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Summary

 Dark matter particles: indications

 Axions and axion-like particles (ALPs)

 Light-Shining-Through-Wall (LSW) 

experiments

 Search for ALPs at STAX

 STAX: exclusion limits for ALPs
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Dark matter. Indications

 Energy density of the Universe
W = WM (0.32) + WR (+ WL (.68

Planck Collaboration, arXiv:1502.01589  

WM = WBM (0.05) + WDM (0.27)                      
Big Bag nucleosynthesis predictions on WBM

S. Sarkar, Rep. Prog. Phys. 59, 1493 (1996)  

 Galactic rotation curves
Discrepancies between calculated and observed
rotational velocity profiles of galaxies

 Gravitational lensing
Reconstruct dark matter distribution of extended
objects via gravitational lensing
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Axions & axion-like particles
(ALPs)

 Axions and WIMPs are the leading DM particle
candidates

 Axions are light neutral scalar or pseudoscalar
bosons (ma ≈ meV - meV)

 Coupled to e.m. field tensor with strength G

 In QCD axion models (DFSZ and KSVZ), G
related to ma. One free parameter, G

 In axion-like particle (ALPs) searches, parame-
ter space is extended: G and ma

3



Light-Shining-Through-Wall (LSW)                   
Photon-axion & axion-photon conversion
P. Sikivie, Phys. Rev. Lett. 51, 1415 (1983)

 Axion-photon interaction:                                                        

G = axion-photon coupling constant, a = axion field, A = photon field, H = external magnetic field

 Photon converts into axion in ext. static magn. field via exchange of virtual photon

 External magnetic field uniform in the volume LxLyLz = LxS, x = dir. of photon beam

 Photon exchanges 3-momentum q with H, energy is conserved

 Conversion probability:

 Rate:

Fg = photon flux (s-1), h = detector efficiency

 The rate can be increased introducing a Fabry-Perot cavity in the magnetic field
area before the wall by a factor of Q (quality factor of the cavity)
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Search for ALPs at STAX
L.M. Capparelli et al., Phys. Dark Univ. 12, 37 (2016)

 Up to ma ≈ 0.1 eg, photon-axion conversion probability depends on luminosity, not
on photon energy  sub-THz photons

 Magnetic field: H = 15 T, L = 0.5 m

 Photon source: gyrotron; P ≈ 100 kW, Fg = 1027 s-1, eg = 118 meV (n ≈ 30 GHz)

 Fabry-Perot cavity: Q ≈ 104

 Exposure time: 1 month

 Sub-THz single-photon detector: based on TES technology, h ≈ 1
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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↓ . 

STAX. Single photon detector

 Transition Edge Sensor (TES): low critical temperature superconductor between
two superconducting electrodes. TES coupled to antenna.

 TES operated 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.

 STAX will use a-tungsten (or titanium nitride) for implementation of TES with Tc ≈ 15 
mK. Efficient log-periodic spiral antennas will be designed and integrated.
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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.  

 

!14

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
)

∞
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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 ( ) of the sensor is given by  

𝜂 =
1

√2𝜋
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𝑥2
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∞
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where h  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 10
5
 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: 

 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. 

 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. 

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

 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

 

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 
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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↓ . 



 Klystrons and gyrotrons emit radiation in the 30-100 GHz range.

 Powers exceeding 1 MW in this frequency range.

 Luminosity up to 1028-1029 g/s. 
To be compared with luminosity of lasers (optical regime), commonly used in LSW 
experiments, of the order of 1019 g/s. 
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STAX. Gyrotron



STAX. Exclusion limits
L.M. Capparelli et al., Phys. Dark Univ. 12, 37 (2016)

 Exclusion limits STAX may achieve in case                                                                      
of null result

 STAX limits compared to

 ALPS LSW results

Phys. Lett. B 689, 149 (2010)

 CAST results

Phys. Rev. D 92, 021101 (2015)

 Calculated limits of ALPS II

JINST 8, T09001 (2013)

arXiv:1309.3965

 QCD Axion models predictions

(Inclusion limits)
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Conclusion

 Axions (and ALPs) are between leading DM

candidates

 Light-Shining-Through-Wall (LSW) experiments for

ALPs searches

 LSW experiments’ exclusion limits may be

extended substituting optical lasers with sub-THz

photon sources

 Search for ALPs at STAX with sub-THz photons

 STAX: exclusion limits for ALPs
L.M. Capparelli et al., Phys. Dark Univ. 12, 37 (2016)
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STAX. Axion-like particle 

searches with sub-THz photons

Thank you for your attention
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STAX II
L.M. Capparelli et al., Phys. Dark Univ. 12, 37 (2016)

 A second cavity is installed in the magnetic field region behind the wall.                A 

coherent axion beam may excite the cavity electromagnetic modes 

enhanced axion-photon conversion.  P. Sikivie, 
D.B. Tanner and K. Van Bibber, Phys. Rev. Lett. 98, 172002 (2007)

 With a second cavity with quality factor Q = 104, STAX exclusion limit on Gagg

extended by an order of magnitude.
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