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In modern cosmology a significant fraction of the universe is matter of unknown form, the
so-called dark matter (DM), whose presence is claimed through its gravitational interaction with
ordinary barionic matter. Among the DM candidates is the axion, a new particle that followed the
introduction of a solution to the strong CP problem by Peccei and Quinn [1]. A crucial parameter
in the Peccei-Quinn theory is the symmetry breaking scale fa, and the axion mass is given in terms
of fa by

ma ' 0.6eV
107 GeV

fa

Models with large fa, resulting in very weak couplings, establish the axion as the “invisible par-
ticle”, the most weakly interacting of all particles, if the gravitational force is neglected. An in-
teresting aspect related to driving up the symmetry breaking scale is the consequent cosmological
abundance, which makes the axion a favored DM candidate. For certain ranges of ma (from µeV
to meV), large quantities of axions may in fact have been produced in the early universe that could
account for the galactic halo dark matter. It is this type of axion that is addressed in the AXIOMA
and QUAX projects, whose detectors are sensitive to an “axion wind” flowing at a velocity of about
10−3c because of the motion of the Solar System through the galactic halo.

Axion-Like-Particles (ALPs) are effective (pseudo)scalar fields, less constrained theoretically,
but with interesting implications for dark matter as well. In particular, while for QCD axions the
mass, ma, and the axion-photon coupling constant, gaγγ , are directly related, these are indepen-
dent parameters in the ALPs case. Several experiments have explored the ma gaγγ space, but none
of them has provided evidence for axion-photon oscillation yet. The present best limit on gaγγ , al-
though restricted to a narrow window of ma values, was provided by the ADMX Collaboration. The
ADMX experiment searches cosmic axions through their conversion into photons in a microwave
cavity permeated by a magnetic field. The advantage of laboratory searches, in which the photon
(axion) sources are under control, is related to their model-independent incoming axion flux.

Experiments that search for axions from the sun, such as the CERN Axion Solar Telescope
(CAST) should also be mentioned [2]. CAST has recently improved the limit on the axion-photon
coupling to gaγγ < 1.47×10−10 GeV−1.

In photon regeneration experiments, also called light-shining-through-wall (LSW) experi-
ments, photons from a laser beam may be converted into axions in a strong transverse magnetic
field. Unconverted photons get dumped by an opaque obstacle, the “wall”, transparent to axions.
Behind the obstacle, a second magnetic field may convert axions back into photons, with the same
energy as the incoming ones. The regenerated photons are eventually detected and counted. The
best laboratory limits on gaγγ are set by the OSQAR experiment and by measurements of vacuum
magnetic birefringence [3].

STAX is an improved detection scheme for a LSW experiment for axion-like particle searches,
as detailed in section 3.

1. AXIOMA

Two novel detection methods based on laser-spectroscopy techniques are investigated in the
AXIOMA project, in which the incident particle contributes to the excitation of an atomic or molec-
ular low-lying energy level, as will be detailed in sections 1.1 and 1.2.
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1.1 Rare-earth doped crystals

One of the research lines of the AXIOMA project is based on the utilization of wide bandgap
materials doped with rare-earth (RE) ions as active detecting material. The requested low detec-
tion thresholds are addressed with an all-optical detection scheme based on the infrared quantum
counter concept (IRQC), proposed by Bloembergen [12] as a way to extend photon detection to
the 1− 100 µm wavelength range. The incident infrared photon is upconverted in a material that
exhibits a four energy level system with E2 > E3 > E1 > E0, as those determined in RE-doped ma-
terials and kept under the action of a pump laser source resonant with transition 1→ 2 (see Fig. 1
(left)) . In analogy with the infrared quantum counter, detection of the particle is then accomplished
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FIG. 1 

 

 

Neon-Molecular Oxygen 

In this case, due to the high vapor pressure of 16O2 down to 70 K, the deposition process can take 

place already at cryogenic temperatures; in this way, the amount of energy transferred from the 

mixture to the UV fused silica (UVFS) windows is small, which relaxes the requirements on the 

thermal conduction between copper and the optical material. A second advantage is related to the 

low melting and boiling points of molecular oxygen (close enough to those of neon) which 

guarantees a more homogeneous deposited sample, i.e. with a reduced probability of finding 

oxygen clusters. Let's start by considering the !! !!(υ=0) ground state of 16O2. Only rotational 

levels of odd rotational angular-momentum quantum number N are populated because of 

restrictions imposed by the I=0 bosonic nature of the oxygen nuclei. Each rotational level is split 

into three spin-rotational components that are additionally labelled by the total angular-momentum 

quantum number J (J can take the values N-1, N and N+1 and the corresponding levels are often 

referred to as the F3, F2 and F1 component of the p-type triplet, respectively). Upon application of 

Figure 1: Ideal four-level active material (left). Scheme of the MIS technique (right).

through the fluorescence photons emitted in the transition 3→ 1. The research group has already
demonstrated that the IRQC concept can be applied also to the detection of particles [5] and efforts
are undergoing to identify a crystal in which the energy threshold is lowered to a few tens of meV.

In this detection method the intrinsic threshold for particle detection coincides with E1, which
can be as low as a few tens of meV in proper materials, provided the crystal is cooled to a tempera-
ture such that the condition E1 < kT is satisfied. A cryogenically cooled crystal with E1 ∼ 10 meV
would then allow extension of the upper limit in axion direct searches. Another essential condition
for achieving a detector threshold as low as E1 when E1 < kT is that the extraction efficiency of the
emitted fluorescence photons is highest. Such photons can in fact be lost because of total internal
reflection or reabsorption, though the latter can be reduced in rare-earth doped materials by using
high purity starting components in an ultra-clean environment.

Interesting crystals under investigation are those in which the fluorescence decays to a metastable
level, offering the possibility to exploit looping cycles to increase the detection sensitivity [5].

1.2 Noble-gas matrices

The second experimental approach of the AXIOMA project is focused on materials in which
a Zeeman splitting is introduced by an external static magnetic field. It has in fact been suggested
that dark matter axions may induce atomic transitions between Zeeman states that differ in energy
by an amount equal to the axion mass ma [6]. A suitable detection material is then characterized by
two magnetic sublevels a,b, whose energy difference Eb−Ea can be tuned via the Zeeman effect
to the desired axion mass value. In this approach the range of axion mass that can be probed is
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determined by the atomic/molecular magnetic dipole (M1) transitions, characterized by an energy
ranging from 8 ·10−5 to 2 ·10−3 eV.

Provided the sample has been cooled in such a way that there are no atoms/molecues in b, as
a result of the exposition to the DM axion field a→ b transitions are expected with a unit-time rate
Rab of few events per mole of particles (if M1 selection rules are satisfied) [7]. In order to detect
with almost 100% efficiency the presence of the atoms/molecules promoted into level b, a good
candidate system is represented by a sample of either some alkali atom or molecular oxygen which
is embedded in a condensed phase according to the matrix-isolation spectroscopy (MIS) technique.
As shown in Fig. 1 (right), a cryogen-free dilution refrigerator with integrated superconducting
magnet provides temperatures as low as 80 mK in magnetic fields up to 18 T. The atomic/molecular
species of interest (S) and the noble gas (N) are injected into the MIS cell by capillary filling. In
order to perform spectroscopic interrogation of the sample, the MIS cell is equipped with three
optical windows: two faced windows permit the propagation of a suitable laser beam; a third
window is used to collect the laser-induced fluorescence signal in a perpendicular arrangement. In
this configuration, the N-S mixture flowing into the MIS cell sticks to the walls; thus, after some
hours of deposition, a noble-gas matrix (incorporating the dopant species S) of 1 mm-thickness and
several square cm area is grown on each of the walls. Both Neon-Molecular Oxygen and Neon-
Atomic Cesium have been analyzed, and an estimate of the the number of axion-induced absorption
events is given by expression:

N ·NA = Rab nNeVc d (3600s)nh

where reasonable values that might be used are Rab = 1 Hz, nNe = 4.6 · 1022 cm−3 for the neon
density, Vc ∼ 1 cm3 is the crystal volume, d = 1% is the doping ratio and nh = 4 acquisition time in
hours. With these numbers N ·NA = 10.

2. QUAX

The idea underlying the QUAX (QUaerere AXion) project is inspired by theoretical works
[8, 9, 10], in which the interaction of the cosmological axion with the spin of fermions (electrons
or nucleons) is analyzed. The effect of the “axion wind” on a magnetized material is described as
an effective oscillating microwave field with frequency determined by ma and amplitude related to
fa. An axion detector is then implemented through a magnetized sample (see Fig. 2) whose Larmor
frequency is tuned to the axion mass by means of an external polarizing static field (e.g. 0.6 T for
17 GHz, corresponding to a 70 µeV axion mass). The interaction with the axion effective field
drives the total magnetization of the sample, whose oscillations can be possibly detected through
the LOngitudinal Detection technique (LOD) [11].

It is possible to demonstrate [13] that the equivalent oscillating rf field due to the axion wind
has a mean amplitude and central frequency

Ba = 9.2 ·10−23
( ma

10−4eV

)
T ,

ωa

2π
= 24

( ma

10−4eV

)
GHz (2.1)

with a relative linewidth ∆ωa/ωa ' 5.2× 10−7. In the LOD technique a pump microwave field
Bp is applied to the magnetized sample (in a direction orthogonal to the polarizing field) in order
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axion wind

Figure 2: Magnetized material for axion detection in the QUAX experiment.

to amplify the equivalent field generated by the axion wind. The Larmor frequency of electrons is
then driven by the rf field

B1 = Bp cosωpt +Ba cosωat, (2.2)

where Bp >>Ba is the pump field. Note that the considered axion and pump frequencies ωa and ωp

lie within the linewidth of the Larmor resonance of the magnetized sample, i.e. (ωp−ωL)< 1/τ?
2

and (ωa−ωL) < 1/τ?
2 , with a relaxation time τ?

2 = 1/(τ−1
2 + τ−1

r ) and τ2 is the transverse (spin-
spin) relaxation time and τr is the radiation damping characteristic time [12].

Solving the Bloch equations [13], a variable magnetization ∆mz is produced along the magne-
tization direction

∆mz ≡Mz−M0 '
M0

4
τ?

2
τ2

γ
2
τ1τ

?
2 BpBa cosωDt (2.3)

where the detection frequency ωD = ωp−ωa has been defined and with the assumption ωD <

min{1/τ1,1/τ?
2}. τ1 is the longitudinal (spin-lattice) relaxation time. Such low frequency oscilla-

tion of the magnetization at the beat frequency between the two rf field components can be detected
with suitable devices, e.g. a SQUID amplifier. One advantage of this detection scheme is the pos-
sibility to choose ωD for highest signal to noise ratio. The effective rf field Ba is down converted to
a low frequency field with amplitude BD = µ0∆mz ≡ GmBa, where Gm = µ0

M0
4

τ?2
τ2

γ2τ1τ?
2 Bp is the

transduction gain.
If τ1 ∼ τ2 and τr < τ2, the transduction gain will depend only on the radiation damping

time τr therefore to obtain Gm > 1 in free space, the sample volume must satisfy the inequality
Vs < 1/(8π2)λ 3

L τrγBp. On the other hand, the pump field amplitude must be far from saturation
γ2B2

pτrτ1 << 1, which implies γτrBp << 1. This is the reason why it is not possible to obtain
Gm > 1 in free space with realistic sample volumes and pumping fields.

Inside an rf cavity, this problem could be solved but the thermal noise in the hybridized system
formed by cavity and magnetized sample is much greater than the axion equivalent field. The
solution is to detect axions by placing the sample in a waveguide with a cutoff frequency ωc above
the Larmor frequency of the sample. In these conditions, when the Larmor frequency is lower than
ωc, the magnetic resonant mode cannot propagate inside the waveguide and a suppression of the
radiation damping mechanism is expected. Another advantage of the detection in the waveguide
would be the reduction of the noise associated to thermal photons.
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In this experimental scheme there are at least four sources of noise to consider: a) pump field
noise; b) noise at the Axion frequency due to thermal photons that can be down converted after
interaction with the pump field; c) magnetization noise generated by sample that can either be
down converted by the pump or can act as a noise source in the low frequency readout; d) noise
associated with the SQUID pickup at the readout frequency. A preliminary evaluation of these
noise sources shows that the most challenging issue is related with the pump field noise, even
though any relaxation process that might be active at the readout frequency has to be considered.

3. STAX

There are two ways to improve on LSW experiments: by increasing the magnetic fild volume
(L) and/or intensity (H) or by increasing the number of photons from the source. With the STAX
experiment proposal the second solution is adopted by using gyrotron sources in the far sub-THz
region. In Fig. 3 a sketch of the working region for present and future gyrotrons is reported: more
power is attainable decreasing the frequency. A working point above 10 GHz would cut the large

Axions are sub-electron-volt particles. They represent the most attractive solution to the strong  
CP problem in QCD. Axion-Like-Particles (ALPs) are effective (pseudo)scalar fields, less constrained 
theoretically, but with interesting implications for dark matter. 

In particular, while for QCD axions the mass, Ma, and the axion-photon coupling constant, Gaγγ, are 
directly related, these are independent parameters in the ALPs case. Several experiments have explored the 
Ma-Gaγγ space, but none of them has provided evidence for axion-photon oscillation yet. 

The present best limit on Gaγγ, although restricted to a narrow window of Ma values, was provided by the 
ADMX Collaboration. The ADMX experiment searches cosmic axions through  
their conversion into photons in a microwave cavity permeated by a magnetic field. 

Laboratory searches where photon (axion) sources are under control, are preferable because they do not rely 
on models of the incoming axion flux. The most pursued strategy for laboratory searches is the Light-
Shining-through-Wall (LSW) technique. 

In LSW experiments, photons from a laser beam may be converted into axions in a strong transverse 
magnetic field. Unconverted photons get dumped by an opaque obstacle, the ”wall”, transparent  
to axions. Behind the obstacle, a second magnetic field may convert axions back into photons, with the same 
energy as the incoming ones. The regenerated photons are eventually detected and counted. The current best 
laboratory limit on Gaγγ was provided by the ALPS Collaboration at DESY. 

There are two ways to improve on LSW experiments: by increasing the magnetic filed volume (L) and/or 
intensity (H) or by increasing the number of photons from the source. 

With the STAX experiment proposal we suggest to follow the second solution by using gyrotron sources in 
the far sub-THz region. In the following figure a sketch of the working region for present and future 
gyrotrons is reported: more power is attainable decreasing the frequency. A working point above 10 GHz 
would cut the large background on those bands. 

"  

Figure 3: Present and future gyrotrons range.

background on those bands. Gyrotron sources can provide photons from few to several 100 GHz.
To avoid the ambient microwave background still ensuring a large photon yield, STAX is operated
at about 30 GHz. In a typical LSW experiment, the rate of events dN/dt is driven by dNγ/dt, the
rate of photons delivered by the source being

dN
dt
∼

dNγ

dt
·Pγ→a ∼

dNγ

dt
g4

aγγH4L4

where gaγγ 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. Pγ→a = Pa→γ is the probability of
photon-to-axion-conversion (and viceversa). If gaγγ < 10−10 GeV−1, as suggested by the CAST
helioscope, and an external magnetic field H = 15 T is devised along 50 cm, (gaγγHL)4 < 10−35.
Mega-Watt gyrotron sources can produce dNγ/dt over 1028 photons/second with continuous emis-
sion - in the same conditions a 1 W laser source yielding visible photons can reach dNγ/dt ∼ 1018.
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This would allow∼ 5 LSW events per year at gaγγ ∼ 10−10 GeV−1. The number of expected events
will grow by a factor of Q if a resonant cavity with quality factor Q encloses the magnetic field re-
gion where photon-to-axion conversion is expected to occur. Detectors sensitive to a single photon
in the frequency range around 30 GHz are needed to effectively push below the exclusion limits
on gaγγ . Such devices are not currently available and the proposed LSW set-up needs dedicated
research and development on the photon detection side. If detectors of this kind will be engineered,
low-energy LSW experiments would be far more reaching at probing low values of gaγγ couplings
than those based on LASER sources. On the theory side, if the energy of photons from the source
is lowered down to the (unknown) mass value of the axion, large numbers of axions at rest might
be produced - inactive in a LSW set-up. The computed photon-axion-photon conversion probabil-
ities in this particular limit show that the size L works as an infrared regulator in the conversion
probability formula [14].

The proposed configuration can produce an improvement in the exclusion region by at least
four orders of magnitude with respect to the ALPS configuration, as proven by explicit calcula-
tions. As shown in Fig. 4, this comparison is most effective for axion masses below 0.01 meV.

 

"  

TES devices will be implemented with superconducting nanostructures at NEST-CNR, Istituto Nanoscienze  
in Pisa. 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. The TES will be implemented in a cryogen-free dilution 
refrigerator. The latter is equipped with several metallic shields residing at different temperatures,  
from 300 K down to below 10 mK. 

The TES is contained in a metallic shielded enclosure (normally an electromagnetically-tight double Faraday 
cage) and resides at the base temperature of the cryostat. The SQUID readout amplifier is kept at 80-100 mK 
to improve its noise performance and sensitivity. Photons are fed into the fridge, and collected at the TES, 
via attenuated coaxial cables. The low-frequency output signal from the SQUID amplifier is read through 
conventional filtered DC lines. 

* Impact of STAX R&D in other field of science and industrial applications * 

The knowledge acquired from developing the STAX project is expected to have a rather broad impact in 
several fields such as quantum computing and information processing, quantum technologies, thermal  
physics at the nanoscale and nano-electronics. Besides this, it could pave the way for the realization of novel-
concept solid-state devices such as highly-efficient and ultra-sensitive radiation detectors suitable in diverse 
applications. As STAX is tightly connected to the conceptual basis of single-photon detection, it is expected 
to be of high relevance for the understanding of the fundamental limitations existing in the problem of 
exchanging information in solid-state quantum processing schemes. Moreover, the nano-structures 
envisioned in STAX are also expected to represent a unique playground for investigating thermal transport at 
the nanoscale, and to offer an original test bench for heat-based device concepts, such novel-concept heat 
transistors and switches. It is reasonable to presume that the conceptual and technological developments 
expected from STAX will have implications going well beyond the domain of single-photon detection. For 
instance, these nano-devices might open new horizons for energy harvesting, nano-photonics, homeland 
security and biomedical sensing well integrated in the H2020 framework. These new ultra cold techniques  
could boost detection in traditional particle physics. For instance, high energy resolution at meV could serve 
to disentangle the neutrino mass measurement in the beta decay observation. 

P. Spagnolo                                                                                                                                                         Pisa, July 9 2015

 STAX 
An improved detection scheme 

 for axion-like particles
L. Capparelli, G. Cavoto, J. Ferretti, A. Polosa  University and INFN Roma

F. Giazotto NEST/CNR Pisa,      P.S.
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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 

𝑁ௗ =
𝛽௘௙௙
√2𝜋

න expቆ−
𝑥ଶ

2 ቇ
ஶ

ா೅ ఋா⁄
𝑑𝑥, 

where 𝛽௘௙௙ ≈ 𝜏௘௙௙ିଵ  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
න exp ቆ−

𝑥ଶ

2 ቇ
ஶ

(ா೅ି௛ఔ) ఋா⁄
𝑑𝑥, 

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 𝛽௘௙௙ = 1 kHz. By choosing 𝐸்~8𝛿𝐸we get 𝑁ௗ ≈ 6 × 10ିଵଷ s-1, i.e., around 5 × 10ି଼ 
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: 

 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 4: Transition-edge-sensors.

For the development of the photon detector transition-edge-sensors (TES) might be used, operating
below 10 mK temperature to detect single photons with an energy of 30−100 GHz. The following
fundamental issues might be addressed to implement sub-THz single-photon TESs operating in the
30−100 GHz spectral regime:

• choice of a superconductor with a sufficiently low critical temperature (Tc < 20 mK)

• tailoring of the TES active volume in order to achieve a reduced thermal capacitance

• design of an integrated highly-efficient planar antenna (a picture of a standard TES (in the
center) with the coupled antenna (spiral) is reported below)

• optimization of low-noise SQUID readout electronics
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