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Abstract: Transition Edge Sensors (TESs) are amongst the most sensitive cryogenic detectors and
can be easily optimized for the detection of massive particles or photons ranging from X-rays all
the way down to millimetre radiation. Furthermore, TESs exhibit unmatched energy resolution
while being easily frequency domain multiplexed in arrays of several hundred pixels. Such great
performance, along with rather simple and sturdy readout and amplification chains make TESs
extremely compelling for applications in many fields of scientific endeavour. While the first part
of this article is an in-depth discussion on the working principles of Transition Edge Sensors, the
remainder of this review article focuses on the applications of Transition Edge Sensors in advanced
scientific instrumentation serving as an accessible and thorough list of possible starting points for
more comprehensive literature research.

Keywords: Transition Edge Sensor (TES); superconducting detector; low temperature; astronomy;
dark matter; cosmic microwave background; neutrinos; X-ray

1. Introduction

Advanced scientific instrumentation and up-and-coming technologies require de-
tectors with exceptional performance. Making use of detectors with excellent resolving
powers, extremely low noise and limited spurious and dark counts will allow for am-
bitious results in a large number of scientific applications including, but not limited to,
astronomy, cosmology, particle physics, biophysics, chemistry and quantum computing.
Arguably, a very promising way to achieve such demanding performances is to rely on
low-temperature superconducting detectors. At low temperatures, spurious thermal dark
counts become negligible and, if paired with single photon sensitivity, such detectors can
be optimized to be excellent photon counters at all wavelengths of the energy spectrum.
Naturally, they can also be deployed as highly sensitive calorimeters.

As we shall discuss in this review, among the plethora of superconducting detectors
Transition Edge Sensors (TESs) are the most widely used because of their excellent energy
resolution, their relatively easy fabrication process and their capability of being frequency
domain multiplexed. TESs are extremely sensitive superconducting thermometers and
their working principle is surprisingly simple.

For most materials, as their temperature decreases, so does their electrical resistivity,
but those that are known to exhibit a superconducting phase-transition feature a sudden
drop to zero in resistivity when they are cooled below a certain temperature, known as
superconducting critical temperature (TC), specific to each superconductor. In the proximity
of TC, the resistance vs temperature curve can be very steep, leading to a variation of up to
several Ohms (Ω) in a range of a few milli-Kelvins (mK). Further details and a reading list
on the phenomenology of superconductivity can be found in Section 2.
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In a nutshell, a TES can be imagined as a superconductor kept in contact with a
bath (reservoir) at temperature TC to which a voltage bias is applied. Upon the striking
of a particle which deposits its energy in the TES, it is then temporarily heated up to a
temperature T > TC before cooling down again to the reservoir temperature. In this process,
the resistance of the TES increases with its temperature and therefore with the energy
deposited in the detector itself. In such a picture, the steeper the superconducting transition
the more sensitive the TES is, in a trade-off that links the sensitivity to the dynamic range
of the detector.

Further details on the working principle of a Transition Edge Sensor and its electro-
thermal feedback can be found in Section 3 along with an in-depth discussion on its
multiplexing, the amplification chains, its noise and cross-talk sources.

In Section 4, we present the most prominent applications for Transition Edge Sensors
in the field of astronomy and astrophysics, while Section 5 will discuss the applications of
TESs for nuclear, particle and astroparticle physics including dark matter detection.

The development of TESs for applications as bio-imagers is discussed in Section 6,
while Section 7 describes the applications of Transition Edge Sensors in the field of quantum
optics and quantum communications. TES arrays see a wide application as X-ray detectors;
their applications as spectroscopes and X-ray imagers are discussed in Section 8. Finally,
Section 9 contains a brief introduction to the working principles of other superconducting
detectors and a discussion on how they compare with TESs.

While the physics and application of TESs have been covered in other review articles
and books have been published over the last two decades, they often appear to be either too
broad or extremely niche-specific. We would still like to acknowledge their contribution
and present them to the interested reader. The two publications by Enss [1] (Ed.) and Enss
and Mccammon [2] mostly focus on the physics of low temperature micro-calorimeters,
Gottardi and Nagayashi [3] present the applications of TESs in the field of astronomy
and astroparticle physics, Nucciotti [4], Pirro and Mauskopf [5], Poda and Giuliani [6],
and Poda [7] describe the use of TESs for applications in nuclear and particle physics,
while Koehler [8] and Ullom and Bennett [9] discuss the use of TESs as X-ray detectors.
Differently, the purpose of this review paper is to provide a useful handbook on TESs
starting from their working principles and their main figures of merit in order to convey
their critical importance in many scientific applications. In order to facilitate the use of this
article, a table of contents is available at the end of the text.

2. Superconductivity

Superconductivity is the prototypical example of macroscopic quantum effect, since
some of the electrons are condensed into a superfluid state extending through the entire
system. The condensation occurs for electronic temperatures (T) lower than a critical value,
known as critical temperature (Tc). As T decreases, the number of condensed electrons
increases until full condensation is reached at T = 0. Indeed, a superconductor can
be represented by means of a two fluids model including normal electrons, known as
quasiparticles and coupled condensed electrons, known as Cooper Pairs.

2.1. Phenomenology

Despite it being usually identified with only zero resistivity, superconductivity is
experimentally described by the all following phenomena [10].

Zero resistivity. The DC electrical resistivity of a superconductor shows a steep
transition to zero at T ≲ Tc [10]. Zero resistivity is preserved for injected currents lower
than a threshold value, known as critical current (Ic). At T = 0, R = 0 is true for AC
signals up to a critical frequency ωc ≈ 3.5kBTc/h̄ (with kB the Boltzmann constant and
h̄ the reduced Planck constant), thus indicating a lower limit to excite electrons from the
condensed to the normal state.

Response to magnetic fields. A bulk superconductor exhibits the Meissner effect [11],
which is the expulsion of an external magnetic field. To exclude the magnetic field from
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its bulk, a superconductor increases its free energy till reaching the normal state value at
the critical field (Hc) [12], which is maximum at T = 0 and is fully suppressed at T = Tc.
Finally, the magnetic flux passing through a cylindrical superconductor shows a hc/2e
(with h being the Planck constant, c the speed of light and e the electron charge) [13,14],
where the factor 2 arises from the double charge of a Cooper pair.

Specific heat. The specific heat of a superconductor shows a discontinuity with respect
to the normal state value at Tc. The 1.43 times larger value of the superconductor specific
heat is strongly connected to formation of a condensate and its associated condensation en-
ergy [15]. In addition, the specific heat decreases exponentially with temperature (∝ e−Tc/T)
differently from its linearity in the normal state (∝ T); thus, a superconductor shows a
smaller specific heat for T ≪ Tc [16]. This behaviour is due to the fact that Cooper pairs
(condensed electrons) are not able to store thermal energy.

Energy gap. As already introduced for the AC electrical response of a superconductor,
there is a forbidden energy range, known as the superconducting energy gap (∆), between the
superconducting condensate and the normal electrons [10,15]. In particular, ∆ increases
monotonically as T decreases; thus, the superconducting state becomes more favourable at
low temperatures. The energy gap can be measured through electron tunnel spectroscopy,
since single electron transport is allowed only for voltages V ≥ ∆/e [17]. Differently,
a superconductor can absorb radiation of frequency ν ≥ 2∆/h [18], since both electrons
forming a Cooper pair need energy ∆ to switch to the normal state [19].

2.2. Brief Introduction to BCS Theory

The Bardeen–Cooper–Schrieffer (BCS) theory provides the microscopic explanation
of the superconductivity [20]. In particular, BCS describes the superconducting state as a
boson condensate living at energies lower than the metallic normal state. This is possible
by assuming that at T = 0 the fundamental state of a metal (Fermi sea) is unstable for the
addition of a weak attractive interaction between a couple of electrons, i.e., the Cooper
pair [21].

To provide a simple explanation of the BCS theory, we can perform a Gedankenex-
periment (thought experiment): we add two electrons [

−→
k1 , E(

−→
k1 )] and [

−→
k2 , E(

−→
k2 )] to the

fundamental state of a gas of non-interacting electrons. These electrons occupy previously
empty states above the Fermi level (EF). For the Pauli exclusion principle, the two electrons
cannot occupy states with |

−→
k | < kF (with kF the Fermi wavevector); thus, a weak attractive

potential needs to build up. On the one hand, the two electrons continuously change their
wavevector; on the other hand, the total momentum is conserved

−→
k1 +

−→
k2 =

−→
k′1 +

−→
k′2 =

−→
K , (1)

where
−→
K is the momentum of the Cooper pair. Indeed, the interaction is allowed in the

intersection between the spherical cortex of thickness h̄ωD (with ωD the Debye frequency)
around

−→
k1 and

−→
k2 . The maximum attractive force is provided by

−→
K = 0; thus, the

two electrons forming the Cooper pair have wavevectors of the same absolute value and
opposite direction (

−→
k1 = −

−→
k2 =

−→
k ). The Schrödinger equation for the Cooper pair reads

− h̄2

2m
(
∇2

1 +∇2
2
)
Ψ
(−→r1 ,−→r2

)
+ V

(−→r1 ,−→r2
)
Ψ
(−→r1 ,−→r2

)
=
(
ε + 2EF,0

)
Ψ
(−→r1 ,−→r2

)
, (2)

where V is the interaction potential, −→ri is the position of the i-th electron (with i = 1, 2), ε is
the energy of the electrons pair with respect to the non-interacting state (V = 0) and EF,0 is
the single-electron Fermi energy (the factor 2 accounts for the coupled electrons). In the
presence of an attractive potential, the general solution of the Schrödinger equation is:

Ψ
(−→r ) = 1

L3 ∑
k

g
(−→

k
)
ei
−→
k −→r , (3)
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where L is the space coordinate, −→r = −→r1 −−→r2 are the real space relative coordinates of the
two electrons and |g

(−→
k
)
|2 is the probability of finding an electron in

−→
k and the other in

−
−→
k . By substituting Equation (3) in Equation (2) and assuming an interaction independent

of
−→
k with a value of V0 (occurring only in the spherical cortex h̄ωD), we can evaluate

the energy difference of the electrons with respect to the non-interacting state for weak
coupling as

ε ≃ −2h̄ωDe−2/V0N (EF,0), (4)

where N (EF,0) is the density of states at the Fermi level for 1 spin type. Equation (4) shows
that a bounded 2-electron state of energy lower than the Fermi sea can occur at T = 0.
Thus, the fundamental state of a non-interacting electron gas is unstable in the presence of
a weakly attractive potential. It is possible to demonstrate that this instability is brought
to the formation of a large density of Cooper pairs; thus, the fundamental state of lowest
energy is the superconducting state. Since the superconducting wave function is symmetric,
the Pauli exclusion principle implies that the two electrons forming the Cooper pair have
opposite spin. We also note that the Cooper pairs are bosons, thus occupying the same
energy level.

The total energy of the fundamental superconducting state (WBCS,0) considers all the
possible configurations of coupled electrons, the kinetic energy of the Cooper pair and
energy reduction due to interaction.

WBCS,0 = ∑
k

ξk

(
1 − ξk

Ek

)
− L3 ∆2

V0
, (5)

where ξk = h̄2k2/2m − EF,0 is the kinetic energy of a Cooper pair, and Ek =
√

ξ2
k + ∆2 is

the total energy of a Cooper pair. Thus, the condensation energy of the superconducting
state, obtained by subtracting the normal-state energy (WN,0) to WBCS,0, reads

WBCS,0 − WN,0

L3 = −1
2
N (EF,0)∆2. (6)

Thus, the energy gap provides a measure of the energy reduction of the superconduct-
ing state. The first excited BCS state implies the breakage of a Cooper pair; that is, an energy
2∆ is necessary (∆ for each electron). An uncoupled electron, also known as quasiparticle,
can only occupy states of energy ∆ above the fundamental state. Thus, the quasiparticle
density of states of a superconductor at T = 0 takes the form

NS(E) = NN(EF,0)ℜ
(

E√
E2 − ∆2

)
, (7)

where NN(EF,0) is the normal-state density of states and ℜ represents the real-part compo-
nent. The density of states of a superconductor strongly depends on temperature, since the
energy gap obeys

1
V0NN(EF,0)

=
∫ h̄ωD

0

dξ√
ξ2 + ∆2

[
1 − 2 f

(√
ξ2 + ∆2 + EF,0, T

)]
, (8)

where f
(√

ξ2 + ∆2 +EF,0, T
)

is the temperature-dependent Fermi function. Finally, the critical
temperature of a superconductor is related to the zero-temperature energy gap (∆0) through

∆0 = 1.764kBTc. (9)
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2.3. Engineering Artificial Superconductors by Proximity Effect

The optimization of TES detectors for different applications requires the development
of artificial superconductors with engineered Tc. A rather standard approach exploits the
so-called proximity effect [22]: a weakened superconducting wave function penetrates in
a normal metal placed in good ohmic contact with a superconductor. As a consequence,
the Tc of a TES can be adjusted by changing the relative thickness of the superconducting
(S) and normal metal (N) thin films forming a bilayer (see Figure 1a).

The superconducting properties of an SN bilayer can be predicted by means of the
Usadel theory [23]. The Usadel theory can be applied for dirty systems [24,25], that is
the diffusive charge transport both in S and N. The superconducting properties of the
bilayer are translationally invariant in the (x, y)-plane, while they vary along the z-axis.
By exploiting a function θ(z) describing the superconducting state, the pairing potential
obeys the coupled Usadel equations

h̄Dj
2 ∂2

z(θj) + iE sin θj −
[

h̄
τs f ,j

+
h̄Dj

2

(
∂z(φ) + 2e

h̄ Az

)2]
cos θj sin θj + ∆j(T, z) cos θj = 0

∆j(T, z) = NSVe f f
∫ h̄ωD

0 tanh
( E

2kBT
)
ℑ
(

sin θj
)
dE

(10)

where Dj is the normal-state electron diffusion constant, E is the energy, τs f ,j is the spin-flip
time, φ is the superconducting phase, ∆(z, T) is the temperature (T) and z dependent
effective superconducting energy gap, NS is the density of states at the Fermi level, Ve f f
is the pairing potential and j = S, N indicates the superconductor and normal metal side.
This version of the Usadel theory does not consider the impact on the proximity effect of the
electrical resistance between N and S, because the large contact area provides a negligibly
small contribution.

(a)
z

|θS|0 π/2

θN (z)

θS (z)

N

S

y

(b)
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Figure 1. Proximity effect and critical temperature engineering. (a) Schematic representation of
the z-dependence of the parameter θi describing superconductivity in an SN bilayer (with i = S, N).
(b) Schematics of the Cooper limit for an SN bilayer, where ti is the thickness of the i element and ξi is
its coherence length (with i = S, N, SN). (c) Critical temperature of an SN bilayer versus tN for differ-
ent values of tS with S aluminium and N copper. The parameters used for Equation (10) are as follows:
TC,S = 1.2 K, ωD,N = 7.98 × 1013 rad/s the Debye frequency of copper, NS = 2.15 × 1047 J−1m−3 the
density of state at the Fermi level of aluminium, NN = 1.56 × 1047 J−1m−3 the density of state at the
Fermi level of copper and TSN = 1 the transmission probability of the SN interface.

The absolute value of the complex function θj obtained by solving the coupled Us-
adel Equations (Equation (10)) ranges from 0 (normal-state) to π/2 (fully superconduct-
ing state). Figure 1a schematically shows the evolution of |θj| with z within the SN
bilayer. The negligible SN resistance implies the continuity of the θj(z) function, that is
θS(z = 0) = θN(z = 0) and ∂zθS(z = 0) = ∂zθN(z = 0), with z = 0 being the interface
between S and N. Differently, θj(z) would show a discontinuity at the interface for large
resistances between the two layers [26]. In either case, the superconducting energy gap
and, therefore, the critical temperature vary strongly along the z-axis. Consequently, the R
versus T characteristic of the SN bilayer would show an extremely broad transition to
zero resistance.
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Sensitive TESs require a sharp transition to the superconducting state; that is, the SN
bilayer is expected to posses a superconducting energy gap constant along the z-axis. This
is achieved for SN bilayers lying in the Cooper limit [27] (see Figure 1b), thus fulfilling the
following requirements

1. The thickness of the superconductor thin film (tS) is lower than its superconducting
coherence length (typical distance between the two paired electrons [10]): tS ≪ ξS;

2. The thickness of the normal metal layer (tN) is smaller than its coherence length:
tN ≪ ξN =

√
h̄DN/(2πkBT);

3. The thickness of the SN bilayer (tSN) is less than its effective coherence length (ξSN)
tSN ≪ ξSN =

√
h̄(tSDS + tN DN)/(tSN∆SN) (with ∆SN being the effective bilayer

superconducting energy gap).

These conditions ensure that the coherence is fully preserved along the z-axis both
in the superconducting and normal states. As a consequence, superconductivity is not
affected by the non-ideality (finite charge diffusion, amorphous thin film and defects) of
the normal metal thin film and the SN bilayer behaves as a monolithic superconductor.

The effective critical temperature of an SN bilayer within the Cooper limit can be
approximated to [28]

Tc,SN = Tc,S

[(
kBTc,S

1.13h̄ωD,N

)2

+

( kBTc,Sλ2
F,N(

1
tNNN

+ 1
tSNS

)

2.26TSN

)2
]tNNN /2tSNS

, (11)

where Tc,S is the critical temperature of S, ωD,N is the Debye frequency of the normal
metal, λF,N is the Fermi wavelength of N, NN is the density of states at the Fermi level of
the normal metal and TSN is the interface transmission probability. Figure 1c shows the
dependence of the critical temperature of an Al/Cu bilayer (TC,SN) as a function of the
thickness of the Cu film (tN) for selected values of the thickness of Al (tS). Interestingly,
TC,SN decreases exponentially with tN , as shown by the inset. Furthermore, by decreasing
tS, the critical temperature of the bilayer decreases faster for increasing tN , because the
superconducting wavefunction is weaker and the proximitization of N is less efficient.

2.4. Thermal Properties

The sensitivity of a TES strongly depends on the thermal exchange mechanisms be-
tween the different elements when power or energy are absorbed. The various components
of a TES lie within the quasi-classical diffusive limit [10]; that is, their physical dimensions
are larger than their Fermi wavelength (λF) and elastic mean free path (λ f ree) of electrons.
Thus, the electron energy distribution can be well described by the Fermi function and the
thermal transport can be simply described by energy diffusion. Here, we will describe the
main thermal exchange mechanisms occurring in a TES.

The thermistor of a TES is kept at the superconducting-to-normal-state transition, thus
showing the thermal properties of a normal metal. Indeed, its charge carrier thermaliza-
tion is dominated by electron–electron scattering, either due to direct Coulomb interaction
or impurities [29]. Within these conditions, the electron–electron thermalization length
scale reaches tens of µm [30]; thus, the electronic temperature (Te) can be considered
homogeneous all over the entire thermistor. Differently, the thermal conductance of a
superconductor (Gth,S) at Te ≪ Tc is exponentially damped by the presence of the energy
gap [31]. Indeed, the Cooper pairs do not transport heat and the number of unpaired elec-
trons decreases exponentially with temperature [10]. In the linear response approximation,
Gth,S can be expressed as [32]

Gth,S ≃ Gth,N
6

π2

(
∆0

kBTe

)2

e−∆0/kBTe , (12)

where Gth,N is the normal-state thermal conductance.
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One of the main thermalization channels of the charge carriers in the thermistor is
given by the scattering with the film phonons. In particular, the electron–phonon scattering in
a clean normal metal can be calculated by [29]

Pe-ph,N = ΣV
(

T5
e − T5

ph

)
, (13)

where Σ is the electron–phonon coupling constant, V is the volume and Tph is the phonon
temperature. We stress that the exponent can be n = 4.6 for dirty metals depending on
the type of impurity immersed in the metallic matrix. Similarly to energy transport, the
electron–phonon thermalization is exponentially damped in the superconducting state
(Pe-ph,S) with respect to the normal metal value (Pe-ph,N). Indeed, within the linear approxi-
mation limit, the electron–phonon thermalization takes the form [33]

Pe-ph,S ∝ Pe-ph,Ne−∆0/kBTe (14)

In full agreement with thermal conductivity, this behaviour is related to the suppres-
sion of the single-electron population in a superconductor with decreasing temperature [10].
Indeed, the Cooper pairs do not exchange energy with the crystal, since their scattering
with the phonons is forbidden.

Andreev Mirrors

Usually, the electrodes contacting the thermistor are made of a superconductor of
critical temperature much larger than the operating temperature of the TES, that is the
critical temperature of the thermistor. Indeed, these superconducting leads act as energy
filters, the so-called Andreev thermal mirrors [34], thus confining the electron overheating in
the thermistor. In the linear response regime, the thermal conductance of an SN contact is
suppressed with respect to the conventional value given by the Wiedemann–Franz law by
a factor

δGth,NS =

(
p0

2π

)2 f0√
φ(η)kBTe/∆3

0

e−∆0/kBTe , (15)

where p0 is the Fermi momentum, η = 2H/Hc − 1 is a dimensionless factor representing
the impact of an external magnetic field, φ(η) = eip0n̂·⃗rη (with n̂ being the unit vector and r⃗

the real space vector) is tabulated, and f0 =
1∫

0
cos α f (cos α)d cos α ∼ 1 (with α being the

incidence angle of the electrons at the interface and f is a slowly varying function). Intu-
itively, the strong reduction of the thermal conductance can be understood by considering
that the hot electrons in the normal metal find a limited number of accessible quasiparticle
states within the superconducting gap to diffuse. Thus, the perfect Andreev mirror effect
occurs only for very low values of the electronic temperature (Te ≪ Tc). By rising Te,
the Fermi distribution of the hot electrons in N broadens and reaches the quasiparticle
peaks in the density of states of the superconductor. Therefore, hot electrons of the normal
metal find available states in S and Gth,NS approaches the conventional Wiedemann–Franz
value. Indeed, the clean contact between and Al/Cu bilayer and Al lead showed efficient
thermal insulation for temperatures up to about 280 mK, that is ∼0.22Tc of the aluminium
film [35].
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3. Physics of Transition Edge Sensors

The idea of exploiting a superconducting thin film at temperatures close to its critical
temperature as a detector has been around since the 1940s, when proposed by Andrews
et al. [36] as infra-red radiation detectors. In particular, the proposed device exploits the
steep change in resistance to detect the energy deposited by a striking particle in Figure 2.

Figure 2. Working principle of a Transition Edge Sensor. An event (e.g., photon/phonon absorption)
heats the superconductor, moving its temperature from the ideal working point (center of the normal
to superconducting transition).

A Transition Edge Sensor (TES) can be modelled as a thin film with a finite thermal
capacity C connected to a reservoir at temperature TR as shown in Figure 3. Any energy
deposited onto the film by radiation or particles striking on the TES is converted into heat
and then dissipated towards the reservoir with a characteristic time which is inversely
proportional to the thermal conductance G. Considerations based on the conservation
of energy result in the following equation that describes the heating of the film when
irradiated or struck by a particle

Pext = PR(T, TR) + C
dT
dt

, (16)

where Pext is the power deposited by the particle or the radiation, PR represents the power
dissipated towards the thermal reservoir and can be assumed to depend linearly on the
temperature difference between the electronic temperature Te (see Section 2.4) referred to
simply as T from now on, and TR through the thermal conductance G, assumed constant in
the first approximation. Equation (16) can be, therefore, rewritten as

Pext = G(T − TR) + C
dT
dt

, (17)

which yields two particular solutions in two specific cases

1. T = TR + P0
G in case Pext = P0 is a constant

2. δT = δPext
τ0

1
1−iωτ with τ = C

G with the obvious meaning of the symbols.
In particular, an instantaneous deposit of energy E0 results in an instantaneous in-
crease in temperature by ∆T = E0

C with an exponential decay with time constant
τ = C

G .
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Figure 3. Working principle of a TES not in electro-thermal feedback. (a) The thermal scheme
of a TES with temperature and heat capacity C, the weak thermal link to the reservoir through a
thermal conductance G and the external power Pext and power exchanged to the reservoir PR(R, RT).
(b) Solution to Equation (17) of the TES as a function of time in the two aforementioned cases.

3.1. Negative Electro-Thermal Feedback

Transition Edge Sensors initially faced challenges in adoption in the scientific com-
munity mostly due to their complexity and the difficulty in keeping the TES stable in
temperature. This issue was only solved in 1995 by Kent D. Irwin [37], who proposed and
successfully established a voltage-biased negative electro-thermal feedback (NETF) of the
TES in order to keep its stability in temperature. Such a feedback is typically implemented
by adding in parallel to the TES a shunt impedance ZL with ZL << R(T, I) so as to con-
tribute to the previous thermal equation with an extra Joule component. The electric scheme
of this circuit is shown in Figure 4a, whereas Figure 4b describes its thermal behaviour.
Through the effect of the Joule component, the thermal and electrical equations are paired
and thus the scheme takes the name of electro-thermal feedback.

Figure 4. The schematic of a TES biased in negative electro-thermal feedback. (a) Electric scheme of
a TES and (b) thermal scheme of a TES. Both schemes contribute to the coupled differential equations
in Equation (18).
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Two coupled differential equations can be written, one to take into account the thermal
behaviour of the superconducting film and the second to represent the electrical behaviour
of a TES in its NETF scheme.{

C dT
dt = −PR(T, TR) + PJ + Pext,

L dI
dt = V − IZL − IR(T, I).

(18)

where C is the heat capacity of the TES and absorber subsystem, T is the temperature of the
TES, Pext is the signal power, Pj is the power dissipated through the resistance of the TES, PR
is the power exchanged between the TES and the reservoir kept at temperature TR (thermal
feedback) that contributes to cooling down the TES after detection, L is the inductance, V is
the Thevenin-equivalent bias voltage that is applied to the TES, ZL is the shunt impedance
and R(T, I) is the resistance of the TES, which depends on the temperature of the TES as
well as the current flowing through it.

The I–V characteristic of the system can be determined by solving the coupled differen-
tial equations in their steady state ( dT

dt = 0, and dI
dt = 0 ). For the sake of simplicity, we will

assume that the resistance of the TES does not depend on the current flowing through it but
only on its temperature (β = I

R
dR
dI = 0). An in-depth analysis of the β ̸= 0 case is discussed

by Irwin and Hilton [38]. In the steady state, which describes a condition of dynamic
equilibrium between the TES, the reservoir and the external radiation, we can write

Pext + PJ = const. (19)

From Equation (19), we can infer that as long as PJ is constant, the product I · V is kept
constant; hence, the I–V curves of a TES describe the branch of a hyperbola. This holds true
until the TES is driven outside of its superconducting state by the external load or because
of the Joule power dissipated through the TES itself. When the TES is driven outside of its
transition, it is described by its ohmic behaviour and therefore all the hyperbola branches
connect to the same straight line, the slope of which represents the normal-state resistivity
of the TES. Assuming that the bias load ZL is negligible, the typical I–V curves of a TES are
shown in Figure 5a where curves of different colors represent different values of Pext.

Once we have discussed the I–V characteristic curves of the TES in its NETF configu-
ration, it is worth briefly discussing the detection principle and the operation of a TES as a
bolometer and as a calorimeter.

To reiterate, when a deposition of energy occurs onto the TES, its temperature in-
creases and so does its resistance. If biased correctly in an NETF scheme, this results
in an increased current flowing through the TES (according to the I–V curves shown in
Figure 6), which can be further amplified and read out. The main difference between
the two operational regimes is the nature of the impinging power: if it is transferred to
the TES (or its absorber) instantaneously or with a time-scale which is much faster than
the characteristic time-scale of the TES response in NETF, it is said to be operated as a
calorimeter (single photon/particle detector). Differently, if the power is delivered to the
TES in a time-scale which is comparable or even larger (imagine an optical flux or the
variations thereof) than the characteristic time-scale of the TES in NETF, the TES is said
to be operated as a bolometer. From a purely physical point of view, there is not a large
difference other than the functional dependency of Pext(t) in Equation (18). Figure 6a,b
show the operation of a TES as a bolometer (See Section 3.2), whereas Figure 7a,b show the
operation of a TES as a calorimeter (See Section 3.3).
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Figure 5. Measured I–V curves of a TES. The I–V characteristic of a TES can be derived as the
steady-state solution of Equation (18). The top most blue curve represents the case in which no optical
load heats up the TES, whereas all the other curves represent increasing values of Pext as described in
the legend.

Figure 6. Operation of a TES in a bolometric regime. (a) Two I–V curves relative to Pext = 0 (black)
and Pext = P0 (blue). At time t = t0, the external power is turned on and the TES, biased with a
voltage VBias, rapidly transitions from one I–V curve to the other, resulting in a different current
flowing through the superconductor. (b) Response of the TES to the scenario described in (a) but
represented as a function of time.
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Figure 7. Operation of a TES in a calorimetric regime. (a) At time t = t0, the external power is turned
on and the TES for an infinitely small amount of time; the TES biased with voltage VBias rapidly
transitions from one I–V curve to another and back to the original curve as described by the green
arrows. This results in a time-varying current flowing through the superconductor. (b) Response of
the TES to the scenario described in (a) but represented as a function of time.

3.2. Bolometric Operation

By addressing the steady-state case in the previous section, we have effectively also
discussed the bolometric operation of a TES. A ‘slow’ variation of Pext in Equation (18)
results in the bias of the TES on a different I–V curve. It is fair to say that as the energy flux
impinging on the TES varies, slowly with respect to its characteristic time scales, the TES
moves from one I–V curve to another and the physical signal is its bias current which,
at all times, is a solution to the steady-state equations presented in Equation (18). A small
change in the temperature of the TES T → T + δT results in a change in the Joule power

δPj = −V2

R2
dR
dT δT = −LGδT. Here, the loop-gain L is defined as L =

αPj
GT and α = dR

dT
T
R is

the a-dimensional derivative of the transition curve.
In this configuration, when the TES is in dynamic thermal equilibrium, the sum of

Joule power and external power is conserved; hence, we can write

Pext + PJ = const (20)

and any small fluctuation is given by:

δPext + δI · V = 0. (21)

Whereby, because of the fixed voltage negative electro-thermal feedback the compo-
nent, I · δV = 0. From Equation (21), we can infer the responsivity of the bolometer as

δI = − δPext

V
. (22)

3.3. Calorimetric Operation

The calorimetric operation occurs when the impinging power is described, ideally,
as P(t) = E0 δ(t − t0). In the first approximation, we can imagine a small fluctuation of the
impinging power δPexte−iωt as a generic Fourier component of an impinging power Pext(t).
If we solve this problem in Fourier transform space, we obtain

δPext −
V2

R2
dR
dT

δT = GδT − iωδT, (23)
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δPext = (−iωC + G + LGδT)δT, (24)

δPext = δTG(L+ 1)(1 − ωτe f f ), (25)

where τe f f =
τ

(1+L) is the new time constant of the system, which not only depends on C
and G, but also now depends on the loop parameters which can significantly speed up the
response of the TES. Furthermore, by applying Ohm’s law, we can infer

δI = − V
R2

dR
dT

δT = −LG
V

δT. (26)

Finally, the responsivity of the detector S, defined as the current produced by a unitary
change in Pext, can be evaluated as

S =
δI

δPext
= − 1

V
L

(L+ 1)
1

1 − iωτe f f
. (27)

Equation (27) describes the response of a TES in NETF to any periodic variation of
Pext. Through it, the response of any optical input can be determined by decomposing it
into its Fourier components and computing the transfer function independently before
re-combining the solutions; we want to focus on the two most interesting cases:

1. For slow-varying signals ( ω << 1/τe f f ) and in a strong electro-thermal feedback
(L >> 1) the responsivity of the detector only depends on the bias voltage

S ∝ − 1
V

, (28)

which is consistent with what we discussed in Section 3.2 where we addressed the
bolometeric operation of a TES.

2. The current response of the system to an instantaneous delta-like deposit of energy
can be calculated through the 1-pole transfer function as

I(t) = − 1
V

E0

τe f f
e
− t

τe f f

(
L

L+ 1

)
, (29)

which in a strong electro-thermal feedback (L >> 1) can be further simplified as:

I(t) = − 1
V

E0

τe f f
e
− t

τe f f . (30)

Since the currents produced by such systems are extremely small, in order to effectively
detect the response of a TES detector, the signal thus produced needs to be amplified before
being digitized. The most widespread approach involves a superconducting quantum inter-
ference device (SQUID) operated as an amplifier (further details in Section 3.6). The main
advantage of a SQUID-based amplifier involves its capability of acting as an ‘ideal’ trans-
conductance amplifier, with an almost zero input impedance and a large output impedance.
Thus, the SQUID amplifier couples all the current produced by the TES to its input and
while amplifying the signal, it converts it into a voltage turning an impedance-sensitive
measurement into a more standard voltage measurement that can be performed with a
Digital-to-Analog Converter (DAC).

3.4. Inductive Bias

As a small note, in some applications where noise is critical, it might be worth using a
purely inductive load to bias the TES ZL = LL. This results in the effective reduction of the
Johnson noise component, which is due to the finite resistance of the shunt resistance RL.
Further details on noise can be found in Section 3.8.
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3.5. TES Examples

For the sake of completeness, before further discussions on the technological de-
tails and the applications of Transition Edge Sensors, we believe it is appropriate to
show two different TESs intended for the detection of cosmic microwave background
radiation as part of two different experiments LSPE/SWIPE and LiteBIRD, described in
Sections 4.4.14 and 4.4.15, respectively. Figure 8 shows a Transition Edge Sensor developed
during the R&D phase of the LSPE/SWIPE experiment; it consists of a Au/Ti/Au trilayer
which allows for the fine control of the critical temperature of the film (280 mK) on a SiN
membrane, which decouples the TES from the Si substrate and helps to achieve a high
sensitivity of the TES by reducing the thermal capacity. The thermal link to the bath is
achieved through a gold spiderweb which also acts as an absorber. The size of the spider-
web is ≈8 mm in diameter, while the diameter of the inner core of the web, which hosts the
TES (as shown in the inset of Figure 8), measures ≈ 370 µm in diameter.

Figure 8. A spiderweb TES developed during the R&D phase of the LSPE/SWIPE experiment. The
red inset shows a close-up on the TES thermistor.

The chip shown in Figure 9 represents one of the polarimeters (i.e., two detectors
sensitive to the two polarizations of light) of the Medium and High Frequencies Telescope
(MHFT) that will be part of the payload of the LiteBIRD spacecraft. Each chip consists of
two TESs and four membrane-suspended antennas for the detection of the two components
polarized separately [39]. The radiation thus coupled to the antennas is fed through a
filter-bank for multichroic sensing and is then absorbed in the form of dissipated heat on
a membrane-suspended TES (shown in the inset). The TESs, fabricated at the (American)
National Institute of Standards and Technology (NIST), are made of Al/Mn films with a
critical temperature of 200 mK.
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Figure 9. An antenna-coupled TES fabricated by NIST which will find application on the MHFT
instrument of the LiteBIRD spacecraft. The red inset shows a close up on the TES thermistor.

3.6. SQUID Amplification
3.6.1. DC-SQUID

A SQUID is a superconducting ring, also known as a SQUID washer, interrupted by
one (RF-SQUID) or two (DC-SQUID) weak links in the form of Superconductor–Insulator–
Superconductor junction, Superconductor–Normal Metal–Superconductor junction, Dayem
bridge, etc. [40]. The schematic of a DC-SQUID is shown in Figure 10a. Generally, when a
SQUID is biased with a current IB, a variation in the magnetic flux coupled to the SQUID
washer, it produces a voltage swing across the junctions, which is periodic with a fixed
period defined by the magnetic flux quantum ϕ0 ( h

2e = 2.065 · 10−15 Wb). The trans-
characteristic curve of a DC-SQUID that correlates the magnetic flux (Φ) with the voltage
generated across the junctions is shown in Figure 10b. The V–Φ curve is steepest when
the flux applied is an even multiple of ϕ0: Φ = (2n − 1)ϕ0/4. In such a configuration,
the response of the DC-SQUID to a small magnetic flux dΦ << ϕ0 is linear and the transfer
coefficient VΦ = ∂V/∂Φ is maximum. In order to use a DC-SQUID as an amplifier, usually,
one fixes its working point around any one solution of Φ = (2n − 1)ϕ0/4 by having a static
flux coupled into the SQUID washer through an apposite flux bias coil and coupling the
current signal that needs to be amplified through a separate closely coupled thin-film input
coil. This is also recreated in SQUID Array amplifiers which combine a large number of
SQUIDs connected in series and in parallel in order to optimize the trans-characteristics
and the performance of the device.
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Figure 10. Scheme of a SQUID amplifier. (a) Electrical scheme of a SQUID amplifier. (b) Vϕ charac-
teristics of a SQUID amplifier and the response of the system related to the shape of the characteristic.

3.6.2. SQUID Array Amplifiers

The majority of TES devices leverage the DC-SQUID as the most sensitive detector of
magnetic flux currently available. To date, SQUIDs have been used in innumerable low-
frequency applications, including gravitational wave detection [41], susceptometry [42],
biomagnetism [43], non-destructive evaluation [44] and magnetic resonance imaging [45].
Recently, growing interest in low-noise radio frequency and microwave amplification
for particle detection [46], infrared sensor readout and superconducting quantum bit
measurements [47] has formed. In these applications, SQUIDs are one of the leading
candidates due to their very low power dissipation and good noise characteristics.

Connecting a number of identical DC-SQUIDs in series can considerably amplify the
relatively small voltage signal produced by each device individually. In case an array
of identical SQUIDs is biased at an identical working point and the same magnetic flux
is coupled into each SQUID, the array acts like a single SQUID with an enhanced tran-
simpedance which is ideally the product of the individual contributions. Series SQUID
arrays provide outstanding slew rate performance because the linear flux range is preserved.
Arrays of 100 SQUIDs are commonplace, and several mV output signals can be achieved.
Although the voltage noise density across the array increases linearly with the number
of SQUIDs, a 100-SQUID array can drive a room-temperature preamplifier directly [48]
and increase the system noise only slightly above the intrinsic noise of the SQUID array.
The flux noise density and input current noise density both scale inversely with the number
of SQUIDs, conserving a constant coupled energy resolution. In principle, a pickup coil
could be coupled to the input coil to form a magnetometer, but series SQUID arrays are
almost always used as transimpedance amplifiers in configurations like two-stage SQUIDs
or readout devices for cryogenic particle detectors. Experimental results showed a very
high bandwidth on the order of 100 MHz with 100-SQUID arrays [49,50].

It is worth noticing that the performance of SQUID amplifiers can be boosted by having
arrays with a similar number of SQUIDs in series as in parallel, in particular, to overcome
the detrimental effect of a non-uniform bias configuration [51] and to decrease the overall
noise of the system [52].

In most applications or instruments, a SQUID is used as a null-detector device lin-
earized through negative feedback [48]. The negative feedback modes of operation include
flux-lock modes. In such operation modes, the feedback signal is coupled to the SQUID:
an external signal applied to the input coil generates a flux in the SQUID, which is coun-
tered by an opposing flux in the feedback coil coupled to the SQUID’s inductance. If the
feedback and input coils are not screened adequately enough, the feedback signal couples,
together with the modulation signal, if conventional readout electronics are used, to the
input circuit and interacts with the load. Also, in experiments where the load inductance is
usually superconducting and variable, the feedback coupling changes with the load due to
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screening effects. Therefore, the SQUID should be designed such that the coupling of the
feedback and modulation signals to the input circuit is negligible. This can be achieved
by designing the SQUID layout with separate secondary coils for the input and feedback
flux transformers.

For specifically critical applications, multiple SQUID arrays can be cascaded [53].
Some applications include those cases in which the signal-to-noise ratio (SNR) needs to
be pushed to its maximum, or those in which the thermal budget at the cold state of the
cryostat is limited or those in which the amplifier needs to be thermally decoupled from
the detectors. While there is no unique cascading scheme [53–56], the general approach to
a multi-stage SQUID amplification chain relies on a first stage which acts as a ‘front-end’
amplifier, i.e., exhibits a limited amplification gain and a large bandwidth in order to not
distort the signal. Unfortunately, such a SQUID amplifier also exhibits a rather limited
saturation power which also limits the multiplexing factor of TESs read out in parallel
through a multi stage SQUID chain. The first stage acts as an emitter–follower transducing
an impedance-sensitive signal such as the current produced by the TES into a much handier
voltage signal which can be further amplified by the later stage SQUID amplifiers. Since
the front-end amplifier produces a voltage signal, such voltage can be fed into a series of
SQUID arrays anchored to a plate at a higher temperature. The later stages, commonly
referred to as the ‘booster’ [54], can dissipate more heat because the cooling power increases
largely at higher temperature and the amplification factor of a SQUID array is proportional
to the power it dissipates [57].

3.7. Multiplexing

In light of all the reasons discussed so far, the operation of a TES occurs at extremely
low temperatures well below 1 K. Even the most advanced commercial refrigerators only
have a very limited cooling power, usually less than 100 mW [58], at their milli-Kelvin
stage. Such a small cooling power would severely hinder the up-scaling of a TES array if
they were to be read out individually as the power dissipated by the SQUID arrays and
the thermal-load of the signal lines would quickly saturate all the cooling power available.
In order to overcome this issue, several multiplexing strategies are available and are here
discussed. More in general, the multiplexing of analogue signals occurs in four defined
and consequential steps:

1. Bandwidth limitation is essential in order to prevent any degradation of the signal
due to either out-of-band detector noise aliasing into the signal band or appearing as
excess cross-talk.

2. Encoding or Modulation is the step whereby the signals from different pixels are
encoded by multiplying them by orthonormal functions.

3. Summation of the encoded signals into one time-ordered data stream.
4. Decoding or De-modulation is achieved through knowing the encoding function and

applying a decoding algorithm.

In the next few sections, we will present an overview of the different possible multiplex-
ing schemes and we will demonstrate their working principle as well as show a simulated
Time-Ordered Data (TOD) in the case of a calorimetric detection. The use of a TES as a
bolometer is merely a simplification of such a case where all the signals are constant.

3.7.1. Time Division Multiplexing

Time Division Multiplexing (TDM) is a rather old technique dating back to the 1870s
and was developed in parallel to the rise of the telegraph [59]. TDM allots a specific interval
of time to each of the detectors for their readout. With the use of a switch matrix, all the
detectors are read out in order in columns and rows. Ensuring a fast commuting time
and a small time slot to each detector, frame rates of up to 20 kHz can be achieved [60].
For applications where the detector signals do not vary in time-scales of the order of 100 µs,
this results in an effectively ‘continuous’ monitoring of the source.
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TDM has been widely implemented as a multiplexing scheme for Transition Edge
Sensors in a large number of different schemes, all of which exploit the same working
principle: a 2D array of TES (M − rows × N − columns) with M SQUIDs, one per each
row, is read out by sequentially switching on the SQUIDs (1, 2, · · · , M) during the on-
phase of each of the M SQUIDs. A firmware-controlled DAC biases the individual NTESs
on the M-th row one at the time for time intervals as short as 1 µs. In order to prevent
aliasing, the bandwidth of the TES is limited to below the Nyquist frequency defined by
the switching interval (e.g., 500 kHz for the 1 µs switching time in the example above).
This limitation is achieved with a single-pole RL low-pass filter where R is the resistance
of the TES and L is the inductance of the input coil of the SQUID [61]. The number of
channels that can be read in a TDM scheme is limited by SQUID-noise aliasing and it scales
as

√
N [62,63] and the energy resolution can be degraded by insufficient accuracy in the

pulse arrival time. One possible implementation of a TDM scheme with only two TESs is
shown in Figure 11. Figure 12 shows the working principle of a TDM readout with four
TESs read out in sequential time frames. During each time frame, each TES is read out
only for a fraction of the time frame. Each TES produces an individual pulse with different
amplitudes and at different times. The TOD read out at room temperature given by the
concatenation of the signals on each channel during their own ‘on’ period is shown at the
top of the graph. It is worth stating that this scheme only serves the purpose of explaining
the working principle of TDM. In all practical applications, the switching frequency is much
higher than the characteristic time-scales with which the TES signal varies. This results in a
fine sampling of the signal without a large information loss on the signals thus acquired.

Figure 11. Circuital schematic implementation of a two-TES TDM. Each channel is colour coded:
cyan for CH#1 and red for CH#2. The switching occurs by turning on and off the different bias lines
of the SQUID amplifiers.
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Figure 12. Time Division Multiplexing scheme. The signal produced by the four different TESs is
shown in red, black, yellow and violet. The green (red) fields in the picture show, per each frame the
time each channel is switched on (off). The TOD read out by the electronics contains the data points
of the TES signals at (convolved with) their respective own on time intervals. This picture represents
an extreme case where the sampling interval is comparable with the characteristic time figures of the
TES and shows how such a scheme may lead to data loss because of the difficulty in reconstructing
the data curves (see TES#2 in black). Ideally, the sampling time and frequency is much faster than
the rise and fall time of the TESs so that a proper sampling can be achieved without data loss. If,
on the other hand, the sampling interval is significantly larger than the rise and fall time of the TESs,
the pulses are properly reconstructed, but the dead time of the detectors is significantly increased.

3.7.2. Frequency Division Multiplexing

The Frequency Division Multiplexing (FDM) scheme exploits frequency ranges instead
of time intervals, resulting in a continuous monitoring of the detectors, which solves the
aliasing problem that is inherent to TDM. In FDM, each TES is connected in series to an
inductor and to a capacitor, resulting in a bank of band-pass filters, as shown in Figure 13.
The circuit will be eventually composed by a fixed number of branches (multiplexing
factor), each of which includes the detector’s variable resistance and the aforementioned
LC filter. Each TES will be biased with a sine wave at a specific frequency, selected by
the resonator geometry. This configuration is, alongside the TDM, the most used for the
TES readout.

While ideally, the arguments discussed in Section 3 still stands, it is worth stating that,
following the discussion found in Dreyer et al. [64], the responsivity of a TES biased with a
sinusoidal voltage becomes

S =
√

2/Vrms
c , (31)

where Vrms
c is the rms of the amplitude of the sine wave and the factor

√
2 arises from the

average voltage carried by a sine wave over one period.
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Figure 13. Frequency Division Multiplexing. In a simple 2-TES scheme, each detector is connected to
a band-pass LC resonator filter. The comb of carriers is generated and sent to the multiplexing circuit
through only one wire. Each channel is color coded, cyan for CH#1 and red for CH#2. The nulling
occurs at the input coil of the SQUID amplifier.

The FDM is performed by generating a comb of sinusoidal signals at the selected
resonance frequencies which are fed to the array on a single transmission line. It is up to
the filter bank to distribute the bias signal to each TES, the variable resistance of which acts
as an amplitude modulator to the sine waves. In the bolometric regime, the variation of
the incoming radiation power leads to a variation in the resistance value of the TES and
to an amplitude modulation of the bolometer bias current which can be measured. In the
calorimetric regime, the impulsive signal is retrieved by de-convolving the TOD at the
frequencies of each individual channel, as shown in Figure 14.

The advantage FDM holds is linked to the possibility of using a single wire for
transferring the bias current to the entire circuit, which can comprehend several branches
and therefore bolometers. The only limit on the number of detectors that can be read out
in this configuration is set by the required bandwidth and the capabilities of the readout
electronics. Moreover, the signals coming from the TES channels at different frequencies
are summed in a summing node and transferred to the rest of the readout chain on a single
wire, in particular to a low input impedance SQUID. This results in a decreased thermal
load and lower heat dissipation at the cryogenic stages.

In general, the physical signal produced by the TES is much smaller in amplitude
than the bias sine wave, therefore an inverted carrier comb, called nulling, is injected in
the circuit at the input coil of the SQUID, as shown in Figure 13. This signal cancels out
the carrier current, leaving the physical signal modulation unaltered and prevents the
saturation of the dynamic range of the SQUID amplifier.



Instruments 2024, 8, 47 21 of 65

Figure 14. Frequency Division Multiplexing scheme. In a simple 2-TES scheme, each detector is
continuously monitored. By de-convolving the TOD at the frequencies of each individual channel,
it is possible to obtain information on the amplitude of the oscillations at each frequency. By then
plotting the amplitude of the pulse which is the envelope function that is convoluted with the sine
wave at each specific frequency, it is possible to obtain a pulse-like shape typical of a TES detector.
The shaded area represents the response of the TESs in their idle state.

3.7.3. Code Division Multiplexing

Code Division Multiplexing (CDM) is an architecture that combines the advantages of
TDM and FDM. In TDM, the modulating function that distinguishes the pulses produced
by different detectors is a combination of N square waves with low duty cycle whereas
in FDM, the modulation is achieved through N sinusoidal waves at different frequencies.
The major breakthrough of CDM is that the detectors have the polarity of their coupling to
the SQUID amplifier modulated by Walsh matrices [62]. The simplest case possible is that
of a two-channel CDM: the sum and the difference of the signals from TES#1 and TES#2.
Knowing the sum and difference of the two signals allows the unique identification of the
two individual signals. The advantage of CDM compared to TDM and FDM is that while
the SQUID noise is degraded by a factor

√
N, N samples of the N pixels are read out at each

frame, therefore resulting in a
√

N improvement in signal-to-noise ratio [65]. Unfortunately,
the very simplified case of using Walsh matrix modulation has yielded non-profitable
results due to the complexity of achieving bandwidth limitation in such architecture. Two
solutions have been proposed and developed: CDM with flux summation and CDM with
current steering. Regardless of the architecture it is implemented in, the working principle
of CDM is explained in Figure 15. The top of the figure shows the TOD of four different
pulses as produced by four TESs. The signals are equally distributed, with 1/4 amplitude
across the four channels and the coupling to each SQUID that defines the channels is
achieved with a polarity that is unique to each TES-Channel pair. The de-multiplexing is
achieved by comparing the polarity combination of each pulse on the different feedlines
with a look-up table.
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Figure 15. Code Division Multiplexing scheme. The top of the figure shows the TOD of four
different pulses as produced by four TESs (TES#1, TES#2, TES#3, TES#4). Such signals are equally
distributed across the four channels (CH#1, CH#2, CH#3, CH#4) with a polarity that is unique to each
TES-Channel pair. The polarity is shown as different background color: green for positive and red for
negative. The de-multiplexing is achieved by looking at the polarity combination of each pulse on
the different feedlines and comparing it with a look-up table.

CDM with Flux Summation

The simplest way to achieve CDM is to sum the currents from N TESs in N different
SQUIDs with different coupling polarities and then read them out sequentially with the
use of a traditional TDM SQUID multiplexer. Going back to the two-TES example, this
means that the sums of the currents arising from TES#1 and TES#2 are summed at the input
of SQUID#1 and subtracted at the input of SQUID#2. In general, through a set of inductors,
the fluxes thus produced are summed (with sign) into superconducting transformers that
are then coupled to the individual SQUIDs as shown in Figure 16. Compared to current-
steering CDM, flux summation is extremely straightforward but it comes at the expense of
the complexity of the routing scheme and the size of lithographic elements.
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Figure 16. Code Division Multiplexing. In a simple 2-TES flux-summation scheme, the two SQUIDs
are fed with the signal produced by the two TESs with alternate polarities. The two SQUIDs are
alternatively read out on the ‘Data Out’ line.

CDM with Current Steering

Current steering CDM exploits a superconducting Single Pole Double Throw (SPDT)
switch to modulate the polarity with which each TES is coupled to the SQUID amplifier.
First, the bandwidth of signal from the TES is limited through an L/R low-pass filter [66];
the signal thus limited is then modulated. The two arms of the SPDT are routed to contain
a superconducting-to-normal (S-N) which is a low-inductance SQUID operated as a flux-
controlled variable resistor. Furthermore, the second arm of the SPDT has an additional π
phase offset; thus, when no bias is applied to the SPDT, the SN#2 switch is off and SN#1
is on. In contrast, when SN1 is on, SN2 is off. In the first case, the signal is coupled with
positive polarity, whereas in the second, the polarity is negative. When the polarity of each
TES is switched, a back-action voltage is generated which has two main effects: acting as a
source of cross-talk and producing an additional resistive component. Over a full frame,
the cross-talk induced by the switching is null because of the ortho-normality of the Walsh
vectors [66]. The extra resistance Rs = Lsw/τsw (where Lsw is the parasitic inductance of
the SN switch and τsw is the interval between two switching times) is in series with the
bias voltage and needs to be small compared to the normal state resistance of the TES.
Because the polarity modulation induced by the current-steering occurs at a frequency
much larger than the bandwidth of the signal, no aliasing deteriorates the noise figure of the
detector [66]. In principle, a hybrid scheme between current-steering and flux summation
is possible and it involves coupling the signal from the TES into two superconducting
transformers with opposite polarities and each branch is then switched on or off through
SN switches. This last approach has the great advantage of reducing the number of address
lines required to drive the commutation of the SN switches. Thanks to the periodic nature
of the response of the SN switches, the number of address lines required to read out Nrows of
TESs is log2Nrows [65]; this means that 256 rows of TES can be read out with only 8 address
lines reducing dramatically the power dissipated in the cryostat and the thermal load.
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3.7.4. Microwave Multiplexing (µ-MUX)

The biggest challenge of both TDM TESs and FDM TESs is the maximum achievable
multiplexing factor which, for most practical implementations, is limited to less than 100.
The development of other cryogenic detectors which operate at frequencies up to 8 GHz
contributed to the development of ever-improving microwave electronics. Microwave
multiplexing (µ-MUX) exploits the same working principle of FDM of coupling each TES
to a resonant circuit with a unique resonance frequency and reading out each element in
parallel by modulating and demodulating the signals produced by the TES at different
frequencies. Such coupling, in the µ-MUX scheme, occurs through an RF-SQUID, one per
each TES, that couples the current flowing through the TES to the resonance frequency of
an LC circuit through local variations in magnetic flux [67]. All the resonating circuits are
then coupled to the same coplanar waveguide (CPW) transmission line for their readout
through the first amplification stage through a High Electron Mobility Transistor (HEMT)
amplifier. Furthermore, there is often present a saw-tooth wave coupled to the RF-SQUID
in order to up-convert the TES signal to higher frequencies in the 20 kHz range where
the 1/f noise becomes negligible. A typical scheme for the implementation of microwave
multiplexing can be found in Figure 17.

Figure 17. Electronic schematic for the implementation of a 2-TES µMUX. The section in the violet
box represents the two TESs and their bias circuit. They are individually coupled to a microwave
resonator through an RF-SQUID (blue box for #1 and red box for #2). The section in the violet box
represents the saw-tooth wave used as a signal frequency up-converted.

In such a scheme, a multiplexing factor of up to 2000 can be achieved in the 4–8 GHz
octave, where the 2 MHz spacing between adjacent frequencies is an optimum both for the
readout electronics, and the fabrication of the multiplexer chip. Each resonant circuit has
an estimated bandwidth of about 100 kHz and a depth of about 10–20 dB, which result in a
quality factor of the resonators in the order of 40,000–80,000. In such a configuration, Dober
et al. [68] demonstrated that the readout only contributes to less than 5% of the overall
noise of the detectors with an input-referred current noise of 45 pA/

√
Hz and a 1/ f knee

at about 20 mHz.
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3.7.5. Comparison

The previous section on different multiplexing techniques is rather difficult to follow
without previous hands-on experience on TES detectors and quite some familiarity with
SQUID amplifiers and transducers. Table 1 summarizes the main characteristics of the
different multiplexing schemes. We hope such a table may help the reader choose the best
option for the multiplexing of their TES array.

Table 1. Comparison between different multiplexing schemes. All values are intended to be typical
unless differently stated.

TDM FDM CDM µ-MUX

Complexity ◦ ◦◦ ◦ ◦ ◦◦ ◦ ◦ ◦
Cost ◦ ◦◦ ◦ ◦ ◦ ◦ ◦ ◦◦
Aliasing Yes No No No
Dead Time Yes No Yes No
Noise Level (pA/

√
Hz) 10 10 19 45

MUX factor <128 32 ∼100 2000

3.8. Noise Sources

The main thermodynamical noise sources that affect TESs are the following: Johnson
noise arising from both TES and load resistance; and thermal noise due to fluctuations
in power transfer between the reservoir (at a temperature TR) and the TES through the
thermal link. One further noise contribution is introduced by both the cold (SQUID) and
warm (amplification chain) readout electronics.

In addition to these intrinsic sources, TES bolometers exhibit photon noise, which
arises from the fluctuation in the photon occupation number of the impinging radiation.
Photon noise solely depends on the impinging radiation and not on the detector or its
experimental setup and therefore cannot be further improved upon. For this reason, the
desired noise level of a bolometer is comparable to or smaller than the photon noise of the
source. A detector that operates in this regime is said to be photon noise limited.

For many practical applications, it is convenient to define the figure of merit commonly
referred to as Noise Equivalent Power (NEP). NEP is defined as the signal power that must
be applied to the TES in order to produce a signal which is equivalent to the measured
noise. It can be calculated as the square root of the power spectral density (PSD) of the noise

NEP(ω) =
√

SP(ω)
(

W/
√

Hz
)

. (32)

In the next few pages, for the sake of clarity we will indicate the power spectral density
SP(ω) as NEP2(ω). In general, it is fair to assume that the different noise sources are inde-
pendent and uncorrelated; therefore, we can add in quadrature the different contributions
and define a total noise equivalent power NEPtot as

NEPtot =

√
n

∑
i=1

NEP2
i . (33)

Following the arguments presented throughout this review, we want to make a distinc-
tion between the case of a TES used as a bolometer and as a calorimeter. In the former, it is
the low-frequency component of the noise

(
ωnoise ≤ 1/(2πτe f f )

)
that leaks into the signal

band, whereas in the latter, the signal has a much wider band and therefore the noise com-
ponents at much higher frequency feed into the signal. This is because the response function
of a TES to an instantaneous absorption of energy by the calorimeter is formally identical
to the noise associated with thermal fluctuations; therefore, their PSDs are identical in
shape [69]. While the performance of a bolometer is defined by its NEPtot, the performance



Instruments 2024, 8, 47 26 of 65

of a calorimeter is defined by its energy resolution, i.e., the smallest variation in energy
it can measure. The maximum energy resolution achievable by a calorimeter, under the
assumption that the noise that affects it is stationary, can be computed through an optimum
filter and it can be computed following McCammon [69] as

δEFWHM = 2
√

2ln2
(∫ ∞

0

4
NEP2

tot( f )
d f
)−1/2

(J). (34)

3.8.1. Thermodynamic Fluctuation Noise

This component is associated with white shot noise due to the discrete energy carrier
flow in the thermal link between the reservoir and the TES. An estimate of this noise can be
made by considering the average energy fluctuation associated with a thermal capacity C
in equilibrium with a thermal reservoir with a temperature TR, ⟨∆E2⟩ = kBT2C. Since shot
noise is white, we can calculate the energy fluctuation as the integral over all frequencies
of noise spectral amplitude by the response function of the weak conductive link and the
thermal mass assembly (a low-pass filter with cutoff frequency, fc = 1/τ) [70]. Thus, we
obtain that the power fluctuations propagating through the thermal link exhibit a spectral
density given by

NEP2
t f n ≃ 4kBT2G

(
W2/Hz

)
. (35)

This equation only stands if the reservoir and detector are in thermal equilibrium. Outside
of equilibrium, it is necessary to consider the thermal gradient across the link; therefore,
the two limiting cases have been found considering the two extreme cases whereby the
energy carriers have a mean free path which is significantly larger than the length of the
thermal link or much smaller. In the former case, according to Boyle and Rodgers Jr [71],
the NEP can be computed as

NEP2
t f n = 4kBT2

RG0
tβG+2 + 2

2

(
W2/Hz

)
, (36)

where t = T/TR, G0 is the thermal conductance at T = 0 K, G = |∂Plink/∂T| ∝ TβG [69]. In
the latter, Mather [72] derived

NEP2
t f n = 4KBT2

RG0
βG + 1

2βG + 3
t2βG+3 + 2
tβG+1 − 1

(
W2/Hz

)
(37)

with the aforementioned nomenclature.

3.8.2. Johnson Noise

Johnson noise [73] is due to both voltage fluctuations across the bias resistor and across
the TES. For a general resistor, these voltage fluctuations exhibit a power spectral density
given by [74]

SV = 4kBTR
(

W2/Hz
)

. (38)

Since the TES is in NTEF, we must consider its effect when discussing the effects of both
sources. In the case of voltage fluctuations generated by the bias resistor, the TES produces
current signal as a response to the voltage change according to the electrical admittance of
the TES [38]

Yext = S(ω)I0
L− 1
L (1 + iωτI) (A/V), (39)

where S(ω) is the responsivity of the TES, L is the loop-gain, and the time constant of a
current-biased TES reads [38]

τI =
τ

1 −L . (40)
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The NEP can be calculated by multiplying the voltage Johnson noise of the bias
resistance by Equation (39) and dividing it by the responsivity of the TES according to
Irwin and Hilton [38]

NEP2
PRbias

(ω) = 4kBTbias I2
0 Rbias

(L− 1)2

L2 (1 + ω2τ2
I )

(
W2/Hz

)
, (41)

where Tbias is the electronic temperature of the bias impedance. Whereas the voltage John-
son noise arises across the resistance of the TES, the Joule power generated is dissipated dif-
ferently through the TES with respect to the previous scenario; hence, Irwin and Hilton [38]
computed the Johnson NEP as

NEP2
PTES

(ω) = 4kBTI2
0 RTES

ξ(I0)

L2
I
(1 + ω2τ2)

(
W2/Hz

)
. (42)

In addition, in order to account for the non-linearity in the voltage drop across the super-
conductor which is due to a ∆R induced by a change in the current flowing through it, we
must include a factor (ξ)

ξ(I) = 1 + 2β I , (43)

where β I is the logarithmic derivative of the TES resistance with respect to the current
flowing through it and defined as β I =

dR
dI

I
R .

3.8.3. Readout Noise

The main contribution to the noise in the readout chain usually arises from the SQUID
amplifier. For most commercial applications, the current equivalent noise at its input coil
inSQUID (A/

√
Hz) is provided by the manufacturer. In order to obtain its NEP, we can

divide inSQUID by the detector responsivity

NEP2
SQUID =

inSQUID (ω)2

S(ω)2

(
W2/Hz

)
. (44)

If well designed, the noise produced by the cold-amplification stage dominates over the
noise introduced by any other element further down the readout chain. Typically, the volt-
age noise en of an operational amplifier operating at room temperature is of the order
1 nV/

√
Hz. Such an operational amplifier exhibits a current noise in ∼ pA/

√
Hz coming

out of its input terminals. If the SQUID exhibits a dynamic resistance Rdyn ∼ 100 Ω (which
is typical for SQUID arrays with gain of a few hundred V/A), the interplay between the
noise current and the dynamic resistance of the SQUID becomes non-negligible and it
induces a voltage drop across the SQUID amplifier. Under these conditions, the NEP
generated from the warm readout becomes

NEP2
wr(ω) ≃

(en(ω)2 + in(ω)2R2
dyn)

Z2
tranS(ω)2

(
W2/Hz

)
. (45)

3.8.4. Photon Noise

As previously discussed, the photon noise can be regarded as a noise floor which is
only dependent on the detected radiation and not on the detector nor on its readout chain.
It sets a fundamental limit to the sensitivity of any detector. It includes two terms [75]

NEP2
opt = 2hνPopt + ζ

P2
opt

δν

(
W2/Hz

)
, (46)

where ν is the band center of the detected radiation, δν is the detection bandwidth, Popt is
the total optical power and ζ is called the bunching factor [76] and ranges between 0 and 1
and its nature will be discussed later.
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The first term is simply due to the photon shot noise and derives from the simple
counting of the number of photons with given energy per unit time, whereas the second
term arises from the fact that photons are bosonic in nature and tend to distribute their en-
ergies according to Bose–Einstein’s distribution. In general, it is possible to state, with good
measure, that 0.3 ≤ ζ ≤ 0.6 [76].

3.8.5. Excess Noise

In the last few years, a number of research groups have reported noise figures with
components that exceed the ones we have just discussed. In most cases, such excess noise
appears at high frequency, in the proximity of the roll-off frequency of the TES [76]. Such
components appear to be correlated with the steepness of the superconducting-to-normal
transition and the a-dimensional derivative α and it seems to improve if α-mitigation
strategies are put in place [77,78]. Furthermore, there is anecdotal mention of this effect
being exacerbated by inhomogeneities in the superconducting film, but the published data
are scarce [76].

Excess noise in X-ray calorimeters has been widely studied since Galeazzi [79] and
can be attributed to two different effects:

• Flux Flow Noise is due to trapped magnetic field lines that create a vortex in the
superconductor. A vortex is free to move on the surface of the superconductor and
while doing so, it generates a voltage drop. The noise term arising from flux flow

can be written as
√

ϕ0
IR f f

1+ IR
V0

where ϕ0 is the magnetic flux quantum, I is the current

flowing through the TES R f f and V0; the latter represents the voltage above which the
noise saturates (V0), whereas the former is only a coefficient with units of Ohms.

• Internal Thermal Fluctuation Noise arises from the finite thermal conductance in the
TES film. Different segments of the film may exhibit a different temperature simply
because of geometrical and physical properties of the TES and the point where the TES
is struck. These thermal fluctuations can lead to an extra noise component. Accounting
for internal thermal fluctuations, noise allows one to scale the simple one-conductance
approximation of a TES to a more realistic description of the detector.

It is worth mentioning that in addition to this excess noise, there is a well known effect
that arises in a TES when the heat capacity of the thermal link to the reservoir becomes
comparable with the heat capacity of the TES itself. An in-depth discussion can be found in
Gildemeister et al. [80].

3.8.6. Noise Comparison Between Different Multiplexing Schemes

It is obvious that different multiplexing schemes, such as those presented in Section 3.7,
exhibit different noise levels and some extra contributions which are inherent to the multi-
plexing architecture may appear. In this section, we will address the aforementioned noise
sources and we will discuss how they interplay with different readout schemes.

In general, wide-band noise from the SQUID is added to the signal after it is encoded
and such noise is then filtered out during decoding [38]. The noise that is added during the
encoding strongly depends on the bandwidth of the encoded signal.

• Time Division Multiplexing: In TDM, the encoding occurs through a modulation of
the signal with a boxcar that represents the switching between different TES channels.
Each pixel is read out for a ‘time-frame’ which has a rate of 1/Nδts, where N is the
multiplexing factor and δts is the time span for which the multiplexer dwells on one
pixel [38].
The noise components with a frequency above the Nyquist frequency associated with
the frame rate fLow = 1/(2Nδts) is embedded in the signal. Any noise above the
boxcar Nyquist frequency is aliased and averages out fHigh = 1/(2δts). The NEP of
the SQUID is thus increased by a factor N and therefore the gain of the SQUID needs
to be tuned to be N times larger than that of a non-multiplexed SQUID in order to
retain the same SNR [38].
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• Frequency Division Multiplexing: In an FDM scheme, two phenomena can occur:
(i) noise sources can modulate the amplitude of the carrier tones and (ii) noise leakage
in the band of the carrier tones. Category (i) includes photon noise and thermal
fluctuation noise. These sources are accounted in an analogous fashion to a single TES
biased in DC. Category (ii) includes Johnson noises and readout noises. The current
signal that these sources contributes must be multiplied by a factor

√
2 as shown

by Dobbs et al. [81] in order to take into account the AC bias of the TES. Similarly,
the responsivity of the detector also includes a

√
2 factor (Equation (31)) which leaves

the NEP unchanged. Furthermore, Lueker et al. [82] found that the effects of NETF on
Johnson noise sources when the TES is DC biased (Equations (41) and (42)) also apply
when the TES AC was biased (besides from the aforementioned

√
2 factor).

• Code Division Multiplexing: In a CDM scheme, the TESs are all effectively Frequency
Domain Multiplexed, therefore the same consideration apply except their outputs are
split and sent to the input coils of several SQUIDs with different polarities.

• µ-MUX: Effectively, for µ-MUX, all the previous considerations observed about FDM
TESs hold true. Except, the SQUID noise component needs to be replaced by the far
more detrimental noise figure of a HEMT [83,84] and the NEP of an RF-SQUID [85]
needs to be added in quadrature to the total NEP NEPtot.

3.9. Cross-Talk

Cross-talk is a known issue of detector arrays where multiple pixels are read out
simultaneously. A large number of mitigation strategies can be put in place, but overall
inter-pixel cross-talk cannot be fully eradicated. In FDM, and likewise for CDM, a cross-talk
occurs between the frequency channels. Different types of cross-talk arise from the LC filter
configuration. Four major cross-talk effects can be measured according to Dreyer et al. [64]
and Mates et al. [86]: the electro-magnetic coupling between the inductors, the coupling
between the oscillators, the carrier current leakage and the common impedance.

The first term is related to the mutual inductance coupling Mij = kijLiLj between two
inductors of self inductance Li and Lj. The current flowing in the i-th leg Ii(ωi) can induce
a voltage drop Vj = ωi Mij Ii(ωi) at the ends of a coupled inductor [81]. This term can be
eliminated or optimized by maximizing the physical distance between LC resonators which
are neighbours in frequency space.

One further cross-talk mechanism is due to the physics of tightly packed weakly
coupled oscillators [87,88] and has to do with the hybridization of the individual resonance
frequencies which through this interaction repel each other. Further details are discussed
by Mates et al. [86], who evaluate this cross-talk component as

χ =
16 f 4

( f2 − f1)2
M2

12
Z2

0
, (47)

where f1 and f2 are the two resonance frequencies of the two RLC channels, which are
rather close in frequency; hence, f ∼ f1 ∼ f2, M12 is the mutual inductance and Z0 is their
impedance. This cross-talk effect scales with the square of the magnetic coupling M12 and
inversely with the square of the frequency separation. Therefore, it can be mitigated by
both separating the coupled oscillators both in space and in frequency. The carrier current
leakage is an unavoidable form of cross-talk. It occurs because two LC filters, in frequency
space, are described by two resonance peaks (described by two Lorentzian curves, see
Figure 18b), the tails of which necessarily overlap. The overlap of such ends represents
the fraction of electrical power that the two resonators share. This cross-talk component
describes the modulation of the current flowing through one single RLC channel when the
resistance in one of the frequency-neighbouring branches varies. This effect can only be
mitigated by only increasing the frequency distance between the multiplexing frequencies
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within the limits given by the bandwidth. For a generic j-th branch, the off-resonance
current is defined as

Ij(ωi) =
Vbias(ωi)

RTES,i + iωiLj + 1/(iωiCj)
. (48)

The cross-talk is due to the variation in this current Ij(ωi) when the resistance Ri varies:
∆Ij(ωi)/∆Ri [81]. The off-resonance component is infinite, in the ideal scenario, but for
most practical applications it needs to be considered finite, and therefore the current Ij
described by Equation (48) is finite.

Figure 18. Cross-talk scheme in FDM. (a) Schematic of N frequency division multiplexed TESs with
the different cross-talk components: (i) the mutual inductance between different channels, (ii) the
coupled oscillators, (iii) the voltage drop due to the shared input impedance. (b) The cross-talk term
due to to the overlap of the Lorentzian—shown as Gaussians for simplicity. The area shaded in
orange represents the cross-talk.

The common impedance term is linked to the presence of the wiring and of a pream-
plifier such as a SQUID. The modulation of the current at the frequency ωi causes the
modulation of the current flowing through the input coil of the SQUID, which in turn
causes the modulation of the current in all the neighbouring branches [81].

In a rather similar fashion, the inter-pixel cross-talk in µ-MUX multiplexing schemes
deals with the electromagnetic coupling between different harmonic oscillators. In µ-MUX
schemes, some of the same coupling mechanisms already discussed for FDM apply: the
widely discussed mutual electro-magnetic coupling between the inductors of different
channels, the innate effects of the coupled harmonic oscillators and the overlap of the
Lorentzian tails of the resonance shapes. In addition to these, we must consider the non-
linearity of the microwave components which act on the superposition of the channel tones
and result in a weak mixing of the tones [86]. In particular, it is worth stating that while
other cross-talk components fall off quite quickly with physical distance and frequency
spacing, this last cross-talk component does not and therefore it sets an effective cross-
talk floor. In principle, it can be mitigated by an accurate selection of the microwave
components, and by driving the resonators at lower powers in a trade off between SNR
and cross-talk. Potentially, a tone-tracking readout [68] could also reduce the effects of such
a cross-talk component [89].

As a rule of thumb, it is good practice to space the resonators in frequency by at
least 10 times their line width in order to effectively reduce the effect of the overlap
of the Lorentzian tails [86]. The final contribution to cross-talk that still needs to be
addressed is the contribution arising from capacitive and inductive coupling between
different transmission lines which carry the FDM signals. Unfortunately, these strongly
depend on a case-by-case basis and are severely influenced by the geometry of the problem.
Generally, it is always good practice to keep the transmission lines as far apart as possible
and include a ground plane in between each two different transmission lines.
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4. Applications in Astronomy and Astrophysics

Despite that the original development of Transition Edge Sensor micro-calorimeters
was not intended specifically for astronomical purposes, TESs find a plethora of applica-
tions in the field of astronomy: ranging from high-energy γ-ray astronomy to cosmological
application at extremely low energies such as the investigations of the polarization modes
of the cosmic microwave background (CMB). Their large bandwidth coupled with the excel-
lent energy resolution make TES promising detectors for most applications. Furthermore,
TESs can be optimized in order to be single-photon sensitive across a wide spectrum and
can also be operated as bolometers (coupled with lenses, feed-horns or antennas) at lower
energies. In this section, we will discuss some of the most prominent applications of TESs
in the field of astronomy.

4.1. X-Ray Astronomy
4.1.1. ESTREMO/WFXRT

ESTREMO/WFXRT was a proposed mission for the ESA Cosmic Vision Programme
2015–2025 [90,91]. This was a spacecraft mission for observation of very high-energy events
such as gamma-ray bursts (GRBs) which often also exhibit an X-ray afterglow which can
be detected directly from the ESTREMO/WFXRT detectors. The importance of GRBs is
that they can be studied to extract information on the first population of luminous sources
ignited in the dark universe at high redshift z > 7. Furthermore, GRB measurement can
help determine the cosmic history of metals in star-forming regions with metal absorption
and edges while also allowing the probing of the Warm-Hot Interstellar Medium (WHIM)
properties through high-resolution absorption studies. Observing WHIM can allow the
identification of the missing baryonic matter. Dark Matter (DM) baryons are heated up to
X-ray-emitting temperature 105–107 K. Thus, X-ray observations play a fundamental role in
the indirect measurement and characterization of DM.

While the configuration of the payload and the instruments on board the ESTREMO/
WFXRT were never finalized, two main instruments were envisioned: the Wide Field
Instrument (WFI) and the Narrow Field Instrument (NFI). The first of which spans energies
between 2 and 200 keV in order to catch X-ray Flashes (XRF) and galactic transients and
supposedly would have developed CdZTe detectors. The NFI, instead, would have either
deployed only TESs or a mix of Charge Coupled Devices and TESs. In any case, the desired
energy resolution of such TESs would have been of 1 eV at 1 keV.

4.1.2. Athena X-IFU

The Advanced Telescope for High-Energy Astrophysics (Athena) is an ESA space-borne
X-ray observatory in the energy range 0.2–12 keV [92]. The main scientific goals of Athena
involve the study of highly energetic processes in space such as the physical and chemical
properties of hot plasmas, such as those found in galaxy clusters and the study of black
hole accretion disks with their jets, outflows and winds. It will also be able to perform
measurements on exoplanets, stars, supernovae and interstellar mediums.

Athena will exhibit an angular resolution of 5” for its two main instruments the Wide-
Field Imager [93] and the X-ray Integral Field Unit (X-IFU) [92]. Athena X-IFU is a spatially
resolved spectrometer with a field of view of 5’ and an energy resolution of 2.5 eV at
10 keV [94]. The focal plane consists of 3840 Mo/Au TESs [95] with an Au/Bi absorber with
an expected NEP below 10−17 W/

√
Hz. Furthermore, located 1 mm underneath the main

TES array, there is an Ir/Au TES-based cryogenic anti-coincidence detector (CryoAC) [96]
to reject the non X-ray-induced events to a rate below 5 × 10−3 counts/s/cm2/keV in the
2–10 keV range. The X-IFU TESs are multiplexed in an FDM scheme with a multiplexing
factor 40:1 [97] allowing for the complete readout of the TES array with 96 channels [96].

4.1.3. Lynx X-Ray Observatory

The Lynx X-ray Observatory (Lynx) is a NASA-funded concept study for future mis-
sions with a proposed launch date of 2036 [98]. If launched, Lynx will have similar scientific
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goals to Athena. It will, in fact, investigate the birth and the evolution of supermassive black
holes, observing in the X-ray high-redshift black holes (z ∼ 10) with a mass a few thousand
times that of our sun. Furthermore, Lynx will allow a large survey of black holes at redshifts
z = 2–6 to investigate whether all massive black holes emerge at z ≤ 6 or whether some
low-mass black holes have developed at lower redshift [99].

Lynx will be capable of addressing several open questions in the field of star formation.
In conjunction with infra-red data from other telescopes, Lynx with its census of star-
forming regions in the X-rays will contribute to a better understanding of circumstellar
grain growth, and will help investigate the magnetic and non-gravitational effects in proto-
planetary discs. Furthermore, X-ray imaging spectroscopy will revolutionize the field of
Supernovae Remnants science, providing three-dimensional spectroscopic images of metals
synthesised in the explosions. The full list of scientific goals of Lynx can be found in its
concept study paper [100].

The Lynx X-ray Observatory will have a primary mirror with a diameter of 3 m and will
be equipped with three main instruments: the High-Definition X-ray Imager (HIXI) [101],
the Lynx X-ray Microcalorimeter (LXM) [98] and the X-ray Grating Spectrometer (XGS) [102].
While HIXI is a wide-field high imager with high spatial resolution, the spectroscopic
measurements are performed with the LXM (with a resolving power R ∼ 2000 in the
0.2–7 keV range) and the XGS (R ∼ 5000–7500 in the 0.2–2 keV range). In particular,
the Lynx X-ray Microcalorimeter will consist of a 100,000 TES array with energy resolution
of 2 eV up to 7 eV and 0.3 eV in the 0.2–0.75 keV range [103].

4.2. Infrared Astronomy
4.2.1. Origins Space Telescope

The NASA flagship mission Origins Space Telescope (Origins) proposed for launch in
2035 is the largest spacecraft-borne mission so far with a mirror size of 5.9 m in diameter
and a spectral sensitivity ranging from 2 µm to 588 µm [104]. The current mission goals for
Origins [105] include the study of galaxy formation, planet formation and the evolution of
supermassive black holes. In particular, the scientific interest lies in the generation of metals,
dust and organic molecules and how pulsars and supernovae affect the interstellar medium.
A second topic of interest is planet formation and the development of habitability: in
particular for Earth and Earth-like exoplanets, how were water and other life’s ingredients
delivered to such planets? Finally, Origins aims to perform transition spectroscopy of K-
and M-Dwarf planets to investigate which, if any, exhibit the conditions necessary for
habitability. Origins is expected to produce a broader and clearer picture on dwarf planet
habitability than JWST [105].

Origins will be equipped with three main instruments: the Origins Survey Spectrom-
eter (OSS) [106] which will allow the observation of emission lines between 25 µm and
588 µm and probe galaxy evolution up to z ∼ 8.5. By design, OSS requires detectors
with an NEP ∼ 3 × 10−20 W/

√
Hz and a saturation power of 0.2 fW. The Far-infrared

Imager and Polarimeter (FIP) [107] will perform wide field polarimetric observations of
astrophysical objects bridging the energy gap between ALMA (Atacama Large Millime-
ter/submillimeter Array) and JWST. Its detectors are less challenging with a required
NEP ∼ 3 × 10−19 W/

√
Hz and a saturation power of 20 fW. Finally, the Mid-Infrared

Spectrometer Camera Transit (MISC-T) [108] will be responsible for the transit spectroscopy
of exoplanets including K- and M-Dwarf planets. MISC-T will have a resolving power
R < 300 and for it TES in both the calorimetric and bolometric use are being investigated
despite a strong suggestion towards their use as calorimeters [109].

4.2.2. SPICA-SAFARI

SPICA (Space Infrared Telescope for Cosmology and Astrophysics) was a medium-
class spacecraft mission proposed to ESA and cancelled in 2021. Like the Origins Space
Telescope, SPICA intended to bridge the gap in energies between the observational capa-
bilities of ALMA and JWST [110]. SPICA was intended to perform spectroscopy between
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20 µm and 230 µm. Its scientific goals were aligned with the proposed science that will
be performed with Origins: galactic formation and evolution, black hole evolution and
studies on metallicity in dust-covered galaxies and active galactic nuclei. SAFARI, the Spica
FAR-infrared instrument [111], was proposed as a spectrometer between 30 µm and 210 µm
with an NEP ≤ 3 × 10−19 W/

√
Hz with a saturation power of 1 fW [112]. SAFARI was

intended to sport 3600 FDM [113] Ti/Au TESs with a critical temperature of 155 mK sus-
pended on a 1 µm SiN membrane [114]. Despite substantial progress being made toward
the development of ultra-low noise TESs [114,115], ESA decided not to move forward with
SPICA as its next medium-class mission.

4.3. Millimetre and Sub-Millimetre Astronomy
4.3.1. SCUBA-2

SCUBA-2 (Submillimetre Common-User Bolometer Array 2) is a dual-band TES cam-
era operating at 450 and 850 µm with 10,000 TES bolometers on the focal plane read out in
a TDM scheme [116]. The Transition Edge Sensors, developed by NIST, are Mo/Cu with a
critical temperature of 130 mK for the TESs in the 850 µm band and, in order to account
for higher optical powers in the sky, the TESs in the 450 µm band were designed with a
critical temperature of 190 mK in mind. All the sub-assemblies of SCUBA-2 exhibited a
dark NEP in the range 1.6–3.2 ×10−16 W/

√
Hz and a saturation power ranging between

87 and 541 pW [117,118].
Ground-based sub-mm observations are meant to explore the cold universe by inves-

tigating dust and gases in the early stages of galaxy, star and planet formation. At such
wavelengths, the dust continuum is effectively optically thin and therefore it is possible to
observe the critical processes that occur during galaxy/star/planet formation. The com-
missioning of the instrument, deployed on the James Clerk Maxwell Telescope, involved
the characterization of selected galaxies with SCUBA-2 at both 450 and 850 µm and was
reported by Casey et al. [119]. A review with the main scientific achievement of SCUBA-2
in its first decade (2011–2021) was published by [120]. In 2023, SCUBA-2 performed a
full extra-galactic survey at 850 µm [121] with an unprecedented angular resolution of
14 arcseconds, which is a survey over three orders of magnitude more detailed compared
to the previous survey at the same wavelengths (COBE) [122].

4.3.2. GISMO

The Goddard IRAM Superconducting Millimeter Observer (GISMO) was a guest
instrument at the IRAM 30m telescope operating between 2012 and 2014. GISMO consisted
of one single TES focal plane with 128 pixels (8 × 16) in a TDM configuration [123]. The TESs
that constituted the focal plane of GISMO were designed with an operating temperature
of 400 mK that could be reached in the 3He/4He evaporation cryostat and exhibited an
NEP 4 × 10−17 W/

√
Hz. GISMO also exhibited a bandpass filter with 25 GHz bandwidth

about its maximum at 150 GHz (2 mm). The GISMO 2 mm survey [124] provided valuable
information on the bright end of the infrared luminosity function and the massive end
of the dust mass function at z ∼ 4 for rare massive high-redshift highly star-forming
galaxies. The work GISMO carried out paved the way for the observations of ALMA 2 mm
continuum survey [125].

4.4. Cosmic Microwave Background
4.4.1. CLOVER

CLOVER was a project funded by the Science and Technology Facilities Council (STFC)
of the United Kingdom and lead by the universities of Cambridge, Cardiff, Manchester,
and Oxford [126–128]. Its main goal was the observation of primordial B-mode polarization
of the CMB radiation with a sensitivity equivalent to a tensor-to-scalar ratio r ≥ 0.01.
CLOVER consisted of three separate instruments operating at 97, 150 and 220 GHz to
provide discrimination between the CMB and foregrounds [129]. Each instrument would
have deployed NIST TES polarimeters coupled to feed-horns which act as band-pass
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filters and focusing elements. Each polarimeter consists of a Mo/Cu Transition Edge
Sensor with an NEP of 1.5×10−17, 2.5×10−17, and 4.5 ×10−17 W/

√
Hz, respectively, in

each band [130,131]. Despite its ambitious goals and promising science goals, the project
was not funded to completion.

4.4.2. Atacama Cosmology Telescope

The Atacama Cosmology Telescope (ACT) was a telescope in the Atacama desert in
Chile specifically designed for cosmological observations of the CMB operational between
2007 and 2022 [132]. During its life span, it sported three main instruments, the Millimetre
Bolometer Array Camera (MBAC) [133,134] and its two upgrades, ACTPol [135] and
Advanced ACTPol (AdvACT) [136]. ACT has provided the scientific community with
extremely important results, among which are the first detection of gravitational lensing
in a CMB map by Das et al. [137] and the discovery of the El Gordo galaxy cluster (ACT-
CL J0102-4915) [138]. All instruments have ACT mounted Transition Edge Sensors as
the sensitive element. MBAC comprises three TES arrays in the frequency bands 145,
220 and 280 GHz. Each array contains 32 × 32 detectors read out in a TDM scheme.
The superconducting elements of the detectors are Mo/Au bilayers tuned so as to achieve
a critical temperature of 0.5 K and a measured NEP below 8 × 10−17 W/

√
Hz [139].

The first upgrade to MBAC, ACTPol, consists of three polarization-sensitive arrays,
PA1 and PA2 which operate at 148 GHz, while PA3 operates both at 97 and 148 GHz [135].
Each polarimeter is coupled to a feed-horn, except for PA3 which has 4 polarimeters per
feed-horn, one in each band. Combined, there are 1279 feed horns and 3068 detectors
in the ACTPol instrument. Each TES is constituted of a Mo/Cu bilayer with a critical
temperature of 150 mK and an NEP below 2.0 ×10−17 W/

√
Hz and a saturation power of

about 10 pW [140].
The final upgrade to ACTPol, AdvACT, produced a map of the sky in five bands

between 28 and 230 GHz [141,142]. The AdvACT TESs are fabricated from single-layer
Al/Mn films [143] instead of bilayer Mo/Cu films as in ACTPol with a critical temperature
of 160 mK and an NEP below 2.0 × 10−17 W/

√
Hz [135,144,145]. The final constraint

set by the ACT on the tensor-to-scalar ratio was published by Galloni et al. [146] and it
currently is r ≤ 0.03.

4.4.3. ABS

The Atacama B-mode Search (ABS) was both an experiment and an instrument oper-
ating at 145 GHz [147]. As per its name, it was deployed in the Atacama desert of Chile
and its main purpose was the measurement of B-mode polarization of the CMB and espe-
cially the determination of the tensor-to-scalar ratio of the primordial B-mode components.
The receiver of ABS consists of 240 feed-horn coupled polarimeters [148]. Each polarimeter
consists of a planar orthomode transducer (OMT) that couples the orthogonal polarization
components of light to two different TESs for detection and measurement [149]. The detec-
tors are produced by NIST and are designed to operate at 300 mK in a 3He/4He adsorption
refrigerator. The upper limit ABS set for the tensor-to-scalar ratio was r ≤ 2.3 with a 95%
confidence level [150].

4.4.4. BICEP

The Background Imaging of Cosmic Extragalactic Polarization (BICEP) along with
the Keck Array are a series of experiments on the CMB polarization deployed in Antarc-
tica [151]. During the years, the experiments have evolved and were upgraded from BICEP
to BICEP2 [152], the Keck Array [153], BICEP3 [154] and eventually the BICEP Array [155].
The first generation of BICEP (2006–2008) used NTD Ge thermistors as detectors [156],
but the choice quickly moved to TESs starting from BICEP2 (2010–2012), which sported
500 Ti TESs coupled to 150 GHz radiation. The TESs exhibited a critical temperature of
about 450–500 mK and an NEP of 5–6 × 10−17 W/

√
Hz [157]. During the lifespan of

BICEP2, the Keck Array which consists of five BICEP2-class receivers sharing the same
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mount was developed. The Keck Array is also sensitive to radiation in different frequency
bands (95, 150 and 220 GHz). The data from the Keck Array alone set an upper limit to the
tensor-to-scalar ratio r < 0.09 at 95% confidence level, which was further reduced to r < 0.07
when combining the Keck Array observations with external datasets [153,158].

BICEP 3 is the latest BICEP Telescope with 2560 TESs measuring radiation in the
95 GHz band. The detector technology was not upgraded between BICEP2 and BICEP3,
but the number of detectors on the focal plane was increased over 5 fold.

The Keck Array has been replaced by the BICEP Array which consists of four BICEP3-
like receivers operating in the 30/40, 95, 150 and 220/270 GHz bands [155].

4.4.5. CLASS

The Cosmology Large Angular Scale Surveyor (CLASS) is an array of microwave
telescopes for CMB studies, including the detection of primordial B-mode polarization [159].
CLASS is designed as follows: it exhibits one focal plane with 36 detector pairs operating at
38 GHz, two focal planes with 259 detector pairs each operating at 93 GHz, and a dual-band
telescope with 1000 detector pairs at each of 148 and 217 GHz [160–162]. Each detector
consists of a feed-horn coupled to an OMT coupled to two Mo/Au TESs with a critical
temperature of 150 mK and an NEP of 2.1 × 10−17 W/

√
Hz [163,164]. CLASS is currently

in operation, carrying out a survey of 70% of the sky from which it will not only infer the
value of the tensor-to-scalar ratio, but also carry out new physics while investigating both
the Milky Way galaxy and the circular polarization of CMB.

4.4.6. SPT

The South Pole Telescope (SPT) is a 10 m diameter off-axis Gregorian Telescope
designed to observe the CMB from Antarctica in order to study its anisotropies. In particular,
the SPT first observed B-mode polarized CMB radiation (albeit not being primordial). Three
main instruments have been deployed at the SPT since its commissioning: the SPT-SZ
camera with 960 TDM TESs sensitive in bands about 95, 150 and 220 GHz [165]. The main
science goal of the SPT-SZ camera was a large-area survey of the Southern Sky. The second
camera mounted on the SPT was the SPTPol (SPT-Polarimeter) with 1560 Transition Edge
Sensors in a polarimeter configuration with a feed-horn, an OMT and two TESs, one per
each polarized component of the light. The 780 polarimeters were divided in two frequency
bands: 90 and 150 GHz [166]. The third generation camera, SPT-3G, was installed in 2018
with 16000 detectors on the focal plane, split evenly between 90, 150 and 220 GHz [167–169].

4.4.7. POLARBEAR

The polarization of the background radiation (POLARBEAR) is an experiment set in
the Atacama desert of Chile and it aims at measuring the B-mode polarization component of
the CMB radiation [170]. The POLARBEAR array consists of 637 polarization-sensitive pix-
els for a total of 1274 antenna-coupled TES bolometers. The TESs are made of Ti/Al bilayers
with a critical temperature of about 500 mK and exhibit an NEP of 1 × 10−16 W/

√
Hz,

while the coupling at 148 GHz occurs through double-slot dipole antennas. By the end of its
lifetime, POLARBEAR was capable of performing a large angle survey of the Southern Sky
with low enough noise that the lensing signal could be reconstructed with more precision
from polarization than from CMB temperature. By design, POLARBEAR was supposed
to be capable of detecting B-mode polarization down to a tensor-to-scalar ratio of 0.025.
An updated POLARBEAR has been deployed in 2022 under the name POLARBEAR 2b
(PB-2b) and is currently a part of the Simons Observatory Array [171]. PB-2b’s focal plane
consists of 7588 lenslet-antenna coupled polarization-sensitive Al/Mn TES bolometers
which are simultaneously sensitive to 95 GHz and 150 GHz bands. The 7588 TESs are read
out with 40 lines in an FDM scheme with a multiplexing factor of about 40:1 [172].
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4.4.8. QUBIC

The Q and U Bolometric Interferometer for Cosmology (QUBIC) [173] employs an
interferometric approach to detecting the polarization of CMB radiation within two main
bands: at 150 and 220 GHz [174]. The deployment site for QUBIC is in Alto Chorrillos,
Argentina [175]. Bolometric interferometry allows for the production of maps of the CMB
polarization with a resolution of 23 arcminutes. The detector module consists of 256 NbSi
TESs with a critical temperature of ∼410 mK multiplexed 128:1 in a TDM scheme [176].
The TESs exhibit an NEP below 2 × 10−16 W/

√
Hz [174].

4.4.9. AliCPT

The Ali CMB Polarization Telescope (AliCPT) is the first Chinese CMB telescope in the
Tibetan plateau to perform unprecedented CMB polarization measurements in the northern
hemisphere. Its primary scientific goal is the detection of primordial gravitational waves
with sensitivity σ(r) ∼ 0.02 and an a posteriori maximum of r in the range 0.012–0.029 [177].
AliCPT is a 72 cm aperture two-lens refracting telescope and will feature 32,376 TES
polarimeters aimed at the detection of the 90 and 150 GHz bands [178]. The AliCPT focal
plane consists of 19 independent module polarization-sensitive feedhorn-coupled Al/Mn
TESs (TC ∼ 420 mK) equally split between the 90 and the 150 GHz bands. The TESs
are read out in a µ-MUX scheme with a multiplexing factor of 2000:1. The 90 GHz band
is expected to exhibit a saturation power of 7 pW and an NEP of 3.8 × 10−17 W /

√
Hz,

whereas the expected saturation power for the 150 GHz band is 12 pW with an NEP of
5.3 × 10−17 W/

√
Hz [179].

4.4.10. Simons Observatory

The Simons Observatory, also located in the Atacama desert of Chile, is a ground-
based CMB observatory funded by the Marilyn and Jim Simons foundation as well as
the Heising–Simons foundation [180]. The Simons Observatory aims to observe the CMB
polarization at six frequency bands centered around 30, 40, 90, 150, 230 and 280 GHz. It
will consist of one Large Aperture Telescope (6 m primary mirror and 7.8◦ field of view)
and three Small Aperture Telescopes (0.42 m aperture) [181]. While the former is sensitive
to all bands mentioned before, two of the Small Aperture Telescopes observe in the 90 and
150 GHz bands while the remaining one observes at 220 and 270 GHz. The TESs (Al/Mn)
exhibit a critical temperature of ∼190 mK and an NEP ∼ 4.1 × 10−17 W/

√
Hz [182,183].

The primary scientific goal of the Simons Observatory is producing a polarization maps of
the sky with a ten-fold improved sensitivity compared to Planck [181]. As secondary goals,
the Simons Observatory aims to measure the sum of neutrino masses, and investigate the
galaxy evolution and the duration of the reionization epoch [184].

4.4.11. CMB-S4

The cosmic microwave background Stage 4 (CMB-S4) is a future ground-based CMB
experiment with 19 telescopes between the Atacama desert in Chile and Antarctica aiming
to investigate the existence of primordial B-mode polarized light to a tensor-to-scalar ratio
as low as 10−3 [185,186]. In its preliminary form, CMB-S4 aims to employ fourteen 0.55 m
Small Area Telescopes (SATs) at 155 GHz and below and four 0.44 m SATs at 230/280 GHz,
with dichroic, horn-coupled Al/Mn [187] TESs in each SAT, measuring two of the eight
targeted frequency bands between 25 and 280 GHz. Furthermore, it aims to employ one 5 m
class Large Area Telescope (LAT), for ‘delensing’ purposes, equipped with TESs distributed
over seven bands from 20 to 280 GHz [188].

4.4.12. EBEX

The E and B Experiment (EBEX) was a balloon-borne experiment for the detection of
CMB anisotropies during a 27-day circumpolar flight in Antarctica [189]. The great advan-
tage of a balloon-borne experiment over the aforementioned ground-based experiments is
the fact that its flight altitude is ∼42 km, at which the absorption of microwave radiation is
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almost negligible. This allows for higher SNR compared to ground-based experiments of
the same size. EBEX features 1432 TES bolometric detectors read out in an FDM scheme.
EBEX observes in three frequency bands, namely 150 GHz, 250 GHz and 410 GHz, with 768,
384 and 280 TESs, respectively [190]. Each TES is made of an Al/Ti bilayer with a critical
temperature of 500 mK and as an array, the NEP is below 1.7 × 10−17 W/

√
Hz [189]. It

contributed to setting a constraint on the value of the tensor-to-scalar to r ≤ 0.034 ratio
along with the measurements performed with Planck and the BICEP/Keck Array.

4.4.13. SPIDER

SPIDER is a balloon-borne CMB experiment [191,192] deployed in a 17-day circumpo-
lar flight from Antarctica in 2015 [193]. The payload consists of six monochromatic refract-
ing telescopes mounted within the same cryostat for observations at 100, 150 and 280 GHz.
Each telescope was equipped with a polarization-sensitive TES array for a total of 800 pixels
read out in a TDM scheme. The TESs for such observations are made of pure Ti with a
critical temperature of 500 mK and exhibit an overall NEP ∼ 4 × 10−17 W/

√
Hz [194].

With just a 10% sky coverage, SPIDER derived the upper limit on the tensor-to-scalar ratio
as r ≤ 0.11 with a confidence level of 95% [195].

4.4.14. LSPE

The Large-Scale Polarization Explorer (LSPE) is a proposed balloon-borne experiment
for the measurement of CMB anisotropies at large angular scales [196]. The project, expected
to fly in 2026, is funded by INFN and ASI and the circumpolar flight is in partnership with
NASA. LSPE consists of two instruments: SWIPE (Short Wavelength Instrument for the
Polarization Explorer) and STRIP (Survey Tenerife Polarimeter). LSPE/SWIPE [197] is a
Stokes polarimeter with a cold half-wave plate modulator and its two focal planes are
equipped with 330 multi-mode Spiderweb TES bolometers [198] at 140, 220 and 240 GHz.
LSPE/STRIP [199] is aimed at accurate measurements of the low-frequency polarized
radiation at 44 and 90 GHz, dominated by Galactic synchrotron emission and deploys a
detection system based on OMTs and HEMT amplifiers.

The LSPE/SWIPE TES are made of a Ti/Au with a critical temperature of 500 mK and a
saturation power of 10 pW. The TESs are intended to exhibit an NEP below 1 × 10−17 W/

√
Hz

so that the experiment is limited by the photon noise of the sources.

4.4.15. LiteBIRD

LiteBIRD, the acronym for ‘The Lite (Light) satellite for the study of B-mode polariza-
tion and Inflation from cosmic background Radiation Detection’ is a JAXA-led spacecraft
mission which aims to measure the B-mode polarization of the CMB with sensitivity such
that a tensor-to-scalar ratio as small as r ∼ 0.001 can be measured (LiteBIRD will be able
to measure r = 0 with δr ≤ 0.001) [200]. LiteBIRD will produce a fine CMB at large
angular scales at 60, 78, 100, 140, 195 and 280 GHz, where the first two and last two bands
are required to perform foreground subtraction and the 100 and 140 GHz bands are the
CMB channels.

As of July 2024, the full engineering details of LiteBIRD are not defined yet, but it
will most likely be constituted of two main instruments: the Low Frequency Telescope
(LFT) [201], and the Medium and High Frequency Telescope (MHFT) [202]. While the LFT
is sensitive between 30 and 160 GHz in nine overlapping bands, the MHFT spans between
80 and 500 GHz in nine more overlapping bands. LiteBIRD will be equipped with over
4000 multichroic TESs read out in an FDM scheme with a multiplexing factor ∼ 68. The TES
bolometers, produced by NIST, are made of Al/Mn with a critical temperature of 200 mK,
an NEP of ∼1 × 10−17 W/

√
Hz and a saturation power in the order of 1.9–4.8 pW [203].

5. Applications in Nuclear, Particle and Astroparticle Physics

The search of DM is moving towards joint ventures between astrophysical observa-
tions and laboratory experiments. Given the multitude of DM models currently available,
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different experiments are being proposed and carried out to extend the search of DM
particles to masses below 10 GeV. These experiments rely on measuring very small fractions
of energy deposited in the detector through DM-nucleus scattering [204–208]. Similarly,
extremely sensitive detectors capable of measuring very small energies can enable new
experiments that further progress our understanding of neutrino physics. These experi-
ments include the search for neutrino-less double-beta (0ν2β) decay [209,210] and other
processes beyond the standard model, the detection and measurement of Coherent Elastic
Neutrino-Nucleus Scattering (CEνNS) [211] and probe the absolute scale of the neutrino
mass (e.g., goals of HOLMES and CUPID) enabling the possibility to determine the neutrino
mass hierarchy.

Furthermore, neutrinos represent an unavoidable background for DM search [212]
and sterile neutrinos are competitive DM candidates [213].

TESs could be the cornerstone for experimental studies both for neutrino physics and
DM search, thanks to their excellent sensitivity. In this section, we will present current
experiments exploiting TESs for neutrino studies and DM searches.

5.1. Electron Capture Decay
5.1.1. HOLMES

HOLMES is an experiment which aims to determine the absolute value of electron
neutrino mass with a sensitivity of ∼1 eV by measuring the de-excitation energy spec-
trum of 163Ho electron capture (EC) decay [214]. This approach requires a calorimetric
measurement, which allows one to reconstruct all the EC de-excitation energy, and a high
energy resolution, especially for energies close to the kinematic endpoint of the decay
(QEC ∼ 3 keV). In order to meet these requirements, HOLMES will use an array composed
of a large number of TES microcalorimeters.

Each single pixel of the HOLMES experiment consists of a (125 × 125 µm2) Mo-Cu
bilayer TES sensor in thermal contact with a (200 × 200 × 2 µm3) Au absorber which is
directly implanted with 163Ho. Both the sensor and the absorber are suspended on a Si3N4
membrane. This device exhibits an energy resolution of 4.22 eV at 6 keV [215].

HOLMES TESs are read out by a microwave SQUID multiplexing chip, developed
and fabricated by NIST, which allows for the parallel read out of 33 channels.

5.1.2. NuMECS

The neutrino (ν) Mass Electron-Capture Spectroscopy [216] collaboration aims at
measuring the neutrino mass through calorimetric spectroscopy of EC events in decay
isotopes such as 163Ho which are embedded in Mo/Au TES, similar to those fabricated for
HOLMES [4].

5.2. Rare β and Double-β Decays
5.2.1. CUPID

CUPID (CUORE Upgrade with Particle Identification) is the next generation experi-
ment which aims to measure the lepton flavour-violating process (0ν2β) decay [217,218]. It
will be host in the same cryogenic infrastructure of its predecessor, and state-of-art 0ν2β
decay experiment, CUORE [209] at the Gran Sasso National Laboratory (Italy). When
deployed, it will utilise an array of approximately 1600 scintillating Li2100MoO4 crystals,
each enriched with the 100Mo isotope and having a mass of 280 g [218]. CUPID, compared
to CUORE, will benefit from an improved background suppression achieved via a double
read out of the thermal and optical signals produced by its crystals.

While the detectors of choice for CUPID are NTD Ge, TESs are considered as a
promising technology for upgrades towards CUPID-1T. Singh et al. [219] present a large-
area TES photon detector which meets the requirement to be employed in the CUPID
experiment for the light channel read out. In this device, a TES is coupled to a large area
(50.8 mm diameter) Si wafer which acts as a photon absorber. The sensor is a bilayer (45 nm
Ir and 20 nm Pt) superconducting film; it has an area of 330 µm × 300 µm and exhibits a
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critical temperature of ∼33 mK. Further R&D efforts towards further upgrades of CUPID
such as CUPID-1T involved the instrumentation of a Li2100MoO4 crystal with an Al/Mn
TES, such as described by Bratrud et al. [220].

5.2.2. ACCESS Project

The ACCESS (Array of Cryogenic Calorimeters to Evaluate Spectral Shapes) intends
to perform precision measurements of forbidden β-decays. A testbed with a pilot array
of calorimeters based on natural and doped crystal containing β-emitters (113Cd and
115Id, and 99Tc) will be performed. While the obvious choice of detectors for ACCESS is
germanium NTDs such as those for CUORE and CUPID, the possibility of employing TESs
is currently being investigated [221].

5.3. Coherent Elastic Neutrino-Nucleus Scattering
5.3.1. NUCLEUS

NUCLEUS is a cryogenic experiment that will explore CEνNS by measuring nuclear
recoil energies down to 10 eV [222]. It will be installed at an experimental site at the Chooz
nuclear power plant (France) where it will benefit from a large flux of O(MeV) energy
(anti)neutrinos [223].

NUCLEUS, as a nuclear recoil detector, will employ an array of cryogenic calorimeters
composed of nine CaWO4 and nine Al2O3 crystals with a total mass of 10 g [222]. In each
calorimeter, a TES, similar to those developed for the CRESST experiment (see Section 5.4.1),
is used as the sensor. This TES consists of a 200 nm tungsten film coupled to an Al phonon
collector and is operated at a temperature of 15 mK. A prototype 0.5 g Al2O3 calorimeter
achieved an energy threshold below 20 eV.

In order to attain background reduction, the NUCLEUS detector will be encapsulated
in a cryogenic veto [224]. This will include an instrumented Si detector holder and a
surrounding kg-scale detector. Tungsten TESs are employed in both veto detectors as
phonon sensors.

5.3.2. MInER

The Mitchell Institute Neutrino Experiment at Reactor (MInER) is a CEνNS experiment
with a 1 MW reactor as the source of electron anti-neutrinos with an energy up to a few
MeV [225]. The detector consists of a sapphire Al2O3 absorber connected to SuperCDMS-
like TES modules [226]. Further details on the detectors can be found in Section 5.4.2.

5.3.3. CRAB

The CRAB (Calibrated nuclear Recoils for Accurate Bolometry) Collaboration suggests
the use of nuclear recoil induced by radiative capture of thermal neutrons as an efficient way
to calibrate detectors in the 100 eV range [227]. The NUCLEUS and CRAB Collaborations
reported on the observation of such a detected peak in a 0.75 g protoypal CaWO4 detector
at 112 eV irradiated by a neutron source arising from 252Cf. The detector was built for the
first phase of NUCLEUS and is based on TES developed for CRESST (see Section 5.4.1) and
described in [204].

5.3.4. RES-NOVA

RES-NOVA is a proposed observatory which intends to detect cosmic neutrinos
originating from core-collapsing supernovae through nuclear scattering (CEνNS) in array
detectors primarily made of Roman lead (Pb) exploiting the high CEνNS cross-section
and the unmatched isotopic purity of archelogical Pb [228]. The detector is made up of
500 large-mass Pb single crystals paired with ultra-sensitive TESs to measure any possible
temperature increases due to particle interaction [229]. RES-NOVA aims at targeting energy
thresholds of 1 keV or below in order to be sensitive to flavour-blind neutrinos with an
exposure of 620 ton · y [228].
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5.3.5. Ricochet

The Ricochet experiment will performs an accurate measurement of CEνNS spectrum
at the Institute Laue-Langevin nuclear reactor (France) [230]. For this purpose, it will
employ an array of cryogenic calorimeters based on two different technologies: NTD-Ge
thermistors [231] and TESs [232]. The TES-based detector will include the following: (1) an
absorber that could be made of different material such as Si, Ge, Zn or Al; (2) a TES film
deposited on a Si substrate separated from the latter; and (3) a readout and bias circuit.

A prototype of the Ricochet TES-based detector, which employs an Al/Mn supercon-
ductive film and a 1 g Si absorber, is presented in [233]. This device exhibits a baseline
root-mean-square energy resolution lower than 40 eV.

5.4. Dark Matter and Axions
5.4.1. CRESST

CRESST (Cryogenic Rare Event Search using Superconducting Thermometers) is an
experiment hosted at the Grans Sasso National Laboratory which searches for weakly
interacting massive particles (WIMPs) of energy < 400 keV [234] by taking advantage of
their elastic scattering with CaWO4 crystals [235]. This interaction produces both phononic
overheating of the crystal and scintillation light. The latter strongly depends on the type
of the interacting particle. CRESST exploits TESs both as phonon and photon detectors
to evaluate the type and energy of the incident particle. The thermistor of these TESs is
made of tungsten and operate at a temperature of about 15 mK. These detectors showed an
energy resolution of 4.1 eV (6.7 eV) at an energy of 5.9 keV (6.5 keV) [236].

5.4.2. SuperCDMS

The Cryogenic Dark Matter Search (SuperCDMS) collaboration intends to detect DM
particles at the Sudbury Neutrino Observatory facility (SNOLAB) in Canada. The detection
principle relies on measuring the ionization and the phonons produced by the scattering of
Weakly Interacting Massive Particles (WIMPs), a DM candidate, with the nucleus of ultra-
pure Ge and Si crystals. The thermal energy thus deposited is read out with tungsten TESs.
The expected phonon energy resolution is better than 5 eV and recoil energy resolution is
better than 1 eV [237].

5.4.3. ALPS II

Any Light Particle Search (ALPS) II is a light shining through a wall (LSW) experiment
searching for axion-like particles (ALPs) which are possible candidates as weakly interactive
sub-eV particles (WISPs) [238]. In an LSW experiment, a laser beam is sent through a
long magnet, allowing for the coherent photon–axion conversion due to the Primakoff
effect [239]. The wall acts as a barrier for the light, while the almost zero cross-section
for the axion/baryonic matter interaction enables the axion to pass through the wall. The
photon–axion back conversion is produced by a second magnet after the wall. Since
the conversion process is very rare, ALPS II exploits optical resonators to boost both the
number of photons for ALP production and their reconversion probability to light. ALPS
II aims at demonstrating the existence of particles of mass 1 µeV< m < 1 meV. To this
end, tungsten TESs operating at ∼20 mK have been developed. At the moment, TESs with
energy resolution of about 150 meV have been demonstrated at 1.165 eV [240].

5.4.4. EDELWEISS

Similarly to SuperCDMS, EDELWEISS (Expérience pour Detecter Les WIMPs En Site
Souterrain) targets the detection of WIMPs through the ionization and the phononic signals
produced in ultra-pure Ge crystals. While EDELWEISS relies on Ge crystals instrumented
with NTD detectors [241], in order to investigate light-WIMPs, the EDELWEISS collabo-
ration is pursuing an R&D activity to achieve 1 eV threshold Ge bolometers coupled to
efficient background-rejection techniques. In this scope, Nbx/Si1−x TESs are currently being
developed [242]. Further R&D efforts are being put in place by the CRYOSEL collaboration
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which effectively demonstrated the operation of an NTD and a superconducting single-
electron device, which operates in a similar way to the devices described in Section 9.2.
For further details, see [243].

5.4.5. STAX

STAX is an LSW experiment proposing to search for ALPs at extremely low ener-
gies m < 10 µeV [244] by exploiting gyrotrons, which are very intense sub-THz photon
sources [245]. In particular, STAX proposed the use of gyrotrons operating at 30 GHz with
a power of several tense MW. The main challenges of the project were as follows: (i) the
realization of a high quality factor GHz cavity operating under high inject power, (ii) the
realization of a high quality factor GHz cavity operating at cryogenic temperatures under
strong magnetic fields (10 T), and (iii) the development of TES calorimeters for extremely
low energies. In particular, STAX proposed the use of a molybdenum TES with an operating
temperature of about 15 mK. Furthermore, the miniaturization of the thermistor/absorber
was proposed [35].

5.4.6. COSINUS

The COSINUS experiment (Cryogenic Observatory for Signals seen in Next-generation
Underground Searches) is intended to perform follow up measurements on the DAMA/
LIBRA [246] results. DAMA/LIBRA detected an annual modulation of DM signal due to
the Earth orbiting around the sun and thus modulating its relative velocity with respect
to the DM particles [247]. The novelty introduced by COSINUS consists in coupling the
NaI targets of DAMA/LIBRA with a dual channel (light and phonon) readout in a similar
fashion to CRESST [248]. The phonon channel consists of an Au pad on the NaI absorber
which is wire bonded to a tungsten TES with a critical temperature of 28 mK and an energy
resolution of 0.441 keV, while the light channel, which also employs the same tungsten TES,
exhibits an energy resolution of 0.988 keV up to 200 keV [249].

5.4.7. BabyIAXO

BabyIAXO is an intermediate stage of the International Axion Observatory (IAXO) and
its primary goal is the testing of the different subsystems of the IAXO, BabyIAXO will also de-
tect or reject solar axions with axion–photon coupling down to gaγ ∼ 1.5× 10−11 GeV−1 [250].
As of the present date, several detector technologies are being investigated including TESs
as possible for implementation [250].

5.4.8. TESSERACT

TESSERACT represents the synergistic effort of searching DM through the exploitation
of cryogenic targets and sub-eV TESs by two distinct experiments HeRALD (Helium
Roton Apparatus for Light Dark matter) and SPICE (Sub-eV Polar Interaction Cryogenic
Experiment) complemented with EDELWEISS and Ricochet [251]. HeRALD exploits the
interaction of DM with a superfluid helium target, which produced scintillation light and
evaporated atoms (an energy of 1 meV is necessary to evaporate an atom) [252]. Instead,
SPICE uses sapphire or GaAs crystals that generate athermal phonons after interacting
with DM [253].

TESSERACT exploits the same TESs with aluminum absorbers to detect light, atom
evaporation and phonons. This approach ensures a different DM mass search window
from meV-to-GeV allowing one to probe DM candidates over 12 orders of magnitude, thus
testing different DM models [251].

6. Biophysics and Medical Imaging with Transition Edge Sensors

The technological advancement of Transition Edge Sensors as semi-commercial energy-
resolving single-photon detectors has allowed several groups around the world to investi-
gate the possibility of using such detectors for biomedical imaging.
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The fundamental idea behind these applications is using a TES as the main detector of
a Confocal Laser Scanning Microscope (CLSM). Differently from a conventional microscope,
where the sample is evenly illuminated with a wide light source producing a focused image
and an unfocused background, a confocal microscope uses point-illumination and a pin-
hole aperture in order to effectively eliminate the out-of-focus light. By raster-scanning
the whole surface of the specimen under investigation, it is possible to achieve an effective
focus-stack of the specimen as well as information on the thickness of the specimen. In cases
where a laser source is used to induce fluorescence in the specimen, a confocal microscope
has the extra advantage of only exciting a single point of the specimen. Since only the
fluorescence light that is produced very close to the focal plane can be detected, this results
in a higher optical resolution image.

In this scenario, the single-photon sensitivity of TESs comes as a great advantage
when working with living cells, where light irradiation deteriorates the cells and causes the
photo-bleaching of any fluorescent dyes used as markers [254]. Moreover, the incredible
resolution of TESs allows for the identification of different biomarkers in the same specimen,
hence the identification of different functions and features within the specimen. The energy
resolution in standard confocal microscopes is achieved through the use of a diffraction
grating or optical filters which further increase the radiation dose to which the specimen
is exposed.

Niwa et al. [255] (2017) proposed the first confocal microscope with a TES detector
which also exploits the optical fiber that is used to feed the light into the cryostat as the
pinhole of the microscope, further reducing the complexity of the instrument. Such an
instrument exhibited an astounding 98% photon-detection efficiency at 850 nm [256] while
being successfully able to capture photons in the 400–2800 nm range spanning the whole
visible and near infra-red.

Such an instrument was used to collect a sample image of yellow, red and blue ink
spots. Under the same illumination, in the few (∼20) photons regime, a raster scan was
performed and the light was detected by both a photo-multiplier tube (PMT) and a TES.
Associating a colored pixel in the image according to the response of the TES (blue for
wavelengths shorter than 500 nm, green between 500 and 600 nm and red from 600 to
800 nm) Niwa et al. [255] thus demonstrated the capability of the TES to distinguish the
different ink pigments, impossible for the PMT which only produced a grey-scale image.
They also demonstrated that a CMOS sensor needed one hundred-fold the illumination
and a ten-fold exposure time to produce similar images. Furthermore, neither the CMOS
sensors nor the PMTs exhibited any sensitivity to the near infra-red radiation to which the
TES was sensitive.

Building on these results, Niwa et al. [257] demonstrated the use of a TES-based
CLSM as a bio-imager for a fixed fluorescence-labelled cell, where three different dyes were
simultaneously excited with the use of a 405 and a 488 nm laser. Using a single raster-scan,
an RGB color image and a near-infrared image were produced with the means of only
a few tens of photons per pixel and an irradiation power of 100 nW. The total exposure
time was of 35 min at 20 ms per pixel and a raster step-size of 25 µm. In order to speed
up the scan, two further improvements can be made: a faster X-Y micro-manipulator for
the scan and the development of a multi-fiber–multi-TES array which contributes to the
reduction of the scanning steps necessary. Further work in this direction by [258] consisted
in the development of sub-µs TESs. Such fast detectors can be combined into arrays with
extremely short dead times, and hence may result in reduced scan times.

In the same research group, Fukuda [259] investigated the energy resolution of single
pixel TESs and the possibility of employing them in a raster-scan microscope where the
sample/specimen is wide-field illuminated with a low-intensity light source. Such an
apparatus demonstrated the capability of discerning different materials such as copper, silk
and resistance by their color. Furthermore, since each pixel contains the spectrum between
400 and 1800 nm, it is possible to infer the different materials by their optical properties.
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As a final remark, the work of Hao et al. [260] is worth of a mention. In said paper,
they suggested the development of an Inductive Superconducting Transition Edge Detector
(ISTED) which employs a thin patch of a superconductor deposited within a SQUID loop
and maintained below transition temperature. Any energy deposition produces an increase
in the temperature of the film and thus a change in the loop inductance by means of a
change in the London penetration depth of the film. ISTEDs are expected to be capable of
detecting massive molecular or polymeric species. Such bolometers would allow for the
detection of large (>200 Da) fragments of DNA or bio-markers such as immunoglobulin
with an unprecedented energy and spectrographs of ‘difficult’ molecular species [259].

7. TES for Quantum Applications

Quantum optics and quantum computing are on the rise as bleeding edge topics.
In the dynamic landscape of quantum applications, TESs can play a critical role thanks
to their single photon sensitivity and high quantum efficiency at communication wave-
lengths. Their unmatched sensitivity and their rather limited dark count rate make TESs
promising detectors for a veto that rejects calculations which are potentially disturbed by
the environment.

7.1. Quantum Optics and Quantum communication

Transition Edge Sensors with their near-unity quantum efficiency and their single-
photon sensitivity are currently being investigated as possible photon-counting detectors
for quantum information systems and quantum optics experiments. As of currently, the de-
tection and counting of telecom wavelength (1550 nm) photons with near-unity efficiency
can only be achieved with low-temperature superconducting detectors such as Microwave
Kinetic Inductance Detectors (MKIDs), Superconducting Nanowire Single Photon Detectors
(SNSPDs) and Transition Edge Sensors.

The first experiment to benefit from the photon-detection capabilities of TESs was a
Hong-Ou-Mandel (HOM) interference [261] experiment in which TESs were deployed to
perform measurement of the output photon-number statistics. HOM interference is an
effect that arises from the bosonic nature of photons and forbids two indistinguishable
non-entangled photons that enter two different inputs of a beam splitter to exit at different
outputs. Di Giuseppe et al. [262] successfully measured the photon-number statistics at the
output of an HOM inteferometer when illuminated with a pair of orthogonally polarized
photons arising from a Beta Barium Borate (BBO) photonic crystal. As the difference
between the two photon paths approaches zero, the probability of measuring one photon
at either output of the interferometer drops to zero. Di Giuseppe et al. [262] varied the
optical path to create a delay between the two photons and demonstrated that, when then
optical paths are identical, no single photon statistic can be measured at either end of
the interferometer.

The production and verification of non-classical light states is one of the most critical
limitations to the further development of quantum optics, quantum metrology and quan-
tum computing [263–265]. Photon-number-resolving tungsten TESs allow direct access to
the photon statistics of the light field in quantum metrology of light sources [266]. Another
application of TESs for quantum optics experiments is in the generation of Coherent State
Superpositions (CSSs) also known as Schroedinger Cat States. Such states exist when each
subsystem of the superposition contains a macroscopic number of photons [267]. At least
two experiments aimed at generating CSSs through photon subtraction have been per-
formed using tungsten TESs to detect and indicate the presence of the CSS. The detection
of such a CSS occurs through an optical homodyne readout scheme [268–270]. The TES
used in such experiments exhibited an efficiency of 85% at 860 nm and photon-counting
capabilities of up to a few tens of photons [269,271].

One further example of CSS produced by photon subtraction was demonstrated by
Zhai et al. [272]. They demonstrated the subtraction of up to eight photons from a thermal
state. By the use of a tungsten Transition Edge Sensor, it was possible to reconstruct the
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photon number statistics as a function of the subtracted photons, demonstrating that the
photon number of the photon-subtracted states increased linearly with the number of
photons subtracted from the thermal state. Zhai et al. [272] further demonstrated that a
TES-based setup allows for the derivation of correlation functions of second and further
order can be derived from the photon number statistics [268,272].

TESs have been used as photon detectors in experiments intended to demonstrate the
violation of the CH Bell inequality [273], which is a modified version of the more famous Bell
inequality. Christensen et al. [274] deployed TES optimized for a wavelength of 710 nm with
a 95% detection efficiency, achieving an overall 75% system efficiency. Giustina et al. [275]
demonstrated the violation of the CH Bell inequality with a 78% system efficiency when
using a TES optimized for the detection of 810 nm and a photon-detection efficiency of 95%.

Schmidt et al. [266] developed a system for photon number-resolving experiment with
the use of two fiber-coupled TESs optimized for the detection of photons at 1087 nm with a
detection efficiency larger than 87% and such a system has been deployed in experiments
on single and twin-photon states [276] and the investigation of the emission statistics of
bimodal lasers [277] and polarization lasers [278].

Chunnilall et al. [265] suggest the use of TESs for Quantum Key Distribution (QKD).
QKD uses photons to generate a cyphered secret key between either end of a communi-
cation. QKD is a ‘secure’ communication channel because if the photons that serve as the
communication medium are intercepted, their state is changed and the users at either end
of the communication will know that the communication channel was ‘hacked’. The paper
suggests using a TES-based radiometer for the detection of such QKD photons (1550 nm)
with optical powers in the range 50 fW–20 nW with repeatability better than ±0.3% and an
NEP of 5 × 10−15 W/

√
Hz.

7.2. Quantum Computing

A concept device has been presented that combines a TES with a superconducting
qubit on a shared silicon substrate. The idea is that the phonons produced by any radi-
ation can spread efficiently through the substrate and thus both the qubits and the TES
will experience correlated disturbances induced by the radiation. This correlated distur-
bance has been directly measured with substrates on which multiple quibits [279,280] and
MKIDs [281] are present. The idea of pairing a qubit with a TES relies on the assumption
that one single sensor is capable of detecting the condition of a radiation-induced error
for all qubits on the same silicon substrate [282] and exploits the signal from the TES as a
veto to reject the calculations that could be potentially incorrect due to an environmental
disturbance. Orrell and Loer [282] demonstrated that radiation-induced disturbances can
be monitored with a TES and they appear as a current peak with an amplitude of ∼100 nA,
a rising edge of 5 µs and a 100 µs decay time. In reality, Orrell and Loer [282] also affirm
that the choice of superconducting detector (in this case a TES) is potentially interchangable
between TESs, MKIDs and SNSPDs.

8. TES as Detectors for X-Ray Spectroscopy and Imaging
8.1. X-Ray Spectroscopy at Beam-Line Facilities

Transition Edge Sensors can be optimized to be excellent Soft X-ray detectors for many
applications at beam-line facilities and in STEM equipment [283]. Near unity quantum
efficiency, an energy resolution in the order of a few eV at 1–10 keV and their wide
bandwidth makes them the obvious choice for many applications such as X-ray Emission
and Absorption Spectroscopy (XES and XAS) and Resonant Inelastic X-ray Scattering
(RIXS) [284]. TES detectors have been deployed at X-ray light sources since 2012 (U7A at
Sinchrotron National Light Source—SNLS) [285]. The detector array consists of 240 Mo/Cu
(Tc = 107 mK) TESs coupled each to a Bi absorber and read out in a 8 × 30 TDM scheme
with a switching interval of 160 ns.
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The deployment of TESs as beam-line X-ray detectors has been shown by Doriese et al. [286]
who report NIST spectrometers deployed at light sources such as NIST, SNLS, Paul Scherrer
Institut (PSI), Jyväskylä Pelletron and Lund Kemicentrum.

At NIST, the demonstration scale spectrometer acquired the spectrum of ammonium
ferrioxalate in water [287] as well as Fe2O3 and FeS3, which are high-spin and low-spin
compounds. XES allowed one to distinguish the different features of the different ferrous
compounds through the intensity ratios of Kα1 and Kα2 lines as well as Kβ′ features in the
Fe2O3 specimen.

The NIST system, like the one deployed in Lund, was proven to be capable of perform-
ing pump-probe XES to measure the spin state of different Fe vs time in photo-induced
reactions [288].

At SNLS, the spectrometers were deployed to measure the elemental compositions of
different samples, in particular the first tests included the spectrum of a 0.7% C sample in
SiO2, but most importantly it was successful at distinguishing ammonium nitrite (NH4NO3)
from the explosive RDX (C3H6N6O6) based solely on the nitrogen content and in faster
time than with more standard spectrometers [289].

The application at PSI involved the spectroscopy of exotic atoms and is fully described
in Section 8.2; at Jyväskylä Pelletron, the spectrometer was tested for Particle-Induced
X-ray Emission (PIXE) spectroscopy. An ion beam excites the samples in order to study its
elemental composition through X-ray spectroscopy. TESs are excellent detectors for PIXE
spectroscopy because of their high energy resolution that allows the resolution of almost all
spectral-line overlaps of different atoms and because they exhibit better collection efficiency
than Silicon Drift Detectors (SDDs) [286]. Palosaari et al. [290] demonstrated the capability
of a TES-based PIXE spectrometer to distinguish eV-scale shifts in the Ti Kα line and Kβ

structures in samples known to exhibit Ti atoms in different oxidation states.
One further application of a 240 pixel TES array produced by NIST is in an instrument

at the SPring-8 (Super Photon Ring-8 GeV) synchrotron. Such a TES array was used to
conduct X-ray Absorption Near-Edge Structure (XANES) analysis in fluorescence. TESs
resulted in excellent detectors of fluorescence lines from diluted samples thanks to their en-
ergy resolution being better than 5 eV at 6 keV. As a test example, the NIST TES array could
detect the presence of rare earths in a natural sample: europium (Eu), for instance, could be
detected as soon as its mass fraction exceeded 0.1% of Mn [291]. Finally, Yamada et al. [291]
demonstrated the capability of the instrument to distinguish between the spectrum of a
blank target from the same target in a rare Fe aerosol. In 2019, the NIST EBIT TES Spectrom-
eter (NETS) was commissioned, it improves on the capabilities of the spectrometer for the
Electron Beam Ion Trap (EBIT). It consists of a 192 TES array optimized for sensitivity in
the 0.5–8 keV range with energy resolution ranging between 3.7 and 5 eV. The calibration
of the instrument resulted in line accuracy to below 100 meV in narrow band spectra.

Further development is in progress to develop a 1000 pixel spectrometer with 0.5 eV
energy resolution for energies below 1 keV to be deployed at the Linac Coherent Light
Source (LCLS-II) at SLAC National Laboratory [292].

8.2. X-Ray Spectroscopy for Exotic Atoms

Exotic atoms are atoms which are normal except for the replacement of one or more of
the sub-atomic particles with different particles with the same electric charge. For instance,
Hadronic atoms are atoms which have one or more electrons replaced by hadrons such
as π (pionic atoms) or K (kaonic atoms); hadrons such as K can interact with the atomic
nucleus not only through electromagnetic force, but also with attractive short-range strong
force. This is most relevant for hadrons in the most inner and tightly bound orbitals. When
looking at the innermost orbitals of a hadronic atom, the strong-force interaction produces
a shift in their energy levels and a widening of their spectral lines due to the absorption
of the hadron by the nucleus [293]. This interaction is not well established quantitatively
due to a lack of precise data and because the current data can be explained through both a
phenomenological interaction potential (∼−180 MeV) and a chirally motivated potential
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(∼−50 MeV). The shift and the broadening can be measured from the characteristic X-ray
emission. Understanding such nuclear states would not only provide the community with
better understanding of hadron properties, but also enlarge the concept of matter and
provide further ground for exotic-atoms based astrophysics and cosmological models.

Traditionally, exotic atom X-ray spectroscopy was performed with SDDs but their
energy resolution of about 200 eV at 6 keV was a major limitation to the experiments.
The HEATES collaboration [294,295] demonstrated that Transition Edge Sensors can be
multiplexed in a 240-pixel TDM array and optimized to exhibit an energy resolution
of ∼5.7 eV at 6.9 keV, allowing the identification of spectral features with systematic
uncertainties in the order of 0.1 eV as shown by [295]. With such an instrument, in 2014 the
HEATES collaboration collaboration et al. [295] observed the π −12 C 4 f −→ 3d transition
and for the first time the π −12 C 4d −→ 3p which turned out to be compatible with the
theoretical calculations through Seki–Masutani potential [296]. Based off such promising
results, the 3d −→ 2p transition was measured in kaonic-helium [297] such as JPARC-E62,
producing measurements with sensitivities ten times better than those achieved with
SDDs [298]. Further development is in progress to upgrade the test facility [299].

8.3. Nanoscale X-Ray Tomography of Integrated Circuits

All proposed instruments for X-ray tomography exploit the same working principle:
the X-rays are generated in a metallic conversion layer (usually Pt or Cu) on which the
electron beam of a Scanning Electron Microscope (SEM) is focused in a nanometre spot,
which results in an X-ray-generation volume with a diameter ∼130–160 nm. The X-rays thus
produced are attenuated by the sample and measured by an instrument which features a
TES array. NIST is leading the development efforts of such instruments. The first proposed
instrument was NSENSE (Non-destructive Statistical Estimation of Nanoscale Structures
and Electronics) [300] which then morphed into TOMCAT (Tomographic Circuit Analysis
Tool) [301] and finally into MINT (Microscope for Integrated circuit NanoTomography).
Across the years, the detectors have changed from Mo/Cu TESs with a critical temperature
of 130 mK [300,302] to Mo/Au TESs with the same critical temperature [301] suspended on a
SiN membrane and coupled to a bismuth X-ray absorber. The number of detectors increased
from 240 for the first prototype of NSENSE [300] and MINT [302] to about 1000 pixels for
the first assemblies of TOMCAT [301]. In this picture, the multiplexing technique evolved
from an array of TESs read out in a TDM scheme for NSENSE [300] and MINT [302] to a
µ-MUX scheme for the TOMCAT [301] prototype instrument. The energy resolution of the
TESs has been measured to be 17.9 eV at the Cu Kα line (8.04 keV) for MINT [302], 14 eV for
TOMCAT [301] and 12 eV for NSENSE [300]. Regardless, this technology has been proven
effective at resolving features as small as 160 nm in a planar Cu-SiO2 IC [302,303]. Further
development is being carried out, especially towards the optimization of the TOMCAT
instrument which is being expanded in order to accommodate 3000 pixels instead of the
currently 1000 available, which will both increase the contrast of the tomography scans
produced and reduce the photon-collection times.

Kikuchi et al. [304] developed an 8-Pixel TES-spectrometer for 320 keV radiation,
pushing the detection range of TES-based instruments into the γ-ray range. Each pixel
consists of a 0.8 mm-thick Sn absorber on a SiO2/SixNy/SiO2 membrane and a Ti/Au
TES with a critical temperature TC ∼ 115 mK. Such an instrument has been validated
by carrying out 51Cr spectroscopy, yielding an impressive energy resolution of 159 eV at
320 keV.

8.4. Nuclear Safety

In the scope of global nuclear nonproliferation and safeguards, the assay of plutonium-
bearing materials can be carried out in a destructive and in a non-destructive fashion.
The state of the art involves High-Purity germanium (HPGe) detectors which still exhibit an
uncertainty limit of about 1% relative error for measured isotope ratios, which is still about
one order of magnitude larger than that for destructive assays [305]. In order to be able to
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measure the relative isotope abundance to 0.5%, spectra with up to tens of millions of counts
are required [306], and therefore detectors capable of handling kHz count rates are necessary
in order to perform such measurements in reasonable times. Transition Edge Sensors,
therefore, fit perfectly the required technology. Unfortunately, the energy resolution of a
TES calorimeter scales with the square root of its heat capacity [305]; therefore, in order to
scale up the collection area while keeping the noise of the instrument to a minimum, it is
necessary to employ a multi-pixel array: the individual heat capacity is small, whereas the
total collection area increases.

Since the early 2000s, the ongoing development and optimization of Transition Edge
Sensor technology has been trying to push the boundaries of γ-ray spectrometry, especially
in the 20–200 keV range, which is that typical of applications such as the Non-Destructive
Assay (NDA) of plutonium-enriched materials. The seminal work in this direction was lead
by Zink et al. [307] and proved the feasibility of measuring a γ-ray spectrum at 103.5 keV
with ∆E as low as 42 eV [307] and later 27 eV [308]. Such a calorimeter [307] was achieved
through a 16-array 1 × 1 mm2 Sn absorber each coupled to a Cu/Mo TES suspended on a
SiN membrane.

In 2012, a NIST-LANL γ-spectrometer was first developed [306,309], scaling up the
aforementioned instrument [310–312]. It exhibited a 256-pixel array with a collecting area
of 5 cm2 and it featured an energy resolution of 53 eV at 97 keV. Each detector consisted of a
tin (Sn) absorber (0.9 × 0.9 × 0.22 mm3) coupled to a Cu/Mo TES with critical temperature
in the 100–150 mK range. The NIST-LANL instrument exhibited a 92% pixel yield and
achieved optimal performance for counting rates below 2.5 × 103 counts per second and,
as a proof of concept, was demonstrated to resolve the six most prominent γ-ray lines of
a 153Gd radioisotope. The capability of an array of TES micro-calorimeters to measure
the isotopic abundance in different Pu measurement standards was shown in [313,314].
Using the peaks at 129 keV and 203 keV, the isotopic ratios were calculated: 238 Pu/239

Pu, 240 Pu/239 Pu, 241 Pu/239 Pu and 241Am/239Pu. Such detectors were demonstrated to
measure the correct value for such ratios, but when compared to HPGe detectors, TES
micro-calorimeters exhibit an uncertainty which is still a factor 2 higher, thus limiting the
resolution of such isotopic ratios to about 1%.

Unfortunately, a relative uncertainty of about 1% is not sufficient to achieve desired
safeguard goals for large power plants. For clarity, a 1% Pu content in the fuel and a 1%
measurement uncertainty leads to an uncertainty in the mass of the Pu fuel larger than the
International Atomic Energy Agency (IAEA) of 8 kg for all plants with a fuel throughput
larger than 80,000 kg per year.

In 2019, Becker et al. [315] finally demonstrated isotope ratios with uncertainty lev-
els below 0.25%. This was possible using the latest NIST/LANL instrument developed
in collaboration with the University of Colorado, SLEDGEHAMMER (Spectrometer to
Leverage Extensive Development of Gamma-ray TESs for Huge Arrays using Microwave
Multiplexed Enabled Readout), which consists of 125 TES micro-calorimeters with typical
energy resolution of 75 eV at 100 keV. Such low uncertainties were achieved by acquiring
high-count spectra (108 events in about 14 h) and feeding them through a pipeline. Such a
pipeline at first operates to reject all data that exhibit event pile-up and also discards any
events for which the baseline rms is larger than expected. Thus, the data were fed into an
optimum filter pipeline [316] before being calibrated against a 57Co-166mHo source which
features nine calibration lines in the energy range of interest (50–200 keV). The abundance
ratio was evaluated at 103 keV with resolution on the area underneath the peak as low as
0.05%. Further improvement would rely on the development of a section of the pipeline
that corrects for drifts in the signal produced by the calorimeters. Currently, there is ongo-
ing work towards the increase in the number of micro-calorimeters by a factor 10 in order
to speed up the assay and also the development of real-time analysis software.

Only in 2021 were the 103 keV and 159 keV 242Pu lines detected in a non-destructive
measurement. The instrument used was SOFIA (Spectromenter Optimized for Facility
Integrated Applications) [317,318]; it was used to characterize a sample consisting of
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113.6 g of PuO2 (99.75 g of Pu) in a steel ‘food-pack’ and placed inside a SAVVY container.
Mercer et al. [319] demonstrated a very clear observation of the 103 keV peak from the
242Pu isotope with a precision on the position of the peak better than 0.5 eV. Furthermore,
SOFIA is capable of resolving the 242Pu peak at 103.46 keV from the ones at 103.68 keV
(arising from 241Pu) and the peak at 104.23 keV (240Pu). Furthermore, in the region around
159 keV, SOFIA is capable of distinguishing the 159.02 keV peak (241Pu) from the ones
at 159.96 kev (241Pu) and 160.31 keV (241Pu α-decay). SOFIA was capable of measuring
a 242Pu/240Pu ratio of (8.5 ± 2)% after a 12.5-h measurement with the counting statistics
being the dominant factor in the uncertainty level.

9. Comparison with Other Superconducting Detectors

Transition Edge Sensors are the most mature technology when it comes to supercon-
ducting detectors and have been widely used for the better part of the last thirty years
since Irwin [37] suggested their use in the electro-thermal feedback. TESs (both as bolome-
ters and calorimeters) have seen applications in a plethora of fields of research and civil
applications, most of which are described in this review. Transition Edge Sensors have
been developed to a state of the art of unprecedented performance. Modern TESs exhibit
resolving powers up to R = 4000 [307] and NEP below 1 ×10−17 W/

√
Hz. Large arrays of

TES have been developed and deploy several thousand pixels with multiplexing factors of
up to 2000:1 [68].

In more recent years, other more-novel superconducting detectors have been invented
and optimized. We intend to provide the reader with a brief overview of their characteristics
and figures of merit. Our aim is to offer a helping hand in the troubled water of deciding
what are the ideal superconducting detectors in many typical cases. Table 2 shows the main
figures of merits of different superconducting detectors.

Table 2. Comparison between different kinds of superconducting detectors through some of their
main figures of merit and other important information.

TES MKIDs SNSPD

Fabrication complexity ◦ ◦ ◦ ◦ ◦◦
Max. R (X-ray) ≤5000 ≤590 N/A

Max. R (UVOIR) ∼200 65 ≤10
NEP (typical) (W/

√
Hz) 1 × 10−19 3 × 10−19 4.5 × 10−19

Time resolution ∼1 µs ∼1 µs ∼1 ps
µ-MUX available? Yes Innate Yes

Spectral range THz/γ-ray THz/X-ray infra-red/Vis
Array size (typical) 1 k 20 k 10 k

Pixel Yield 95% 75–80% >95%

9.1. Microwave Kinetic Inductance Detectors

MKIDs are superconducting LC micro-resonators invented by Day et al. [320] in 2003
and have since been employed as photo-detectors in instrumentation ranging from as-
tronomical telescopes to particle physics, to security applications [321]. Their working
principle is rather simple: when a particle deposits its energy in the superconductor, it
breaks down a number of Cooper pairs producing un-paired electrons. As the super-
conductor is depleted of superconducting carriers, its kinetic inductance increases (see
Zmuidzinas [83]), which results in a reduced resonance frequency of the LC circuit. With a
time constant that is typical of the superconductor of choice, the un-paired electrons recom-
bine and the MKID is in its idle state ready for a new detection event. The shift in frequency
is proportional to the energy deposited in the superconductor; therefore, it is possible to
monitor the LC resonator in frequency and phase to identify particle-detection events and
measure the energy deposited by the particle.
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Advantages include sensitivity from X-rays to THz and their very straightforward
fabrication as well as their inherent capability of being read out in an FDM/µ-MUX scheme.
So far, arrays with up to 20,000 pixels with a multiplexing factor of 2000 : 1 have been
demonstrated [322]. The pixel yield still lies below 80% and it can be due to inhomogeneities
in the properties of the thin films [323] but it can be optimized through an accurate choice
of the superconducting thin film [324] cautiously simulated design [325] (as opposed to
interpolated) and post-facto leg trimming [326] and DC-bias [327].

9.2. Superconducting Nanowire Single Photon Detectors

SNSPDs are thin and narrow superconducting nanowires patterned in a meander
geometry to arrange them in a compact pixel. Quite like a TES, the SNSPD is kept at a
temperature below its critical temperature but it is biased with a current which is close
to, but smaller, than its critical current. When a particle strikes on the superconductor, it
depletes it locally of Cooper pairs and produces a resistive hotspot. Such finite resistance
produces a voltage drop across the SNSPD which can be measured. SNSPDs exhibit
incredible quantum efficiency and pico-second time resolution, but exhibit no energy
resolution and no photon-counting capabilities if not multiplexed (usually FDM) into
arrays. As of July 2024, kilo-pixel arrays of SNSPDs are commercially available.
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Abbreviations
The following abbreviations are used in this manuscript:

ABS Atacama B-mode Search
ACT Atacama Cosmology Telescope
AliCPT Ali CMB Polarization Telescope
ALMA Atacama Large Millimeter/submillimeter Array
ALPS II Any Light Particle Search II
ASI Agenzia Spaziale Italiana
Athena Advanced Telescope for High-ENergy Astrophysics
BBO Beta Barium Borate
BCS Bardeen Cooper Schreifer
BICEP Background Imaging of Cosmic Extragalactic Polarization
CCD Charge Coupled Device
CDM Code Division Multiplexing
CEνNS Coherent Elastic Neutrino Nucleus Scattering
CLASS Cosmology Large Angular Scale Surveyor
CLSM Confocal Laser Scanning Microscope
CMB Cosmic Microwave Background
CMB-S4 Cosmic Microwave Background - Stage 4
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CMOS Complimentary Metal-Oxide-Semiconductor
CSS Coherent State Superposition
CPW Coplanar Waveguide
CRESST Cryogenic Rare Event Search using Superconducting Thermometers
CUPID CUORE Upgrade with Particle IDentification
DAC Digital-to-Analog Converter
DM Dark Matter
EBEX E and B EXperiment
EBIT Electron Beam Ion Trap
EC Electron Capture
ESA European Space Agency
FIP Far-Infrared Polarimeter
FoV Field of View
FDM Frequency Division Multiplexing
GISMO Goddard IRAM Superconducting Millimeter Observer
HEMT High Electron Mobility Transistor
HeRALD Helium Roton Apparatus for Light Dark matter
HIXI High Definition X-ray Imager
HOM Hong-Ou-Mandel
HPGe High Purity germanium
IAEA International Atomic Energy Agency
IC Integrated Circuits
INFN Istituto Nazionale Fisica Nucleare
ISTED Inductive Superconducting Transition Edge Sensor
JPARC Japan Proton Accelerator Research Complex
JWST James Webb Space Telescope
LANL Los Alamos National Laboratory
LAT Large Aperture Telescope
LCLS Linac Coherent Light Source
LFT Low Frequency Telescope

LiteBIRD
Lite (Light) satellite for the study of B-mode polarization
and Inflation from cosmic background Radiation Detection

LSPE Large-Scale Polarization Explorer
LSW Light Shining through a Wall
LXM Lynx X-ray Microcalorimeter
µ-MUX Microwave Multiplexing
MBAC Millimeter Bolometer Array Camera
MHFT Medium and High Frequency Telescope
MINT Microscope for Integrated circuit NanoTomography
MISC-T Mid-Infrared Spectrometer Camera Transit
MKID Microwave Kinetic Inductance Detector
NDA Non-Destructive Assay
NEP Noise Equivalent Power
NETF Negative electro-thermal Feedback
NETS NIST EBIT TES Spectrometer
NIST National Institute of Standards and Technology
NSENSE Non-destructive Statistical Estimation of Nanoscale Structures and Electronics
NTD Neutron Transmutation Doped
OMT Ortho-Mode Transducer
OSS Origins Survey Spectrometer
PIXE Particle-Induced X-ray Emission
PMT Photo-multiplier Tube
POLARBEAR POLARization of the Background Radiation
PSD Power Spectral Density
PSI Paul Scherrer Institut
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QKD Quantum Key Distribution
QUBIC Q and U Bolometric Interferometer for Cosmology
RIXS Resonant Inelastic X-ray Scattering
SAT Small Aperture Telescope
SCUBA-2 Submillimetre Common-User Bolometer Array 2
SDD Silicon Drift Detector
SEM Scanning Electron Microscope

SLEDGEHAMMER
Spectrometer to Leverage Extensive Development of Gamma-ray
TESs for Huge Arrays using Microwave Multiplexed Enabled Readout

SNLS Sinchrotron National Light Source
SNSPD Superconducting Nanowire Single Photon Detector
SNR Signal-to-Noise Ratio
SPDT Single Pole Double Throw
SOFIA Spectromenter Optimized for Facility Integrated Applications
SPICA Space Infrared Telescope for Cosmology and Astrophysics
SPICE Sub-eV Polar Interactions Cryogenic Experiment
SPT South Pole Telescope
SPTPol South Pole Telescope Polarimeter
SQUID Superconducting QUantum Interference Device
STEM Scanning Transmission Electron Microscope
STFC (UK) Science and Technology Facilities Council
STRIP Survey TeneRIfe Polarimeter
SWIPE Short Wavelength Instrument for the Polarization Explorer
TDM Time Division Multiplexing
TES Transition Edge Sensor
TOD Time-Ordered Data
TOMCAT Tomographic Circuit Analysis Tool
WFI Wide Field Instrument
WHIM Warm-Hot Interstellar Medium
WIMP Weakly Interacting Massive Particle
X-IFU X-ray Integral Field Unit
XANES X-ray Absorption Near-Edge Structure
XAS X-ray Absorption Spectroscopy
XES X-ray Emission Spectroscopy
XGS X-ray Grating Spectrometer
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