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a b s t r a c t

We propose a variation, based on very low energy and extremely intense photon sources, on the well
established technique of Light-Shining-through-Wall (LSW) experiments for axion-like particle searches.
With radiation sources at 30 GHz, we compute that present laboratory exclusion limits on axion-like
particles might be improved by at least four orders of magnitude, for masses ma . 0.01 meV. This could
motivate research and development programs on dedicated single-photon sub-THz detectors.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

There is a vast literature describing the theoretical motivations
for axion-like particles and the experimental techniques to
investigate on their existence [1]. The topic has received a
renovated attention because axions may well be among dark-
matter constituents.

The purpose of this letter is to discuss a variation on the
well-established technique of Light-Shining-through-Wall (LSW)
experiments. We suggest to use
1. Very intense sub-THz sources: gyrotrons at frequencies ⌫ ⇡

30 GHz.
2. Single photon detectors for light in this frequency domain.

Gyrotron sources can provide photons from few to several
100 GHz. ⌫ ⇡ 30 GHz is a value which allows to avoid the strong
ambient microwave background still ensuring an extremely large
photon yield.1

In a typical LSW experiment, the rate of events Ṅevts is driven by
Ṅ� , the rate of photons delivered by the source

⇤ Corresponding author at: Dipartimento di Fisica and INFN, ‘Sapienza’ Università
di Roma, P.le Aldo Moro 5, I-00185 Roma, Italy.

E-mail address: antonio.polosa@roma1.infn.it (A.D. Polosa).
1 In tested gyrotrons, the average beam radius is ⇠1.3 cm and the average axial

spread is about 5.5%. The bandwidth is of the order of 30 MHz.

Ṅevts / Ṅ� P�!a ⇥ Pa!� ⇠ Ṅ� G4H4L4 (1)

whereG is the (unknown) photon–axion coupling,H is the strength
of an external magnetic field and L is the length of the photons
path under the action of H . P�!a = Pa!� is the probability of
photon-to-axion-conversion (and vice versa). If G . 10�10 GeV�1,
as suggested by CAST [2], and an external magnetic field H = 15 T
is devised along 50 cm, we have that (GHL)4 . 10�35.

Mega-Watt gyrotron sources can produce over Ṅ� ⇡ 1028

photons/s with continuous emission (in the same conditions a 1W
LASER source yielding visible photons can reach Ṅ� ⇡ 1018 where
1W = 6⇥ 1018 eV/s). This would allow ⇡10 LSW events per year
at G ⇠ 10�10 GeV�1.

The number of expected events will grow by a factor of Q if a
Fabry–Perot resonant cavity (for ⇡30 GHz photons) with quality
factorQ encloses themagnetic field regionwhere photon-to-axion
conversion is expected to occur. Standard quality factors of Fabry-
Perot cavities in the microwave domain are known to be Q =
104 ÷ 105 (see for example [3]). Such values can be reached in
modern optical cavities as well (see for example [4]). A gyrotron
with a bandwidth matching the cavity quality factor must be
eventually chosen for the real experimental setup.

On the other hand, detectors sensitive to a single photon in the
frequency range around 30 GHz are needed, especially if we want
to push the exclusion limits below G ⇠ 10�10 GeV�1. Such devices

http://dx.doi.org/10.1016/j.dark.2016.01.003
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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.

288 G. Carosi et al.
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Figure 1: Exclusion plot for axion-like particles
as described in the text.

In the DFSZ model [17], the tree-level coupling coefficient

to electrons is

Ce =
cos2 β

3
, (8)

where tanβ is the ratio of two Higgs vacuum expectation values

that are generic to this and similar models.

For nucleons, Cn,p are related to axial-vector current matrix

elements by generalized Goldberger-Treiman relations,

Cp = (Cu − η)∆u + (Cd − ηz)∆d + (Cs − ηw)∆s ,

Cn = (Cu − η)∆d + (Cd − ηz)∆u + (Cs − ηw)∆s .
(9)

Here, η = (1 + z + w)−1 with z = mu/md and w = mu/ms ≪ z

and the ∆q are given by the axial vector current matrix element

∆q Sµ = ⟨p|q̄γµγ5q|p⟩ with Sµ the proton spin.

Neutron beta decay and strong isospin symmetry considera-

tions imply ∆u−∆d = F +D = 1.269±0.003, whereas hyperon

decays and flavor SU(3) symmetry imply ∆u + ∆d − 2∆s =

3F − D = 0.586 ± 0.031 [21]. The strange-quark contribution
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Ex:  ALPS Desy use the Hera dipoles 
N~ 1019 photons/s 

Light Shining through a Wall Experiments: ALPS  



Light Shining through a Wall Experiments  
P. Sikivie, Phys. Rev. Lett. 51, 1415 (1983) 

LAB experiment  
Laser Source 

Higher Luminosity 
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a b s t r a c t

We propose a variation, based on very low energy and extremely intense photon sources, on the well
established technique of Light-Shining-through-Wall (LSW) experiments for axion-like particle searches.
With radiation sources at 30 GHz, we compute that present laboratory exclusion limits on axion-like
particles might be improved by at least four orders of magnitude, for masses ma . 0.01 meV. This could
motivate research and development programs on dedicated single-photon sub-THz detectors.
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1. Introduction

There is a vast literature describing the theoretical motivations
for axion-like particles and the experimental techniques to
investigate on their existence [1]. The topic has received a
renovated attention because axions may well be among dark-
matter constituents.

The purpose of this letter is to discuss a variation on the
well-established technique of Light-Shining-through-Wall (LSW)
experiments. We suggest to use
1. Very intense sub-THz sources: gyrotrons at frequencies ⌫ ⇡

30 GHz.
2. Single photon detectors for light in this frequency domain.

Gyrotron sources can provide photons from few to several
100 GHz. ⌫ ⇡ 30 GHz is a value which allows to avoid the strong
ambient microwave background still ensuring an extremely large
photon yield.1

In a typical LSW experiment, the rate of events Ṅevts is driven by
Ṅ� , the rate of photons delivered by the source

⇤ Corresponding author at: Dipartimento di Fisica and INFN, ‘Sapienza’ Università
di Roma, P.le Aldo Moro 5, I-00185 Roma, Italy.

E-mail address: antonio.polosa@roma1.infn.it (A.D. Polosa).
1 In tested gyrotrons, the average beam radius is ⇠1.3 cm and the average axial

spread is about 5.5%. The bandwidth is of the order of 30 MHz.

Ṅevts / Ṅ� P�!a ⇥ Pa!� ⇠ Ṅ� G4H4L4 (1)

whereG is the (unknown) photon–axion coupling,H is the strength
of an external magnetic field and L is the length of the photons
path under the action of H . P�!a = Pa!� is the probability of
photon-to-axion-conversion (and vice versa). If G . 10�10 GeV�1,
as suggested by CAST [2], and an external magnetic field H = 15 T
is devised along 50 cm, we have that (GHL)4 . 10�35.

Mega-Watt gyrotron sources can produce over Ṅ� ⇡ 1028

photons/s with continuous emission (in the same conditions a 1W
LASER source yielding visible photons can reach Ṅ� ⇡ 1018 where
1W = 6⇥ 1018 eV/s). This would allow ⇡10 LSW events per year
at G ⇠ 10�10 GeV�1.

The number of expected events will grow by a factor of Q if a
Fabry–Perot resonant cavity (for ⇡30 GHz photons) with quality
factorQ encloses themagnetic field regionwhere photon-to-axion
conversion is expected to occur. Standard quality factors of Fabry-
Perot cavities in the microwave domain are known to be Q =
104 ÷ 105 (see for example [3]). Such values can be reached in
modern optical cavities as well (see for example [4]). A gyrotron
with a bandwidth matching the cavity quality factor must be
eventually chosen for the real experimental setup.

On the other hand, detectors sensitive to a single photon in the
frequency range around 30 GHz are needed, especially if we want
to push the exclusion limits below G ⇠ 10�10 GeV�1. Such devices

http://dx.doi.org/10.1016/j.dark.2016.01.003
2212-6864/© 2016 Elsevier B.V. All rights reserved.

Double process  
Rate ~ G4 

Sensitivity on G linear with L and H, quartic root of luminosity (not depending on Eγ) 
 
 
 
The NEXT key points are:  

 - High Luminosity ( gyrotrons in the SubTHz region) 
 - intense H ~ 11 Tesla with L ~ 150 cm dipole  
 - Sub-THz single photon detector using TES 

 
    Optimal Working Point ~ 30 GHz 
 



High Luminosity Photon Sources 

n  Klystrons and gyrotrons  sources in the 30-100 GHz range. 

n  Power exceeding 1 MW in this frequency range 

n  Luminosity up to 1028-1029 γ/s  in CW 

n  Lasers commonly used in LSW experiments ~ 1019 γ/s  

Reference: 
30GHz ~120µeV ~  1cm wave-length 

Micro-waves domain  

photon-axion conversion probability 
depends on luminosity, not energy      
⇒ sub-THz  

DEVELOPMENT OF A SUB-THZ SINGLE-PHOTON 
DETECTOR 

As discussed above, in a LSW setup the total number of photons per time unit detected after the wall 
is, in general, proportional to the power (P) of the primary photon source according to the relation 

Therefore, the efficiency of a LSW experiment, beyond the (HL)4 factor appearing in the product of the photon-
axion and axion-photon conversion probabilities, stems mainly from the number of photons hitting the wall, 
i.e., from the source luminosity P/Eɣ, and from the sensitivity of the radiation detector at the relevant frequency.  

For the first time in the field of LSW experiments, STAX will use specific photon sources emitting in the 
microwave or sub-THz regime (i.e., exploiting, for instance, masers) allowing extremely high fluxes of  
incident photons. As displayed in Fig. 3, the sub-THz spectral range is where the maximum photon source 
luminosity is achievable (values on the y axis are obsolete, exceeding nowadays the MW. However the power 
scale is still valid). 
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Ṅ / PE�1
�

⇥ g4H4L4
x

Figure 3 Average power versus emitted frequency for common photon sources available on the market. Different power values have to 
be considered as relative, since nowadays gyrotrons working points exceed the power of 1 MW



7 Gyrotrons  

In particular, we will use klystrons or gyrotron continuous wave (CW) oscillators emitting radiation in the 
frequency window spanning from 30 GHz to 100 GHz. In this frequency range, such coherent sources of 
radiation are able to deliver huge powers exceeding 1 MW in CW. For example, a gyrotron-like source 
operating at 30 GHz and providing the above power would yield a luminosity of the order of about                                        
5×1028 photons/s — several orders of magnitude larger than what delivered by lasers in the optical regime 
(1019 photons/s), commonly used in LSW experiments. In Fig. 4 a scheme and a picture of common gyrotrons 
available on the market are shown, together with the expected power. 

 

Bolometers, which are based on the weak thermal coupling between the absorber element and the heat sink, 
have been successfully exploited for radiation sensing in the FIR region [4,5]. In particular, nano-sized hot-
electron bolometers (HEB) rely on the weak coupling between electrons and lattice phonons in a metallic 
absorber. The latter is made of a 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 

!13

        Figure 4 Different gyrotron models with their typical power and working scheme 

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

P(MW)$x$ν"2(GHz2)$=$const.$

Now beyond 1 MW power 
 

High-Power Cyclotron Autoresonance Maser (CARM) 
Up to 10-15 MW with 10-50 GHz  

       



NEXT Experiment  

§  Magnetic field: H = 11 T, L = 1.5 m 
§  Source: gyrotron; P ≈ 100 kW, Φγ = 1027 s-1, εγ = 120 µeV (ν ≈ 30 GHz) 
§  Fabry-Perot cavity: finesse Q ≈ 104  

§  Sub-THz single-photon detection based on TES technology, η ≈ 1 
§  Possible second FP cavity behind the wall to enhance axion-photon conversion rate    

    P. Sikivie, D.B. Tanner and K. Van Bibber, Phys. Rev. Lett. 98, 172002 (2007) 



 

to the constant Vbias. As a results, the total Joule heating in the system is reduced, and the sensor relaxes 

to the equilibrium state thanks to heat exchange with the bath. This principle of TES operation is known as 

negative electrothermal feedback (negative ETF). By contrast, a current biased sensor would lead to a 

positive electrothermal feedback, as Joule dissipation would be increased by the incoming radiation. 

Basically, the main advantages in using a negative ETF are a stable operation of the TES, a faster response, 

and an enhanced  S/N ratio. Therefore, sensitive photon TES can be realized through a strong negative ETF. In 

particular, the main condition required to achieve an ideal voltage biasing of the TES, and thereby a negative 

ETF, is RL << R0.  

Finally, variations of the electric current circulating in the TES due to a temperature change δT of the 

superconducting bridge are registered thanks to the inductive coupling of the sensor main circuit to a 

!16

Figure 7 (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, 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 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↓. 

 

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 [5] the superconducting 
HEBs join robustness and reliability with small electronic heat capacity, and a  thermal conductance which can 
be tailored at will.  An example of a TES sensor coupled with its antenna for photon detection is showed in Fig.
5: 

 

Recently, bolometers based on TES have been successfully exploited as single-photon quantum calorimeters 
for X-ray spectroscopy [5] as well as for secure quantum communication applications using near-IR photons 
[6]. 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 microwave 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. 

Hot-electron nanosensor: the TES 

In the following we shall outline the physics underlying the transition edge sensors and their main 
characteristics. Figure 6 shows the scheme of a generic hot electron bolometer. In particular, the TES is 
able to join all the three main elements forming 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.  
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Figure 6 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 from escaping 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 microwave radiation can couple to the 
TES through a planar antenna or through a wave guide.

 

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]. Figure 5   A picture of a standard TES operating in the THz region with its antenna coupling

n  Sub-THz  single photon detector 

n  Transition Edge Sensor TES: ultra-low critical temperature superconductor bridge 
between two superconducting electrodes. TES coupled to a log periodic antenna. 

n  TES operates within its superconducting transition. DC bias voltage applied.  When TES 
absorbs an incoming photon, it heats up above critical temperature Tc. Change of 
resistance and current flowing in the circuit, measured by a SQUID 

n  Material: choice of a Superconductor with low critical temperature  (Tc ≈ 20 mK) to 
have a good energy resolution α-W or bilayer Ti-Au or Ti-Cu 

n  TES bridge Ti-Cu (gap ~20 µeV), superconducting electrodes Nb (gap ~ 1 meV) 

n  Very high efficiency 

n  Ultra low background/dark count  

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 [5] the superconducting 
HEBs join robustness and reliability with small electronic heat capacity, and a  thermal conductance which can 
be tailored at will.  An example of a TES sensor coupled with its antenna for photon detection is showed in Fig.
5: 

 

Recently, bolometers based on TES have been successfully exploited as single-photon quantum calorimeters 
for X-ray spectroscopy [5] as well as for secure quantum communication applications using near-IR photons 
[6]. 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 microwave 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. 

Hot-electron nanosensor: the TES 

In the following we shall outline the physics underlying the transition edge sensors and their main 
characteristics. Figure 6 shows the scheme of a generic hot electron bolometer. In particular, the TES is 
able to join all the three main elements forming 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.  
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Figure 6 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 from escaping 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 microwave radiation can couple to the 
TES through a planar antenna or through a wave guide.

 

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 
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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  
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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]. Figure 5   A picture of a standard TES operating in the THz region with its antenna coupling
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n  Tailoring TES active volume to reduce thermal capacitance  (V ~10-3-10-4 μm3) 

                                                                C = γ V T    V ~ 300x40x20 nm 3 

n  low-noise SQUID readout electronics optimization (operating at 80 mK) 

n  Sensitivity                                   thermalization 

n  σ(E)/E ~ 2% for 30 GHz photons  

NEXT  detector  

 

superconducting quantum interference device (SQUID). This occurs  thanks to an inductor L present in series  
with the circuit. The SQUID amplifier allows ultra-low noise measurements of the TES response, and 
represents the ideal readout system for this kind of sensors. A typical response to the output of the SQUID 
amplifier is shown in Fig. 7(c). Here, the absorption of power or the arrival of a single photonic event in the TES 
yields a reduction of the current circulating in the sensor, and thereby it is measured as a suppression of the 
output voltage Vout at the SQUID. The temporal evolution of the pulse is characterized by a rise time τ↑ 
whereas its decay by a time τ↓.  

Implementation of a TES for a sub-THz and microwave single-photon detection in STAX 

The ability of a single-photon detector (i.e., a calorimeter) to sense a single event of radiation depends basically 
on the magnitude of thermal energy fluctuations (TEF or phonon noise). In particular, the detector intrinsic 
sensitivity for the energy is expressed  in terms of the rms energy resolution (σE). This limiting sensitivity is 
set by TEF and stems from the energy exchange between the sensor and the phonon bath. In particular, the 
energy resolution can be written as [9, 10] 

where Tc is the critical temperature of the superconductor constituting the TES element. The above expression 
suggests that  low electronic temperatures as well as reduced heat capacitances  (Ce = γVTe, where γ is 
the Sommerfeld constant, and V is the sensor volume) are necessary to detect low-energy photons, and 
allows a straightforward estimate for the best energy sensitivity achievable with transition-edge single-photon 
sensors which will be the achieved in STAX. 

In particular, in STAX we intend to implement sub-THz single-photon TESs operating in the 30 GHz-100 GHz 
spectral regime by addressing the following fundamental issues: 

i) Choice of a superconductor with a sufficiently low critical temperature (Tc  < 20 mK); 

ii) Tailoring of the TES active volume in order to achieve a reduced thermal capacitance; 

iii) Design of an integrated highly-efficient planar antenna; 

iv) Optimization of low-noise SQUID readout electronics. 

In the following paragraph all the four points above are discussed in detail 

(i) 

Among elemental low-critical temperature superconductors, STAX will use α-tungsten (α-W) for the 
implementation of sensitive TESs with sufficiently high energy resolution to operate in the 30-100 GHz spectral 
range. This stems from its superconducting critical temperature (Tc ∼ 15 mK)  and from a reduced Sommerfeld 
constant. Similarly, titanium nitride (TiNx) is a valid choice as well since its Tc can be tailored at will in the 
0.01-5 K temperature range by properly tuning the amount of nitrogen during the deposition of the film [14]. 
Furthermore, TiNx films possess high resistivity (∼μΩm, [14]) and thereby can be easily impedance matched to 
antennas. As an alternative method to engineer the superconducting critical temperature, and to provide 
different superconductors for the TES realization, STAX will explore the possibility of using normal metal-
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to the constant Vbias. As a results, the total Joule heating in the system is reduced, and the sensor relaxes 

to the equilibrium state thanks to heat exchange with the bath. This principle of TES operation is known as 

negative electrothermal feedback (negative ETF). By contrast, a current biased sensor would lead to a 

positive electrothermal feedback, as Joule dissipation would be increased by the incoming radiation. 

Basically, the main advantages in using a negative ETF are a stable operation of the TES, a faster response, 

and an enhanced  S/N ratio. Therefore, sensitive photon TES can be realized through a strong negative ETF. In 

particular, the main condition required to achieve an ideal voltage biasing of the TES, and thereby a negative 

ETF, is RL << R0.  

Finally, variations of the electric current circulating in the TES due to a temperature change δT of the 

superconducting bridge are registered thanks to the inductive coupling of the sensor main circuit to a 
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Figure 7 (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, 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 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↓. 
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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 [5] the superconducting 
HEBs join robustness and reliability with small electronic heat capacity, and a  thermal conductance which can 
be tailored at will.  An example of a TES sensor coupled with its antenna for photon detection is showed in Fig.
5: 

 

Recently, bolometers based on TES have been successfully exploited as single-photon quantum calorimeters 
for X-ray spectroscopy [5] as well as for secure quantum communication applications using near-IR photons 
[6]. 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 microwave 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. 

Hot-electron nanosensor: the TES 

In the following we shall outline the physics underlying the transition edge sensors and their main 
characteristics. Figure 6 shows the scheme of a generic hot electron bolometer. In particular, the TES is 
able to join all the three main elements forming 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.  
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Figure 6 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 from escaping 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 microwave radiation can couple to the 
TES through a planar antenna or through a wave guide.

 

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 
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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  
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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]. Figure 5   A picture of a standard TES operating in the THz region with its antenna coupling



n  Dark count rate (phonon noise) < 6x10 -10 s-1  

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

n  Cosmic bkg: 1µ/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% 

(iv) 

STAX will use state-of-the-art, low-noise dc SQUID readout amplifiers, and will optimize their electric 
coupling to the TESs previously developed. With a suitable feedback loop, high-quality low-Tc SQUIDs typically 
provide bandwidths as large as several MHz. In this context, STAX will exploit commercial Nb-based SQUID 
series arrays amplifiers operating around 100 mK with spectral current noise densities of the order of        
∼1 pA/Hz1/2. This will result into a total current noise induced by the SQUID of the order of a few nA or less 
which is negligible if compared to the expected amplitude of the TES response (∼ 50-100 nA). 

Expected dark count rate, quantum efficiency, and speed of TESs developed in STAX 

Some words have to be spent now about the expected speed of the TESs developed within STAX. In 
particular, as the target operating temperature in the experiment  has to be as low as 10 mK, the maximum 
value of TES photon count rate is ∼ 10-100/s [8,15]. This quite small value stems from enhanced electron-
phonon relaxation time at such low bath temperatures. However, depending on the bias of the TES, the 
detector effective response time (τeff) can be decreased from one to two orders of magnitude according to !eff = 

τ↓/(1+LETF), where LETF ~ 10-100 is the electro-thermal feedback loop gain [5]. 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 the dark count rate is concerned, in TESs this is mainly determined by the phonon noise existing 
in the device which can produce spikes in the detector output signal, and therefore could 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 >> σE, 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 σE 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 30-100 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: 
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provide bandwidths as large as several MHz. In this context, STAX will exploit commercial Nb-based SQUID 
series arrays amplifiers operating around 100 mK with spectral current noise densities of the order of        
∼1 pA/Hz1/2. This will result into a total current noise induced by the SQUID of the order of a few nA or less 
which is negligible if compared to the expected amplitude of the TES response (∼ 50-100 nA). 

Expected dark count rate, quantum efficiency, and speed of TESs developed in STAX 

Some words have to be spent now about the expected speed of the TESs developed within STAX. In 
particular, as the target operating temperature in the experiment  has to be as low as 10 mK, the maximum 
value of TES photon count rate is ∼ 10-100/s [8,15]. This quite small value stems from enhanced electron-
phonon relaxation time at such low bath temperatures. However, depending on the bias of the TES, the 
detector effective response time (τeff) can be decreased from one to two orders of magnitude according to !eff = 

τ↓/(1+LETF), where LETF ~ 10-100 is the electro-thermal feedback loop gain [5]. 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 the dark count rate is concerned, in TESs this is mainly determined by the phonon noise existing 
in the device which can produce spikes in the detector output signal, and therefore could 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 >> σE, 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 σE 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 30-100 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: 
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STAX will use state-of-the-art, low-noise dc SQUID readout amplifiers, and will optimize their electric 
coupling to the TESs previously developed. With a suitable feedback loop, high-quality low-Tc SQUIDs typically 
provide bandwidths as large as several MHz. In this context, STAX will exploit commercial Nb-based SQUID 
series arrays amplifiers operating around 100 mK with spectral current noise densities of the order of        
∼1 pA/Hz1/2. This will result into a total current noise induced by the SQUID of the order of a few nA or less 
which is negligible if compared to the expected amplitude of the TES response (∼ 50-100 nA). 

Expected dark count rate, quantum efficiency, and speed of TESs developed in STAX 

Some words have to be spent now about the expected speed of the TESs developed within STAX. In 
particular, as the target operating temperature in the experiment  has to be as low as 10 mK, the maximum 
value of TES photon count rate is ∼ 10-100/s [8,15]. This quite small value stems from enhanced electron-
phonon relaxation time at such low bath temperatures. However, depending on the bias of the TES, the 
detector effective response time (τeff) can be decreased from one to two orders of magnitude according to !eff = 

τ↓/(1+LETF), where LETF ~ 10-100 is the electro-thermal feedback loop gain [5]. 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 the dark count rate is concerned, in TESs this is mainly determined by the phonon noise existing 
in the device which can produce spikes in the detector output signal, and therefore could 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 >> σE, 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 σE 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 30-100 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: 
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11T dipole magnet 
n  The HL-LHC Project implies beams of 

larger intensity 
n  Additional collimators are needed 

n  Two collimators to be installed on either 
side of interaction point 7  
n  Replace a standard Main Dipole by a pair of 

shorter 11 T Dipoles 

n  5 single aperture short models fabricated 
and tested by CERN TE-MSC team  
n  Bore field ranging from 10 to 12 T  

n  60 mm coil aperture  

n  ~1.5 m magnetic length  

Paolo Ferracin 
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Alternative choices to boost the experiment 

n  Work with a new concept Fabry Perot to enhance the finesse Q 

n  An upgrade in Q translates into the need of a lower power of the source P/Q2 

 

n  Fabry Perot with Q exceeding 1010 have been recently developed with 
superconducting cavities or wispering galleries resonator  

 

n  Material choice need to be shaped to work in this particular environment  
n  Low temp 

n  High B field 

n  High Q and lower P can drive the use of other (more refined  and easier to handle) 
photon sources than gyrotrons (klystrons?)  
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a b s t r a c t

We propose a variation, based on very low energy and extremely intense photon sources, on the well
established technique of Light-Shining-through-Wall (LSW) experiments for axion-like particle searches.
With radiation sources at 30 GHz, we compute that present laboratory exclusion limits on axion-like
particles might be improved by at least four orders of magnitude, for masses ma . 0.01 meV. This could
motivate research and development programs on dedicated single-photon sub-THz detectors.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

There is a vast literature describing the theoretical motivations
for axion-like particles and the experimental techniques to
investigate on their existence [1]. The topic has received a
renovated attention because axions may well be among dark-
matter constituents.

The purpose of this letter is to discuss a variation on the
well-established technique of Light-Shining-through-Wall (LSW)
experiments. We suggest to use
1. Very intense sub-THz sources: gyrotrons at frequencies ⌫ ⇡

30 GHz.
2. Single photon detectors for light in this frequency domain.

Gyrotron sources can provide photons from few to several
100 GHz. ⌫ ⇡ 30 GHz is a value which allows to avoid the strong
ambient microwave background still ensuring an extremely large
photon yield.1

In a typical LSW experiment, the rate of events Ṅevts is driven by
Ṅ� , the rate of photons delivered by the source

⇤ Corresponding author at: Dipartimento di Fisica and INFN, ‘Sapienza’ Università
di Roma, P.le Aldo Moro 5, I-00185 Roma, Italy.

E-mail address: antonio.polosa@roma1.infn.it (A.D. Polosa).
1 In tested gyrotrons, the average beam radius is ⇠1.3 cm and the average axial

spread is about 5.5%. The bandwidth is of the order of 30 MHz.

Ṅevts / Ṅ� P�!a ⇥ Pa!� ⇠ Ṅ� G4H4L4 (1)

whereG is the (unknown) photon–axion coupling,H is the strength
of an external magnetic field and L is the length of the photons
path under the action of H . P�!a = Pa!� is the probability of
photon-to-axion-conversion (and vice versa). If G . 10�10 GeV�1,
as suggested by CAST [2], and an external magnetic field H = 15 T
is devised along 50 cm, we have that (GHL)4 . 10�35.

Mega-Watt gyrotron sources can produce over Ṅ� ⇡ 1028

photons/s with continuous emission (in the same conditions a 1W
LASER source yielding visible photons can reach Ṅ� ⇡ 1018 where
1W = 6⇥ 1018 eV/s). This would allow ⇡10 LSW events per year
at G ⇠ 10�10 GeV�1.

The number of expected events will grow by a factor of Q if a
Fabry–Perot resonant cavity (for ⇡30 GHz photons) with quality
factorQ encloses themagnetic field regionwhere photon-to-axion
conversion is expected to occur. Standard quality factors of Fabry-
Perot cavities in the microwave domain are known to be Q =
104 ÷ 105 (see for example [3]). Such values can be reached in
modern optical cavities as well (see for example [4]). A gyrotron
with a bandwidth matching the cavity quality factor must be
eventually chosen for the real experimental setup.

On the other hand, detectors sensitive to a single photon in the
frequency range around 30 GHz are needed, especially if we want
to push the exclusion limits below G ⇠ 10�10 GeV�1. Such devices

http://dx.doi.org/10.1016/j.dark.2016.01.003
2212-6864/© 2016 Elsevier B.V. All rights reserved.
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Tc of Cu/Al bilayers (2)

Cu(nm) Al(nm) Tc 
(mK)

Rn
(ohm)

alpha

15 10 40 70 100

10 10 147 165 420

10 15 347 115 500

10 20 530 75 900

alpha=MAX(T/R dR/dT)



Next Steps… 

n Au/Ti up  down to Tc ~ 20mK 

n Coupling with a SQUID read-out 

n Test with a 30 GHz photon source 

n R&D  of the Fabry Perot 

n Design of the log periodic antenna 

n Magnet cryogenic set-up 



CONCLUSIONS 

n A new optimized version of the LSW experiments is proposed 

n The ambitious goal is to push limit on the photon-axion coupling 
G beyond stellar experiments (CAST)  exclusion 

n Development of Fabry-Perot and TES detectors could lead to a 
new generation of experiments in the field 

n  Important R&D need to be addressed to the scope 

 

Nanotech detector could help Searches of Light Dark Matter 



BACK UP SLIDES 



 

DEVICE IMPLEMENTATION AND METHODOLOGY 

In STAX, TES devices will be implemented with superconducting nanostructures at NEST-CNR, Istituto 
Nanoscienze in Pisa. The CNR team lead by Dr. F. Giazotto at NEST has a long experience in the fabrication 
and characterization of superconducting nanostructures [8]. In particular, the devices will be fabricated through 
either conventional electron-beam lithography and electron-beam deposition of metals through suspended 
resist masks (i.e., shadow-mask angle evaporation), or through sputter-deposition of superconducting films 
which will be subsequently patterned through a reactive ion etching (RIE) process in order to achieve the 
desired sensor geometry. We will use α-W films with Tc ~15 mK for the realization of the sensor core. In 
parallel, we will develop the optimization of superconductor/normal metal bilayers made of Ti/Cu, Ti/Au, Ti/
Pd, and/or Al/Cu in order to tailor the critical temperature of the resulting superconducting film below      
20 mK. Tunnel junctions realized through standard thermal oxidation of Al thin films will be exploited for 
additional spectroscopic characterization of the metallic layers. 

!21

 Figure 8 Scheme of the experimental setup of the TES based on a dilution refrigerator. The cryostat metallic shields reside at 
different temperatures from 300 K to below ∼ 10 mK. The enclosure containing the TES element is at the fridge base temperature 
whereas the readout SQUID amplifier is kept at 80 mK to improve its noise performance. Input microwave radiation is fed into the 
fridge, and thereby into the TES detector, via coaxial cables while the low-frequency output signal coming  from the SQUID is read 
via conventional DC lines. 

Scheme of the temperatures in the 
experimental dilution cryostat set-up  



Next Steps… 

n The experimental performance of NEXT could be further 
improved in an upgraded version named NEXT2 with the 
addition of a new generation resonator, a whispering 
gallery at very high finesse Q2 ~ 1010, in the region beyond 
the wall. In this case the power of the source could be 
downgraded to 1026 photons, to allow the coupling and the 
locking with the second high-Q resonator. With the high-Q 
second cavity of NEXT2, the gain in sensitivity would be 
larger by one or two more orders of magnitude.  



The onset of the rapid oscillations region could be shifted at higher ma masses by introducing a dielectric in the 
cavity having a refractive index n(ω ~30 GHz) ~ 1 and very small absorption. Although this is possible when X-
rays are used (as is the case of the CAST experiment) it is not clear wether it may be achieved in the frequency 
range we are addressing. 

The far-reaching objectives of STAX: STAX II 

After an initial run with only one production cavity, the experimental set-up might be further improved by the 
addition of a second Fabry-Perot cavity in the region beyond the wall. As noted by several authors a coherent 
axion beam may excite electromagnetic modes in a cavity immersed in an external magnetic field: photons 
being regenerated can resonantly enhance at same-frequency cavity with the effect of producing an increased  
axion to photon conversion probability [3]. 

As can be read in the following table, in the axion mass range ma ≲ 0.05 meV, STAX allows an improvement 

with respect to ALPS of about a factor of 104. Adding a second cavity this gain would be on order of 
magnitude larger ( ~ Q1/4). The ALPS collaboration also foresees a second phase with a regeneration cavity: 
the ALPS II program. However STAX II would still have a better sensitivity, by about a factor of ten.     

Parameter ALPS STAX gALPS / gSTAX STAX II gALPS / gSTAXII

Laser Power 0.8 W 100 kW 18.8 1 MW 188

Photon Energy 2.327 eV 124 μeV 11.7 124 μeV 11.7

Cavity Q-
factor

55.0 104 3.7 108 37

H * Lx 22 T m 7.5 T m 0.3 7.5 T m 0.3

Detection 
Efficiency

0.9 1.0 1.0 1.0 1.0

Detector 
Noise

1.8 10-3 sec-1 10-9  sec-1 34.0 10-9  sec-1 34

Combined 
Improvement

~ 104 ~ 8x105 

!11
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3. The potential reach of a sub-THz LSW experiment

In this Section, we discuss the potentialities of a Sub-THz-AXion
(STAX) search experimentwith a gyrotron source at 100 kW (Ṅ� =
1027 � /s) in a generation Fabry–Perot cavity with quality factor
Q ⇠ 104. The static magnetic field is assumed to be H = 15 T
in a region with L = 50 cm—this is the typical length scale over
which such intensemagnetic fieldsmay be achievedwith available
technology.

From (13) and following equations, we see that, in typical LSW
experiment conditions, where E� � ma, q is a very small number.
Therefore the sin2 x/x2 function in (13) can be approximated with
1 up to large L values (in the order of several meters).

For example, in order to observe (or exclude) an axion7 with
ma ⇠ 10 µeV from photons with E� ⇠ 30 GHz = 20 µeV,
we have to deal with q ' 2.5 µeV whereas for E� ⇠ 1 eV,
q ' 5 ⇥ 10�5 µeV. On the other hand, a size of L = 50 cm
corresponds to L ' 2.5 µeV�1.

The product qL/2 is qL/2 ⇠ 3 in the first case and qL/2 ⇡ 10�4

in the second case. The function sin2 x/x2 can be approximated
with ⇠1 on very long distances, for visible light, but this is not the
case for 30 GHz, where L has to be L . 50 cm. Larger values of L
would bring the onset of the oscillation region in Fig. 3 down to
smaller values of the axion mass. This would translate in a smaller
sensitivity region in the exclusion plot.

Introducing a Fabry–Perot cavity allows to multiply the
passages of the light beam produced by the source in the magnetic
field. Since the quality factorQ is proportional to the energy stored
in the cavity divided by the energy lost per cycle to the walls, the
effective number of passages in the magnetic field gets increased
and the LSW probability gains a factor of Q if a cavity is placed on
the source side: G4H4L4Q .

Therefore, values of G lower by a factor of Q�1/4 can be probed
in the G vs ma plot in Fig. 3, as commented below.

In Fig. 3 we show the exclusion plots by ALPS and CAST. ALPS
places the strictest limits within purely laboratory experiments
while CAST places the strictest limits in astrophysical detection
experiments.

Other projects to be quoted are OSQAR [8], IAXO [9] and ALPS-
II [10]. All of them aim at extend the exclusion region in the Ma
vs G plot. In particular, ALPS-II can reach a level very close to that
of STAX in Fig. 3 (G down to 2 ⇥ 10�11 GeV�1 [11]—dedicated
magnets and optics might help to go towards 10�12 GeV�1 [12]).
The IAXO collaboration aims at decreasing the sensitivity down
to G ⇠ 10�12 GeV�1 for masses up to about 0.02 eV [13]. As for
OSQAR, it explores G between 10�7 and 10�8 GeV�1.

We superimpose in the same plot the 90% CL exclusion limits
that STAXmay achieve in case of a null result. An exposure time of
roughly one month and zero dark counts are considered.

Sincewepropose to use sub-THz photons, coherence of photon-
to-axion conversion is lost, along with sensitivity, at smaller axion
masses compared to other experiments (this is shown by the
violent oscillations of the sin2(qL)/q2 function in the conversion
probability). It is shown in the literature that such oscillations
might be reduced introducing a low pressure gas in the generation
cavity—in this case photons acquire an effective mass m⇤ 6= 0
related to the sub-luminal velocity c/n(k) (the in-medium
calculations are discussed in [14]).

The experimental set-up might further be improved with the
addition of a second Fabry–Perot cavity in the region beyond
the wall. As noticed in [15], a coherent axion beam may excite
electromagnetic modes in a cavity immersed in an external

7 Just below the onset of the oscillation region in Fig. 3.

Fig. 3. 90% CL exclusion limits that STAX may achieve in case of a null result for
axions with ma . 0.02 meV. An exposure time of one month and zero dark counts
are considered. ‘STAX’ and ‘STAX 2’ configurations correspond to a 100 kW and 1
MW gyrotron sources respectively. The former provides 1027 � /s at 30 GHz.

magnetic field: regenerated photons can resonantly enhance at the
same cavity frequency, with the effect of producing an increased
axion–photon conversion probability by a factor of Q of the cavity
(meaning an event probability increased to G4H4L4Q 2 or smaller
values of G by Q�1/2).

In the axion mass range ma . 0.02 meV, STAX allows an
extension of the exclusion region by a factor of ⇠104 with respect
to ALPS. Adding a second cavity, this gain would be larger by one
more order of magnitude. The ALPS collaboration also foresees a
second phasewith a regeneration cavity: the ALPS II program. ALPS
II is aiming at Q -factors of 5 ⇥ 103 in front of and 4 ⇥ 104 behind
the wall. However, STAX II (see STAX II in Fig. 3) would still have a
better sensitivity, by about a factor of ten.

The lower shaded straight band in Fig. 3 represents the
parameter space consistent with the QCD axion from the original
Peccei–Quinn theory.

4. Dark photons and chameleons

The conceptual setup we propose could also be adequate for
research on paraphotons and chameleons, as we briefly comment
in this section. In the case of paraphoton searches we might use
the same source, same detector but no need of external magnetic
field. In the case of chameleons, also the magnetic field in some
region L is required, but the experiment is of the after-glow type,
as described below.

Paraphotons. Paraphotons are hypothetical massive vectors
of a hidden U(1) sector, as originally discussed in [16,17]. For a
more recent account, see for example [18–20]. The most general
Lagrangian with two U(1) gauge groups, describing visible and
hidden sector photons and their coupling to visible and hidden
matter, can be written as

L = �1
4
Fµ⌫Fµ⌫ � 1

4
Bµ⌫Bµ⌫ + eJµemAµ + ehJ

µ
h Bµ � 1

2
µ2BµBµ (14)

where Fµ⌫ is the field strength tensor for the electromagnetic gauge
field, Aµ, and Bµ⌫ that for the paraphoton, Bµ. Visible and hidden
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sector matter currents are Jµem and Jµh and a mass term for the
paraphotons breaks the U(1)h symmetry explicitly. The fields A
and B are rotated into B1 and B2 through a small mixing angle � .
B1,2 get masses m1 = µ� and m2 = µ respectively. The value
of � is expected to be � . 10�2 [21,22] so that the following
approximation k1 ⇡ ! is usually made to define the wave vector
of B1.

Since k1 6= k2, the relative weight of B1 and B2 in the expression
for A(r, t) will change with the traversed distance r

A / e�i(!t�k1r)(B1 + �B2e�iqr) (15)

with q = k1 �k2. Expressing B1,2 in terms of A, B (B1 / A��B and
B2 / �A + B) we can compute the photon(A)-to-paraphoton(B)
conversion probability as

P�!� 0(r) = 4�2 sin2
⇣q r

2

⌘
(16)

where

q ' ! �
p

!2 � µ2. (17)

The conversion probability can be increased by using a cavity
before the wall. If the photon beam is reflected N times, it will
make (N + 1)/2 ‘‘attempts’’ to cross the wall in a LSW experiment,
enhancing the transmission probability by this same factor. If we
define

Ptrans = P�!� 0(L1)P� 0!� (L2). (18)

L1 and L2 being the effective traversed lengths of photons and
paraphotons, the expected rate of LSW photons is

Ṅ = ⌘ Ṅ�


N + 1

2

�
Ptrans (19)

where ⌘ is the detection efficiency.
In the STAX configuration described above, we take advantage

of the very high Ṅ� and quality factor of cavities at sub-THz
frequencies. The single-photon detection with ⌘ ⇡ 1 will still be
assumed.

As discussed above, low-energy photons from the source might
approach the values of the paraphotonmasses, so that the approx-
imation µ ⌧ ! is not given for granted. In this case, q ⇡ 0 and
the conversion probability is simply P = �2q2L2, so that it is favor-
able to have large effective photon/paraphoton paths. Otherwise,
as before, we will meet the onset of rapid oscillation at values of µ
approaching !—see Fig. 4. Other collaborations dedicated to the
search for photon–paraphotons oscillations in LSW experiments
are BMV [31], GammeV [32], LIPPS [33], ALPS [23], CROWS [24] and
SPring-8 [25]. In particular, ALPS [23] and SPring-8 [25] provided
the best experimental limits in the range 2 · 10�4 < µ . 10�3 eV
and 0.1 < µ < 0.2 meV, respectively. CROWS [24] has recently
published updated results, which give the best experimental limit
in the region 3 · 10�6 . µ . 3 · 10�5 eV. The second stage of ALPS,
ALPS-II [10], is planning to extend the previous exclusion region of
ALPS for paraphotons up to � ⇡ 10�9 for 10�4 . µ . 10�2 eV.
See also Ref. [34].

Chameleons. Chameleons are scalar particles which might
have a role at explaining dark energy [29,35]. They couple with
matter, the electromagnetic field and themselves, through a self-
interaction potential. The peculiarity of these particles is the
dependence of their mass value on the local mass-energy density.

Photons can convert into chameleons when traveling in an
external magnetic field, but, differently from the case of axion-
like particles, the conversion probability depends on the square
of the energy !2 of the photon/chameleon (the dependence on H
remains quadratic). This potentially makes the STAX configuration
less suitable for the search of chameleons, for the LSW regenerated

Fig. 4. 90% CL exclusion limits that STAX may achieve in case of a null result
for paraphotons. An exposure time of one month and zero dark counts are
considered. The STAX parameters are reported on top of the figure. The STAX limits
are compared to those provided by ALPS [23], CROWS [24], SPring-8 [25] and
XENON10 [26] Collaborations, to limits from searches ofmodifications of Coulomb’s
law [27] and constraints on paraphotons from measurements of the CMB [28].

photons will have a production probability / !4 and STAX uses
⇠20 µeV photons.

Chameleons search experiments are based on a ‘afterglow’
technique [30,36] different from axion LSW experiments. Light
is injected in a cavity, where a transversal magnetic field is on.
Chameleons are supposedly produced inside the cavity, with a
certain value of their mass which depends on the density of matter
in the hollow part of the cavity. As a result, chameleons might
be trapped within the cavity if they miss the necessary amount
of energy needed for them to go through the cavity walls: in the
denser cavity walls, chameleons are expected to have a larger
mass. Low energy STAX photons aremore likely producing trapped
chameleons.

Light glows at ⇠20 µeV should then be detected after the
source has been turned off. The number of chameleons produced
in the cavity decreases with an exponential law exp(�t/⌧ ) due
to chameleon–photon conversion. The time-scale is ⌧ = L/P�!C

where L, as usual, is the space extension of the magnetic field and

P�!C ⇡ 4
✓

!H
m2M

◆2

sin2
✓
m2L
4!

◆
(20)

is the photon–chameleon conversion probability. M is a (free)
parameter of the chameleon model and m, ! are its mass and
energy.

In the low energy regime,where gyrotronswork, the after-glow
phenomenon might occur on quite long time scales so that the
cavity is expected to thermalize. Blackbody photons from a hot
cavity (&300 K) are expected however to be of minimal impact on
the background to 30 GHz afterglow photons.

In any case, the photons from source beam must be collimated
in such a way to go through small size transmitting windows
of the cavity to decrease the energy absorption on the body of
cavity. If photon–chameleon conversion takes place within the
magnetic field in the cavity, the role of the cavity will only be that
of providing a cage to load chameleons in a closed region of space.

If engineering allows that only⇡10�3 of the source power heats
the body of the cavity, using an hypothetical 1 MW source, we
would have a photon background from the hot cavity peaked at
� ⇡ 80 µm—three orders of magnitude lower than the typical cm
wavelength of after-glow photons at 30 GHz.

A detailed study on all background sources for the after-glow
experiment and on the positioning of the light detector will be
considered in future work.
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