ is the oscillation period, TJ =
2π/(ωc

√
(I0/Ic)2 − 1). (c) Corresponding ratio η ≡ V0/V′ as a

function of R0/RN . The color coding is the same in all figures,
with blue and red indicating the lowest and highest bias currents,
respectively.
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Having obtained both voltages V0(I0, T0) and V′(I0, T0),
we proceed to calculate the dynamic resistance, Rd, as
well as αI and βI , as defined in Eq. (4). More specifi-
cally, in order to obtain Rd and βI , we additionally solve
the Fokker-Planck equation at I0 + δI , for infinitesimally

small δI , and determine the partial derivative ∂V′/∂I
∣∣
T0

=
[V′(I0 + δI , T0) − V′(I0, T0)]/δI . Similarly, we find
∂V′/∂T

∣∣
I0

by calculating V′(I0, T0 + δT) for δT → 0, and
then determine αI following Eq. (4).

FIG. 4. The first column from the left shows the equilibrium normalized resistance R0/RN as a function of current for each device.
The red curve is the simulation result, V0/(I0RN ), while the open circles indicate the experimentally obtained resistances for the
corresponding device. In addition, for each device we include, from left to right, the numerically obtained values for Ic(T0), I0/Ic(T0),
and γ (T0) across the resistance curve. These equilibrium values are used as input to the Fokker-Planck equation when calculating
V′(I0, T0) and determining Rd, αI and βI .
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Expt. Expt. Expt. Expt. Expt.

Expt.Expt.Expt.

Expt.

Expt.

FIG. 5. Logarithmic current and temperature sensitivities, βI (top) and αI (bottom), respectively, versus R0/RN for different device
geometries, shown from low (40 × 60) to high aspect ratio (80 × 10). In the experiment, the first four devices from the left are dc
biased while the last one is ac biased at 1.1 MHz. The predictions using our model are plotted in cyan-blue circles, showing excellent
agreement with the data (black). Less agreement is obtained for the ac biased 80 × 10 pixel, possibly due to the fact that our model
assumes a dc source. For comparison we plot the theoretical predictions based on the pure RSJ model (blue dashed) and the two-fluid
model with cR = 1 (red dashed).

IV. RESULTS

Our numerically calculated predictions for αI and βI
are plotted in Fig. 5 as a function of R0 (cyan-blue cir-
cles) for several TES bilayer geometries, showing excel-
lent agreement with the measured values (black dots).
For comparison, we also plot the analytical predictions
resulting from the RSJ model in the absence of thermal
effects, βRSJ

I = (RN /R0)
2 − 1 (blue dashed), and the two-

fluid model, β2fluid
I = cRRN /R0 − 1 (red dashed) with cR =

1 [17]. The latter is based on the assumption that the TES
resistance is determined, instead of Josephson phenomena,
by other physical processes occurring in the thin film, such
as phase-slip events [22]. The experimental data (black
circles) is obtained via complex impedance measurements
[32,33] using the same measurement setup that is reported
in Ref. [19] both for the dc- and ac-biased devices.

Evidently, βRSJ
I overpredicts the data over the whole

range of the transition, signaling that pure Josephson
physics is not enough to explain the TES response. Note
that even when thermal noise is included, e.g., using the
Fokker-Planck formulation of Eq. (1) or analytical calcu-
lations [21], this trend persists. In addition, comparative
analysis has shown that the two-fluid model predictions
are much closer to the data, therefore, challenging the
idea of using weak-link models to describe TES physics
[17]. However, as Fig. 5 demonstrates, our weak-link
model that additionally includes the effects of the power-
thermal equation in the parameter η, leading to the updated
definition of Rd in Eq. (3), predicts the correct behavior
for both αI and βI . The predictions for αI based on the
RSJ and two-fluid model are not shown, since, as pointed
out in Ref. [17], a fair comparison of the two models

FIG. 6. Dynamic resistance versus R0/RN . The predictions based on our model are plotted in cyan-blue circles, showing excellent
agreement with the data (black). The dashed horizontal line indicates the prediction of the two-fluid model with cR = 1.
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(a)

(b)

FIG. 7. (a) Power spectral density calculated for several val-
ues of γ at fixed bias I0 = 2Ic, using the parameters of the
80 × 10 device. The peaks correspond to integer multiples of
the Josephson frequency ωJ ≡ ωc

√
(I0/Ic)2 − 1. As the temper-

ature increases (decreasing γ ) less peaks are resolved, due to
larger oscillation damping, and Svv(0) increases. The correspond-
ing autocorrelation functions rvv(t) for each plot are shown in (b)
in units of the oscillation period TJ .

is hindered by a strong dependence on the derivative
∂Ic/∂T.

While the two-fluid model prediction is also close to the
experimental data, the situation changes drastically when
looking at the dynamic resistance behavior. More specif-
ically, the two-fluid model prediction for the dynamic
resistance is R2fluid

d = cRRN , where cR is a phenomenolog-
ical parameter [2]. In the standard version of the model cR
is constant [17], leading to a constant dynamic resistance,
which is in stark contrast with our observations. In particu-
lar, as shown in Fig. 6, our experimental data shows that Rd
varies significantly across the resistance curve, with a steep
increase at low bias R0/RN � 0.2, which is in excellent
agreement with our model predictions (cyan blue).

Alternative mechanisms for this behavior could be the
formation of different numbers of phase-slip lines forming
across the resistance curve, which could yield a varying
two-fluid parameter cR [17,34]. However, due to the large
complexity of this model, a consistent model prediction for
cR(R0) remains elusive [34] and cR is typically only used
as a fit parameter [35]. On the other hand, as we show, the
correct behavior of Rd(R0) can be directly predicted from
physical mechanisms arising from the Josephson effect.
Our results, together with recent observations of a non-
linear complex impedance in TESs [19], provide strong

evidence that weak-link physics play a crucial role in the
dynamical response of TESs.

Our approach not only leads to accurate predictions
for the TES dynamical response, but also provides a
powerful tool for modeling noise in TESs. More specif-
ically, via the Fokker-Planck equation we can calculate
the autocorrelation function rvv(t − t′) = (〈V(t)V(t′)〉 −
〈V(t)〉〈V(t′)〉)/(IcRN )2. Following the Wiener-Khinchin
theorem, when rvv is Fourier transformed, it yields the
power spectral density, Svv(ω) = ∫

rvve−iωt dt [36]. This is
one of the most useful quantities in a random process since
it carries information regarding the contribution to noise
from all frequencies. As a proof of principle, in Figs. 7(a)
and 7(b) we plot the calculated Svv and rvv, respectively,
for the 80 × 10 device at bias I0 = 2Ic for three different
values of γ . As expected, in Fig. 7(a) we see well-defined
peaks at frequencies equal to the Josephson frequency and
its higher harmonics. For smaller γ , i.e., stronger thermal
noise damping, the peaks at higher harmonics start to dis-
appear and the spectral density gets broader resulting in
more noise at ω → 0.

With this method one can, therefore, estimate the entire
spectral density numerically, including contributions to
noise from all the harmonics. Of note, however, for an
accurate estimation of Svv one would require increased
computational resources as the simulation time and num-
ber of data points necessary to properly resolve the spec-
trum need to increase with increasing γ . Overcoming these
issues may therefore enable a quantitative analysis as well
as a direct comparison of our experimental data (γ � 103)
and analytical calculations of Svv(0) [20,37,38]. In partic-
ular, existing analytical expressions of spectral densities
in the RSJ model take into account processes up to the
first Josephson harmonic [19,39]. Our method could there-
fore extend the current predicting capabilities beyond this
approximation since it inherently takes into account all
higher Josephson harmonics. Further work in this direction
may help answering one of the most pivotal open ques-
tions in the field, i.e., to determine the extent to which
the mixed-down high-frequency noise contributes to the
observed noise at low frequencies. A thorough investiga-
tion of this process could shed further light into the mystery
of measured “excess noise” in TESs [19,20].

V. CONCLUSION

We have found strong evidence of weak-link physics
in the dynamical response of TESs. We have devel-
oped a theoretical framework, using a Fokker-Planck
description, that enables the incorporation of both Joseph-
son and electrothermal effects, and accurately reproduces
the observed noise sensitivity parameters while outper-
forming existing models. In particular, we theoretically
predict and experimentally observe a varying dynamic
resistance across the TES resistance curve, which is a
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key signature of Josephson physics and rules out the
standard two-fluid model prediction with fixed cR. Fur-
thermore, our model allows us to compute the power
spectral density directly, enabling a further investigation
on the role of mixed-down high-frequency noise that
is believed to contribute to unexplained “excess noise”
in TESs [19,20]. Our description can also be extended
to a two-dimensional Fokker-Planck formulation, offer-
ing the opportunity to model TES structures with addi-
tional capacitance [40]. Finally, our theoretical framework
could be employed to model structures obeying nonsi-
nusoidal current-phase relations [41], such as long diffu-
sive superconductor–normal-metal–superconductor junc-
tions [42].
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