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The fundamental dark count rate in TESs is mainly determined by the phonon noise existing in the device which can 
produce spikes in the detector output signal, and therefore can be mistaken for the signal itself. In general, the 
fundamental dark count rate Nd can be expressed by the following gaussian integral 

𝑁𝑑 =
𝛽𝑒𝑓𝑓
√2𝜋

∫ exp(−
𝑥2

2 )
∞

𝐸𝑇 𝛿𝐸⁄
𝑑𝑥, 

where 𝛽𝑒𝑓𝑓 ≈ 𝜏𝑒𝑓𝑓−1  is the effective detection bandwidth, and ET is the discrimination threshold energy. The latter is 
determined by the detector bias or by the readout electronics. Similarly, the probability to detect a real photonic 
event, i.e., the quantum efficiency (K) of the sensor is given by  

𝜂 =
1

√2𝜋
∫ exp (−

𝑥2

2 )
∞

(𝐸𝑇−ℎ𝜈) 𝛿𝐸⁄
𝑑𝑥, 

where hQ is the energy of the incoming photon. It turns out that if ℎ𝜈 ≫ 𝛿𝐸, and ET is chosen several times larger 
than the energy resolution, one can suppress the dark counting rate and obtain at the same time a quantum 
efficiency close to 100%.  

Let us suppose, for instance, to use a properly designed TES with the above given frequency resolution of 560 MHz 
to detect single photons, and 𝛽𝑒𝑓𝑓 = 1 kHz. By choosing 𝐸𝑇~8𝛿𝐸we get 𝑁𝑑 ≈ 6 × 10−13 s-1, i.e., around 5 × 10−8 
dark count events per day or, equivalently, something like one event in 105 years! The corresponding sensor 
quantum efficiency turns out to be  ~100% for 𝜈 ∈ 10 ÷ 100 GHz. All this shows that one can in principle realize 
TESs operating  at 10 mK and optimized to detect single photonic events in the sub-THz and MW spectral range with 
negligible intrinsic dark count number, and with quantum efficiency close to 1. The achievement of this limit is 
indeed challenging, and the realization of TESs capable of these performances will be the first relevant objective of 
the STAX proposal. 

Other possible dark count events are typically related to different background sources. In the following we provide 
the list of these main common contributions: 

x Cosmic rays: muons can reach directly the TES element, or induce scintillation light (due to absorption) 
thereby being detected by the sensor. The impact of cosmic rays can be limited by exploiting suitable 
shields in the laboratory environment. 

x Radioactivity: environmental radioactivity can be efficiently 
screened by the shields present in the dilution refrigerator. 
Moreover, the presence of radio-impurities in the materials 
forming the sensor, or parts of the fridge, can be at the origin 
of  undesired signals detected by the transition-edge sensor. 
Direct absorption or scintillation photons are possible as well. 

x Electromagnetic interference (EMI): external interference can 
couple either to the TES or to the read-out SQUID amplifier. 

x Thermal photons: materials inside the fridge will emit 
radiation according to the black-body spectrum. These 
thermal photons originating from surfaces at finite 
temperature inside the dilution cryostat can reach the TES.  

 
Standard pulse height analysis (PHA), pulse height and integral analysis 
(HIA), and pulse shape analysis (PSA) will be performed on the 

Fig. 3. Example of a NbN nanobolemeter (placed at 
the center of the image) integrated with a  log-
periodic spiral antenna [14]. 



OUTLINE

  Axions Search: motivation and theory 

 How to detect Axions

 STAX

 Detector R&D

2



Axion to photon conversion
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Light pseudo scalar JP =  0-  can solve both the dark matter problem                
and the CP symmetry puzzle in QCD

 ma < 3x10-3 eV  from SN1987

axion, like neutral pion couples to two photons via fermion loop (Primakoff 
effect) 

compensate for the exceedingly tiny value of the
axion–photon coupling, gagg. A lucid and general
formalism for the mixing of axions with photons has
been given by Raffelt and Stodolsky [11].

This production of a pseudoscalar in an external
electromagnetic field was first conceived by Henry
Primakoff in 1951 when he realized that the measure-
ment of the lifetime of a p0 decaying to two photons
was equivalent to the much easier measurement of its
photoproduction cross-section in the Coulomb field of
a high-Z nucleus [12]. In fact one can think of the axion
as an extremely light cousin of the p0. In the axion
search experiments described in this report, the virtual
photon is supplied by a macroscopic magnetic

field, with the Lagrangian density for this coupling
given by:

Lagg ¼ "
a
p
gg
fa

! "
aE # B; ð4Þ

where a is the axion field, E is the electric field of the
real photon and B is the external magnetic field. The
opposite combination is of course also possible, but it
is much more difficult to support macroscopic electric
fields of equivalent strength to that available with
modern superconducting magnets. A magnetic field
of 1 T would correspond to an electric field of
30 MV cm71. The E # B interaction is manifestly
pseudoscalar in nature.

We have chosen to limit the scope of this article
only to experiments based on axion–photon mixing
and, in doing so, have left aside telescope searches for
free-space decay of axions in galactic clusters [13–15],
as well as ‘fifth-force’ torsion-beam experiments [16].

3. The search for dark-matter axions

3.1. Summary of evidence for dark matter

A preponderance of evidence now supports a cosmo-
logical model of an universe with a total energy density
(rt) equal to the critical density, rc corresponding to a
flat (Euclidian) geometry, i.e. O ¼ rt/rc ¼ 1. Further-
more, the total energy density is partitioned into a
majority component (*73%) of dark energy, respon-
sible for the observed acceleration of the expansion of
the universe, and a minority component of matter

Figure 2. The axion is a pseudoscalar particle (spin-parity,
Jp ¼ 07), a light cousin to the neutral pion, and couples to
two photons via a loop of charged fermions.

Figure 3. One may treat a classical electromagnetic field as a sea of virtual photons, and thus an axion may convert into a single
real photon carrying the full energy – mass plus kinetic – of the axion. The same is true for the inverse process of a photon
converting into an axion. The external electromagnetic field brokers the conservation of momentum.
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Axion in magnetic field

4
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of 1 T would correspond to an electric field of
30 MV cm71. The E # B interaction is manifestly
pseudoscalar in nature.

We have chosen to limit the scope of this article
only to experiments based on axion–photon mixing
and, in doing so, have left aside telescope searches for
free-space decay of axions in galactic clusters [13–15],
as well as ‘fifth-force’ torsion-beam experiments [16].

3. The search for dark-matter axions

3.1. Summary of evidence for dark matter

A preponderance of evidence now supports a cosmo-
logical model of an universe with a total energy density
(rt) equal to the critical density, rc corresponding to a
flat (Euclidian) geometry, i.e. O ¼ rt/rc ¼ 1. Further-
more, the total energy density is partitioned into a
majority component (*73%) of dark energy, respon-
sible for the observed acceleration of the expansion of
the universe, and a minority component of matter

Figure 2. The axion is a pseudoscalar particle (spin-parity,
Jp ¼ 07), a light cousin to the neutral pion, and couples to
two photons via a loop of charged fermions.
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converting into an axion. The external electromagnetic field brokers the conservation of momentum.

Contemporary Physics 283

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
P
h
y
s
i
c
a
l
 
R
e
s
e
a
r
c
h
 
L
a
b
o
r
a
t
o
r
y
]
 
A
t
:
 
1
3
:
2
6
 
7
 
J
a
n
u
a
r
y
 
2
0
1
0

Axion-B field interaction can be treat quasi-classically as an interaction
of a photon with an external field with a photon-axion transition  









Axion-Photon conversion probability
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P
�⌧a

= g2H2
sin2

⇣
q

x

L

x

2

⌘

q2
x

q
x

=
m2

a

2E
�

with the transfered momentum 

g is the axion-gamma coupling constant  < 10-10 GeV-1  from astrophysics 

2 key points: very high H field
                           very intense source 



Axions Experiments

• Three types: Haloscopic, Helioscopic, LSW 

• Halo often use cavities: High sensitivity but limited mass window
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Ex:  ADMX Livermore

Radio Astronomical Observatory, as an offshoot of an
amplifier development program for the Greenbank
telescope. These HEMTs are to date the quietest
available broadband amplifiers, with noise tempera-
tures in the experiment measured to be *1.5 K. With
the physical temperature provided by pumped super-
fluid helium of 1.3 K, the total system noise tempera-
ture achieved is 3 K or better – coincidentally about
the blackbody temperature of the cosmos. As will
be seen later, there is however much room for
improvement.

This experiment took data from 1996–2003, cover-
ing a mass range of 1.9–3.4 meV, at KSVZ sensitivity,
prior to shutting down for a major upgrade. Within
each run of 80 s, the receiver data were analysed in two
parallel streams. The medium-resolution channel
calculated and averaged the FFT spectrum for 104 seg-
ments of 8 ms each; Df ¼ 125 Hz (Df/f * 2 6 1077)
being an appropriate binning to observe the shape of
the virialised axion (Df/f * 1076). A second channel

calculated the FFT for a single 50 s stream, producing
a spectrum of 2 6 1072 Hz bins, and thus a resolution
of Df/f * 4 6 10711, appropriate to look for the
more speculative fine structure. No axion to date has
been found. Figure 6 shows the exclusion region from
the generic medium-resolution analysis, along with
date from the earlier Rochester–Brookhaven–Fermilab
and University of Florida experiments [27].

While ADMX is to our knowledge the quietest
spectral receiver in the world, the system noise
temperature could be improved by more than an order
of magnitude. This would enable the experiment to
scan the mass range faster, and at the same time be
sensitive to axions of much smaller couplings, such as
those predicted in DFSZ models. A new amplifier
technology was developed specifically for this purpose,
the microstrip-coupled SQUID (Superconducting
QUantum Interference Device) by John Clarke and
his group at the University of California Berkeley [28].
Up until their work, SQUIDs had found broad
application as ultrasensitive magnetometers in the
quasi-static regime, or low-frequency amplifiers, but
never had been made to work as high-gain, low-noise
amplifiers in the gigahertz range. Currently, the
microstrip-coupled SQUIDs have demonstrated noise
performance within 15% of the quantum limit, the
theoretically irreducible noise for an amplifier, kB
Tq ¼ hf, where kB is the Boltzmann constant, Tq is
quantum-limit noise temperature, h is the Planck
constant and f is the operating frequency (Figure 7).

An upgrade of ADMX to the microstrip-coupled
SQUIDs began in 2004 and was completed in 2007.
Data-taking commenced in March 2008. A significant

Figure 5. The ADMX experimental tower after being
removed from the magnet cryostat. The top of the cryostat
is at floor level, with the superconducting coil three metres
below ground.

Figure 6. Current limits on axion coupling from cavity
experiments assuming a local dark matter density of
ra " 0.45 GeV cm73. One can immediately see that
ADMX has started to probe plausible axion coupling
strengths.
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Only experiments hitting
Peccei-Quin region 



Axions Experiments

• Three types: Haloscopic, Helioscopic, LSW 

• First two suffer by low intensity source or depends on 
stellar/galactic models 
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The X-ray flux FX produced by the conversion of
solar axions depends on both the axion flux Fa and the
conversion probability P:

FX ¼ PFa: ð8Þ

Axions can be created in the Sun by the same
Primakoff process, i.e. through the fusion of real
blackbody photons with the intense fluctuating elec-
tromagnetic fields associated with the stellar plasma.
The resulting axion spectrum is thermal in shape, but
with a mean energy hEai ¼ 4.2 keV, higher than the
solar core temperature kT ¼ 1.3 keV, due to suppres-
sion of lower energy production by plasma screening
effects. The energy-integrated axion flux at the Earth is
given by

Fa $ 4% 1011 & g210 cm
'2 s'1; ð9Þ

where g10 : gagg/10
710 GeV71 [31,32]. Note that at

the current Horizontal Branch Star limit, and previous
CAST results, g10 ( 1, the axion luminosity La is
highly sub-dominant, i.e. it would represent
only a fraction of the solar luminosity L) where
La(g10 ¼ 1) ¼ 1.85 6 1073L).

The conversion probability of an axion to a photon
in the presence of a magnetic field of strength B and
length L is given by

P ¼ 1

4
ðgaggBLÞ2jFðqÞj2; ð10Þ

where gagg is the axion coupling to two photons and q,
the axion–photon momentum difference, is given by
q ¼ m2

a=2E, and E is the photon energy. F(q) is a factor
which reflects the degree to which the axion and

photon waves remain in phase through the length of
the magnet. For very low mass axions, q ! 0 and
F(q) ! 1, and the conversion probability achieves its
theoretical maximum. For more massive, and thus less
fully relativistic axions, the axion and photon waves
begin to slip in phase. F(q) begins to roll off and
oscillate, the break-point being qL * p. As described
in detail in [30], coherence can be extended to higher
axion masses by filling the conversion region (i.e. the
interior cavity of the magnet) with a buffer gas like
helium, imparting an effective mass to the photons
which can match the axion’s mass, ma. In this manner
the conversion probability may be restored to its
theoretical maximum for any specific axion mass. A
range of axion masses can then be searched by tuning
the gas pressure.

4.1. Initial experiments

The first axion helioscope search was carried out at
BNL in 1992, where a 2.2 T iron core dipole
magnet was oriented in the direction of the setting
sun [33]. Employing a proportional chamber as a
detector and a vacuum pipe placed in the gap of the
magnet, data was collected over a four-day period,
using both an evacuated and helium-filled converter.
For ma 5 0.03 eV, they derived an upper limit of
gagg 5 3.6 6 1079 GeV71, and for 0.03 5 ma 5
0.11 eV, gagg 5 7.7 6 1079 GeV71 [33].

A second-generation experiment was performed at
the University of Tokyo utilising a 4 T superconduct-
ing magnet with a vacuum bore located between its
two coils [34,35]. A major advantage of their approach
was to mount the magnet on a platform with two
angular degrees of freedom. This arrangement allowed
nearly continuous tracking of the Sun, greatly increas-
ing the daily observing efficiency. Employing PIN
photodiodes as detectors and an evacuated bore, data

Figure 8. Drawing showing the basic operating principle of an axion helioscope. X-rays are transformed into axions in the solar
interior. The axions travel to earth where they are converted back to X-rays by passing through a strong magnetic field.
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The resulting axion spectrum is thermal in shape, but
with a mean energy hEai ¼ 4.2 keV, higher than the
solar core temperature kT ¼ 1.3 keV, due to suppres-
sion of lower energy production by plasma screening
effects. The energy-integrated axion flux at the Earth is
given by
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where g10 : gagg/10
710 GeV71 [31,32]. Note that at

the current Horizontal Branch Star limit, and previous
CAST results, g10 ( 1, the axion luminosity La is
highly sub-dominant, i.e. it would represent
only a fraction of the solar luminosity L) where
La(g10 ¼ 1) ¼ 1.85 6 1073L).

The conversion probability of an axion to a photon
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length L is given by
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where gagg is the axion coupling to two photons and q,
the axion–photon momentum difference, is given by
q ¼ m2

a=2E, and E is the photon energy. F(q) is a factor
which reflects the degree to which the axion and
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F(q) ! 1, and the conversion probability achieves its
theoretical maximum. For more massive, and thus less
fully relativistic axions, the axion and photon waves
begin to slip in phase. F(q) begins to roll off and
oscillate, the break-point being qL * p. As described
in detail in [30], coherence can be extended to higher
axion masses by filling the conversion region (i.e. the
interior cavity of the magnet) with a buffer gas like
helium, imparting an effective mass to the photons
which can match the axion’s mass, ma. In this manner
the conversion probability may be restored to its
theoretical maximum for any specific axion mass. A
range of axion masses can then be searched by tuning
the gas pressure.

4.1. Initial experiments

The first axion helioscope search was carried out at
BNL in 1992, where a 2.2 T iron core dipole
magnet was oriented in the direction of the setting
sun [33]. Employing a proportional chamber as a
detector and a vacuum pipe placed in the gap of the
magnet, data was collected over a four-day period,
using both an evacuated and helium-filled converter.
For ma 5 0.03 eV, they derived an upper limit of
gagg 5 3.6 6 1079 GeV71, and for 0.03 5 ma 5
0.11 eV, gagg 5 7.7 6 1079 GeV71 [33].

A second-generation experiment was performed at
the University of Tokyo utilising a 4 T superconduct-
ing magnet with a vacuum bore located between its
two coils [34,35]. A major advantage of their approach
was to mount the magnet on a platform with two
angular degrees of freedom. This arrangement allowed
nearly continuous tracking of the Sun, greatly increas-
ing the daily observing efficiency. Employing PIN
photodiodes as detectors and an evacuated bore, data

Figure 8. Drawing showing the basic operating principle of an axion helioscope. X-rays are transformed into axions in the solar
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The resulting axion spectrum is thermal in shape, but
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which can match the axion’s mass, ma. In this manner
the conversion probability may be restored to its
theoretical maximum for any specific axion mass. A
range of axion masses can then be searched by tuning
the gas pressure.

4.1. Initial experiments

The first axion helioscope search was carried out at
BNL in 1992, where a 2.2 T iron core dipole
magnet was oriented in the direction of the setting
sun [33]. Employing a proportional chamber as a
detector and a vacuum pipe placed in the gap of the
magnet, data was collected over a four-day period,
using both an evacuated and helium-filled converter.
For ma 5 0.03 eV, they derived an upper limit of
gagg 5 3.6 6 1079 GeV71, and for 0.03 5 ma 5
0.11 eV, gagg 5 7.7 6 1079 GeV71 [33].

A second-generation experiment was performed at
the University of Tokyo utilising a 4 T superconduct-
ing magnet with a vacuum bore located between its
two coils [34,35]. A major advantage of their approach
was to mount the magnet on a platform with two
angular degrees of freedom. This arrangement allowed
nearly continuous tracking of the Sun, greatly increas-
ing the daily observing efficiency. Employing PIN
photodiodes as detectors and an evacuated bore, data

Figure 8. Drawing showing the basic operating principle of an axion helioscope. X-rays are transformed into axions in the solar
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Ex:  CAST and IAXO (CERN) use LHC dipoles

<E> ~4.2 KeV



LSW: Light Shining through the Wall 
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Laser Source
Higher Luminosity

Double process
~ g4

Ṅ / Ṅ
source
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LSW: Light Shining through the Wall 
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The first such experiment was carried out by Ruoso
et al. in the early 1990s using two Brookhaven
CBA dipoles (4.4 m long each, 3.7 T), and an argon
ion laser (1.5 W, 200 traversals in an optical cavity). A
limit of g 5 6.7 6 1077 GeV was established, for
ma 5 1073 eV [53].

The original PVLAS results, however, prompted a
tremendous resurgence of activity in laboratory
experiments which could unambiguously confirm or
refute the particle interpretation of the unexpectedly
large vacuum dichroism and birefringence data. At
least half a dozen photon-regeneration experiments
were launched, some still in the planning phase, and
two of which have already taken data and published
their results. The first of them, by the BMV collabora-
tion at LULI, utilised a novel short pulsed-field magnet
[54]. The other, the GammeV collaboration, employed
a standard Tevatron dipole magnet (6 m long, 5 T
field) with the optical barrier in the middle (Figure 15)
[55]. Both BMV and GammeV conclusively confirmed
the non-existence of a pseudoscalar in the original
PVLAS allowed region (Figure 16).

It is reasonable to ask why would one encourage
several competing efforts to continue when none of
them would be competitive with the solar or astro-
physical limits many orders of magnitude stronger, i.e.
g * 10710 GeV71. A new and compelling motivation

for a major campaign in photon regeneration has
recently been published, which demonstrates that the
basic photon regeneration experiment (Figure 14(a))
can be resonantly enhanced by encompassing both the
production and regeneration magnets in matched
Fabry–Pérot optical resonators, which are actively
locked to one another in frequency (Figure 14(b)) [56].
It is shown that if the reflectivity of the end-mirrors in
the production and regeneration cavities are Z, Z0,
respectively, then the resonantly enhanced probability
is given by

Presðg! a! gÞ ¼ 2

ZZ0
P2; ð11Þ

Presðg! a! gÞ ¼ 2

p2
FF 0Pnon-resðg! a! gÞ; ð12Þ

where F, F 0 represent the finesse of the two cavities,
roughly equivalent to the number of passes the light
makes in each. It is important to note that while the

Figure 15. Photo of GammeV experimental setup.

Figure 16. Limits on axion coupling published by the
GammeV collaboration [56].

Figure 14. (a) Simple photon regeneration experiment. (b)
Resonantly enhanced photon regeneration, employing
matched Fabry–Pérot cavities. The overall envelope
schematically shown by the thin dashed lines indicates the
important condition that the axion wave, and thus the
Fabry–Pérot mode, in the conversion magnet must follow
that of the hypothetically unimpeded photon wave from the
Fabry–Pérot mode in the production magnet. Between the
laser and the cavity is the injection optics (IO) which
manages mode matching of the laser to the cavity, imposes
RF sidebands for reflection locking of the laser to the cavity,
and provides isolation for the laser. The photon detectors are
also preceded by matching and beam-steering optics. Not
shown at all is the electro-optical system required to lock the
two cavities together in frequency.
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For reference 1 GHz = 4.1 µeV 
 

High dipole magnetic field soon available (dipoles of ~ 15 T)

Very intense photon source  gyrotrons up to 1 MW @ 30 GHz —> 1028 photons/s

Energy range up to ~ 0.1 meV (30 GHz)

Possibility to use Fabry-Perot Q~105 cavities to enhance the luminosity
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30-100 GHz is the optimal point 

Edifici Esseri umani Farfalle Punta di 
un ago

Protozoi Molecole Atomi Nuclei atomici

104 108 1012 1015 1016 1018 1020

1 K 100 K 10,000 K 10,000,000 K

Penetra l'atmosfera
terrestre?

Radio Microonde Infrarosso Visibile Ultravioletto Raggi X Raggi Gamma
103 10−2 10−5 0.5×10 −6 10−8 10−10 10−12

Tipo di radiazione
Lunghezza d'onda (m)

Scala approssimativa
della lunghezza d'onda

Frequenza (Hz)

Temperatura degli
oggetti alla quale

questa radiazione è
la più intensa

lunghezza d'onda
emessa −272 °C −173 °C 9,727 °C ~10,000,000 °C

Sì Sì NoNo
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30-100 GHz maximum laser power



STAX: gyrotrons
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The$opera)ng$region$of$gyrotrons$

P(MW)$x$ν"2(GHz2)$=$const.$
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Sub THz Single Photon Detector   REQUIREMENTS 

Able to detect a single photon < THz

efficiency ~ 1

Negligible background/dark count 

……

OUTCOME of these requirements: TES (Transition Edge Sensor)

superconducting material, which is operated in order to be always partially resistive, i.e., near to the 
superconducting-normal state phase transition. Photons passing through the absorber will cause the 
temperature of the metal electrons to rise thereby inducing an enhancement of the bolometer resistance. This 
kind of detector is usually known as transition edge sensor (TES) because it operates within a rather narrow 
temperature interval where its electric conductance changes from infinity (when the sensor is in the 
superconducting phase) to a finite value when it has switched to the normal state thanks to the energy 
released by an incoming photon. Proposed almost three decades ago [3] the superconducting HEBs join 
robustness and reliability with small electronic heat capacity, and a  thermal conductance which can be tailored  
at will up to large extent. 

Recently, bolometers based on TES have been successfully exploited as single-photon quantum calorimeters 
for X-ray spectroscopy [3] as well as for secure quantum communication applications using near-IR photons 
[4]. Nano HEBs are able to extend the ability of conventional bolometers to detect both very tiny powers as 
well as small amounts of energy which potentially correspond to a single sub-THz or MW photonic event. 
Currently, superconducting micro- and nanobolometers are widely used in sub-millimeter astrophysics 
applications as well as in high-energy physics and quantum calorimetry. 

Physics of hot-electron nanosensor: the TES 
In the following we shall outline the physics underlying the transition edge sensors and their main 
characteristics.  

 

Figure 1 shows the scheme of a generic hot electron bolometer. In particular, the TES is able to join all the 
three main elements constituting a bolometer in a single structure, namely, the absorbing element, the 
thermometer, and the thermal conduction mechanism. Typically a TES is made of a low critical temperature 
superconductor (S) inserted between two superconducting electrodes which possess an energy gap (Δ) larger 
than that of the TES in order to prevent the out diffusion of thermal energy from the sensing element. This 
occurs thanks to the existence of the Andreev reflection process which creates a sort of thermal barrier 
between the TES and the nearby contacted superconductors [5]. Andreev reflection is the process for which 

Fig. 1. Sketch of a generic hot-electron bolometer. A superconducting bridge made of a low-temperature superconductor forms 
the TES element. The device is realized on top of a solid substrate, and is laterally contacted to two superconducting electrodes 
which prevent  thermal energy to escape from the TES. The superconducting energy gap inside the TES is almost zero as the latter 
is operated in the resistive state near the superconductor-normal phase transition. FIR or MW radiation can couple to the TES 
through a planar antenna or through a wave guide.



TES detectors
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Electronic bolometer made by a low critical temperature superconductor

efficiency ~ 1

Negligible background/ dark count 

ultralow T

superconducting material, which is operated in order to be always partially resistive, i.e., near to the 
superconducting-normal state phase transition. Photons passing through the absorber will cause the 
temperature of the metal electrons to rise thereby inducing an enhancement of the bolometer resistance. This 
kind of detector is usually known as transition edge sensor (TES) because it operates within a rather narrow 
temperature interval where its electric conductance changes from infinity (when the sensor is in the 
superconducting phase) to a finite value when it has switched to the normal state thanks to the energy 
released by an incoming photon. Proposed almost three decades ago [3] the superconducting HEBs join 
robustness and reliability with small electronic heat capacity, and a  thermal conductance which can be tailored  
at will up to large extent. 

Recently, bolometers based on TES have been successfully exploited as single-photon quantum calorimeters 
for X-ray spectroscopy [3] as well as for secure quantum communication applications using near-IR photons 
[4]. Nano HEBs are able to extend the ability of conventional bolometers to detect both very tiny powers as 
well as small amounts of energy which potentially correspond to a single sub-THz or MW photonic event. 
Currently, superconducting micro- and nanobolometers are widely used in sub-millimeter astrophysics 
applications as well as in high-energy physics and quantum calorimetry. 

Physics of hot-electron nanosensor: the TES 
In the following we shall outline the physics underlying the transition edge sensors and their main 
characteristics.  

 

Figure 1 shows the scheme of a generic hot electron bolometer. In particular, the TES is able to join all the 
three main elements constituting a bolometer in a single structure, namely, the absorbing element, the 
thermometer, and the thermal conduction mechanism. Typically a TES is made of a low critical temperature 
superconductor (S) inserted between two superconducting electrodes which possess an energy gap (Δ) larger 
than that of the TES in order to prevent the out diffusion of thermal energy from the sensing element. This 
occurs thanks to the existence of the Andreev reflection process which creates a sort of thermal barrier 
between the TES and the nearby contacted superconductors [5]. Andreev reflection is the process for which 

Fig. 1. Sketch of a generic hot-electron bolometer. A superconducting bridge made of a low-temperature superconductor forms 
the TES element. The device is realized on top of a solid substrate, and is laterally contacted to two superconducting electrodes 
which prevent  thermal energy to escape from the TES. The superconducting energy gap inside the TES is almost zero as the latter 
is operated in the resistive state near the superconductor-normal phase transition. FIR or MW radiation can couple to the TES 
through a planar antenna or through a wave guide.

an electron at the TES-superconductor interfaces joins to a counter propagating electrons to form a Cooper 

pair inside the superconductor.  

 

This process allows charge transport through the superconducting contacts, but avoids thermal currents to 

diffuse out of the TES leading then to a strong enhancement of the TES performances. In particular, we notice 

that as the TES operates in the resistive regime near to the phase transition, its forbidden energy gap is almost 

suppressed, and hot electrons present in the bridge are surrounded by the superconducting energy gap Δ of 

the lateral superconductors. As a consequence, only a very small fraction (dn/n) of these hot electrons 

possessing energy larger than Δ, 

dn/n /
Z 1

�
dE [exp(E/kT ) + 1]

�1

Fig. 2. (a) Resistance (R) vs temperature (T) characteristic of a TES. δT and δR represent the variation in temperature and 
resistance of the metallic bridge caused by the absorption of radiation, respectively, whereas RN is the normal-state resistance of 
the TES. Below the superconducting critical temperature the electric resistance is null and the TES is in the superconducting state. 
By increasing the temperature the resistance rapidly increases, reaching the characteristic value corresponding to the normal state. 
The working point of the sensor, denoted by WP, lies within the phase transition region, and is set by adjusting a proper current I 
flowing through the detector.  (b) Scheme of the electrical and thermal circuit of the TES. RL is the load resistor, Vbias is the biasing 
voltage whereas L represents the inductor coil. The latter couples magnetically the TES circuit to a DC superconducting quantum 
interference device (SQUID) which provides an ultra-low noise readout of the current I resulting in a voltage output Vout. Φ denotes 
the magnetic flux threading the interferometer loop, while JJ are the Josephson junctions. The bottom of the figure displays the 
thermal system which consists of the TES (red block) with electronic heat capacity Ce, a thermal (phonon) bath residing at Tbath, and 
a thermal link represented by the electron-phonon thermal conductance Ge-ph. (c) Typical signal occurring in the detector after the 
arrival of a photonic event. The latter leads to a current variation and, accordingly, to a voltage change across the SQUID. The 
voltage variation is negative for an increase of the electronic temperature in the TES. The temporal evolution of the pulse is 
characterized by a rise time τ↑ whereas its decay by a time τ↓. 



Sub -THz TES for STAX
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material: choice of a Superconductor with low critical T (< 20 mK) to have a good 
energy resolution (~T3/2 )

alfa-W, bilayer Ti-Au or Ti-Cu

Tailoring TES active volume to reduce thermal capacitance

(10-3-10-4 !m3)

New antenna planar design to enhance the efficiency

low-noise SQUID readout electronics optimization (operating at 100 mK)

R&D goal: implement TES sensors in the working region
 between 30-100 GHz through 4 drivers
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Dark count rate (phonon noise) ~ 6x10 -13 s-1 

Black Body: at 10mK peaked around 0.6 GHz  with a negligible rate of 10 -30 m-2 
s-1 photons irradiated 

Cosmic bkg: 1mu/cm-2/min with 10 eV released in 10nm of material         
saturates the TES, bkg. under control translated in a negligible dead time of the 
TES  ~ 0.1%

Environmental radioactivity: negligible with similar estimates

τ↓/(1+LETF), where LETF ~ 10-100 is the electro-thermal feedback loop gain [3]. The maximum achievable 
sensor speed (∼ 103 –104 Hz) is perfectly suited for the detection of rare photonic events which are expected 
to be observed in STAX. 

As far as as dark count rate is concerned, in TESs it is mainly determined by the phonon noise existing in the 
device which can produce spikes in the detector output signal, and therefore can be mistaken for the signal. In 
general, the fundamental dark count rate Nd can be expressed by the following gaussian integral 

where βeff = 1/!eff is the effective detection bandwidth, and ET is the discrimination threshold energy. The latter 
is determined by the detector bias or by the readout electronics. Similarly, the probability to detect a real 
photonic event, i.e., the quantum efficiency (η) of the sensor is given by  

where hν is the energy of the incoming photon. If hν >> δE, and ET is chosen several times larger than the 
energy resolution, one can suppress the dark counting rate and obtain at the same time a quantum efficiency 
close to 100%. Supposing, for instance, to achieve the above frequency resolution of 560 MHz, by choosing  
βeff = 1 kHz and ET ~ 8 δE we get Nd ~ 6 10-13 s-1, i.e., around one event in 105 years! The corresponding 
sensor quantum efficiency turns out to be ~ 100% for 10-100 GHz photons. The achievement of this limit is 
very challenging, and the realization of TESs enabling such performance is the relevant objective of STAX. 

Other possible dark count events are normally related to different background sources. In the following we 
provide the list of these main common contributions: 

• Cosmic rays: Muons can reach directly the TES element, or induce scintillation light (due to 
absorption) thereby being detected by the sensor. The impact of cosmic rays can be limited by 
exploiting suitable shields in the laboratory environment. TO BE ESTIMATED 

• Radioactivity: Environmental radioactivity can be efficiently screened by the shields present in the 
dilution refrigerator. Moreover, the presence of radio-impurities in the materials forming the sensor, or 
parts of the fridge, can be at the origin of  undesired signals detected by the transition-edge sensor. 
Direct absorption or scintillation photons are possible as well. TO BE ESTIMATED 

• Electromagnetic interference (EMI): External interference can couple either to the TES or to the 
read-out SQUID amplifier. TO BE ESTIMATED 

• Thermal photons: Materials inside the fridge will emit radiation according to the black-body 
spectrum. These thermal photons originating from surfaces residing at finite temperature inside the 
dilution cryostat (mainly the metallic shields), and surrounding the detector, can reach the TES 

Nd =

�e↵p
2⇡

Z 1

ET /�E
exp(�x

2
/2) dx

⌘ =

1p
2⇡

Z 1

(ET�h⌫)/�E
exp(�x

2
/2) dx

τ↓/(1+LETF), where LETF ~ 10-100 is the electro-thermal feedback loop gain [3]. The maximum achievable 
sensor speed (∼ 103 –104 Hz) is perfectly suited for the detection of rare photonic events which are expected 
to be observed in STAX. 

As far as as dark count rate is concerned, in TESs it is mainly determined by the phonon noise existing in the 
device which can produce spikes in the detector output signal, and therefore can be mistaken for the signal. In 
general, the fundamental dark count rate Nd can be expressed by the following gaussian integral 

where βeff = 1/!eff is the effective detection bandwidth, and ET is the discrimination threshold energy. The latter 
is determined by the detector bias or by the readout electronics. Similarly, the probability to detect a real 
photonic event, i.e., the quantum efficiency (η) of the sensor is given by  

where hν is the energy of the incoming photon. If hν >> δE, and ET is chosen several times larger than the 
energy resolution, one can suppress the dark counting rate and obtain at the same time a quantum efficiency 
close to 100%. Supposing, for instance, to achieve the above frequency resolution of 560 MHz, by choosing  
βeff = 1 kHz and ET ~ 8 δE we get Nd ~ 6 10-13 s-1, i.e., around one event in 105 years! The corresponding 
sensor quantum efficiency turns out to be ~ 100% for 10-100 GHz photons. The achievement of this limit is 
very challenging, and the realization of TESs enabling such performance is the relevant objective of STAX. 

Other possible dark count events are normally related to different background sources. In the following we 
provide the list of these main common contributions: 

• Cosmic rays: Muons can reach directly the TES element, or induce scintillation light (due to 
absorption) thereby being detected by the sensor. The impact of cosmic rays can be limited by 
exploiting suitable shields in the laboratory environment. TO BE ESTIMATED 

• Radioactivity: Environmental radioactivity can be efficiently screened by the shields present in the 
dilution refrigerator. Moreover, the presence of radio-impurities in the materials forming the sensor, or 
parts of the fridge, can be at the origin of  undesired signals detected by the transition-edge sensor. 
Direct absorption or scintillation photons are possible as well. TO BE ESTIMATED 

• Electromagnetic interference (EMI): External interference can couple either to the TES or to the 
read-out SQUID amplifier. TO BE ESTIMATED 

• Thermal photons: Materials inside the fridge will emit radiation according to the black-body 
spectrum. These thermal photons originating from surfaces residing at finite temperature inside the 
dilution cryostat (mainly the metallic shields), and surrounding the detector, can reach the TES 
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Dark count negligible at these sub THz frequencies



3 years R&D project
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Facilities located between INFN-Pisa and  NEST-Pisa
possibility to use INFN S.Piero Labs



Financial Plan and Requests 
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Description Quantity Unit Price Cost

cryogen-free dilution refrigerator 1 €	 200.000     €	 200.000     

SQUID amplifiers 2 €	 20.000       €	 40.000       

mw Gunn oscillator radiation sources 3 €	 30.000       €	 90.000       

vector network analyser 1 €	 100.000     €	 100.000     

mw NbTi superconducting coaxial cables 6 €	 2.000         €	 12.000       

10 Tb disk storage 1 €	 3.000         €	 3.000         

CPU (HS06 units) 500 €	 12              €	 6.000         

Consumables per year 3 €	 15.000       €	 45.000       

travel cost per year 3 €	 15.000       €	 45.000       

publication cost per year 3 €	 4.000         €	 12.000       

personnel per year 6 €	 30.000       €	 180.000     

Total € 733.000     



Financial Plan and Requests 
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Description 2016 2017 2018 Total

cryogen-free dilution refrigerator €	 200.000   €	 200.000   

SQUID amplifiers €	 20.000     €	 20.000     €	 40.000     

radiation sources €	 90.000     €	 90.000     

vector analyser €	 100.000   €	 100.000   

superconducting coaxial cables €	 12.000     €	 12.000     

Storage €	 3.000       €	 3.000       

CPU €	 6.000       €	 6.000       

Consumables €	 15.000     €	 15.000     €	 15.000     €	 45.000     

travel cost €	 15.000     €	 15.000     €	 15.000     €	 45.000     

publication cost €	 6.000       €	 6.000       €	 12.000     

personnel €	 60.000     €	 60.000     €	 60.000     €	 180.000   

Total 302.000 € 215.000 € 216.000 € 733.000 €



Conclusions
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We propose an improved detection scheme for axion-like particles searches 
based on a Light-Shining-Through-Wall (LSW) experiment in a photon frequency 
domain never explored before 

The aim is that of setting the most stringent exclusion limits on axion-like 
particles ever reached in this kind of experiments.

To pursue the final objective we need to undergo an intermediate phase of 
research and development on the basic unit of the apparatus we have in mind to 
build: a detector of sub-THz photons.

This R&D is the goal of this CSN5 call submission 


