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1.  PROJECT SUMMARY  
 
An outstanding result of modern cosmology is that a significant fraction of the universe is 
matter of unknown form, the so-called dark matter (DM), whose existence is claimed 
through its gravitational interaction with ordinary barionic matter. A favored DM candidate  
is the axion, a new particle that followed the introduction of a solution to the strong CP 
problem by Peccei and Quinn (R.D. Peccei, H.R. Quinn, Phys. Rev. Lett. 38, 1440 (1977)).  
Axions have mass ma inversely proportional to the Peccei-Quinn  symmetry breaking scale 
fa. For certain ranges of ma (typically ranging from µeV to meV), large quantities of axions 
may have been produced in the early universe that could account for the galactic halo dark 
matter. An observer on Earth would then perceive an “axion wind”, because of the motion 
of the Solar System through the galactic halo.  
  The proposed research activity is aimed at detecting axionic dark matter in two different 
configurations. The first exploits the axion-electron coupling, the second the axion 
coupling to the photon.  
 In order to observe the “invisible axion” through the axion-electron coupling approach, we 
devise a magnetized sample with a Zeeman transition tuned to the axion mass by an 
external polarizing static B field. The effect of the axion wind on such magnetized material 
can be described as an effective oscillating magnetic field with frequency determined by 
ma, and strength related to fa. The axion field will then drive the Zeeman transition from the 
ground to the excited state of the sample. The possibility to probe such excited state by 
means of a laser is envisaged when the laser wavelength is tuned to another transition to a 
higher fluorescent level. It is worth noticing that the magnetized sample must be cooled to 
ultra-cryogenic temperature to avoid thermal excitation. A new particle detection method is 
then introduced in the present project, which is based on an active probing process realized 
through laser systems tuned to well defined atomic or molecular transitions of the active 
media. 
The species that act as target can be hosted in molecular crystals such as the solid neon 
matrix or para-hydrogen crystals, recently developed media in which the embedded atoms 
retain the structure of free atoms.  
 The second configuration is based on an analogous laser-driven, fluorescence-emitting 
transitions detection scheme, but with a different type of material. Rare-earth doped optical 
crystals will be thoroughly investigated in this part of the project, in order to apply the 
infrared quantum counter (IRQC) scheme to particle detection. Unparalleled sensitivities 
can in principle be obtained, if the active material exhibits a metastable level close to the 
ground state and it is properly co-doped to optimize the mechanisms of energy transfers 
between the doping ions, among other properties that will be detailed in the present project. 
We also plan to realize optical amplification schemes and to use recycling techniques to 
improve the detector energy threshold.  
 In this second detection approach the possibility to investigate several fundamental 
physics phenomena would disclose, if the target sensitivity is reached. In fact, a detector 
with both low energy threshold and appreciable active mass applies as well to neutrino 
searches.  
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3.  AXIOMA PROJECT DESCRIPTION  

                                                 
3.1 Introduction 
 
We propose a research activity aimed at detecting axionic dark matter (DM) by means of a novel 
detector based on an active sensing process of the target material in its ground state. The axion was 
originally introduced in 1977 by Peccei and Quinn to solve the strong CP problem [R.D. Peccei, 
H.R. Quinn, Phys. Rev. Lett. 38, 1440 (1977)], i.e. the absence of CP violation in the strong 
interaction sector of the Standard Model.    
In recent models  the axion symmetry-breaking scale fA is large, with consequently very weak 
couplings with normal matter and radiation for the so-called “invisible axion”.  What is more 
exciting about the large fA  is the related to the high cosmological abundance [J. Preskin, M. Wise, 
F. Wilczeck Phys. Lett. B 120, 127 (1983); L Abbott, P Silkivie Phys. Lett. B 120, 133 (1983)], 
which makes the invisible axion a good candidate for DM. There is then much interest is obtaining 
an estimate of the axion mass ma, and over the years laboratory experiments as well as 
astrophysical arguments have been used to constrain it, as shown in Figure 1. 

 
Fig. 1 Laboratory, astrophysical and cosmological constraints on the axion mass mA. 
 
Cosmological arguments give  ma > 10-5 eV [L.F. Abbott and P.Sikivie, Phys. Lett. B 120 (1983) 
133], while the most stringent upper limits derive from astrophysics [G. G. Raffelt Stars as 
Laboratories for Fundamental Physics. Chicago: Univ.  Chicago Press. 664 pp. (1996); G.G. 
Raffelt, Lct. Notes Phys. 741 (2008) 51]. 
It is by now generally acknowledged that the axion may never be detected in purely laboratory 
experiments [S. J. Asztalos et al Ann. Rev. Nucl. Part. Sci. 56, 293 (2006)], and researches are now 
focused on axions constituting our galactic halo dark matter or axions emitted from the solar 
burning core. The AXIOMA proposal explores two different approaches for axion detection that 
are described in the following sections 3.1.1 and 3.1.2. 
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3.1.1 Axion-electron coupling 
 
A well-established theoretical result is that dark matter axions can interact with fermions, as in the 
two most accredited “invisible axion” models, the Kim-Shifman-Vainstein-Zacharov (KSVZ) 
model [J. E. Kim, Phys. Rev. Lett. 43, 103 (1979)] and the Dine-Fischler-Srednicki-Zhitnitsky 
(DFSZ) model [M. Dine et al Phys. Lett. B 104, 199 (1981); A. Zhitnitsky, Sov. J. Nucl. Phys. 31, 
260 (1980)]. The interaction term has the same form of the interaction of the spin magnetic moment 
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(µB is the Bohr magneton) with an effective magnetic field given by 
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cosmology. In this framework the axion mass should be in the meV range corresponding to an 
effective magnetic field with frequency in the 200 GHz range. Axions are expected to be uniformly 
distributed with a density of around 1014 axions/cm3 [P. Sikivie, Phys Rev D, 32,  2988 (1985)]. 
Because of the motion of the earth in the galaxy, they can be seen as a wind with well determined 
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where γ = e /m =1.76×1011 rad/sec/T  is the gyromagnetic ratio of the electron, and 

gp ≈ 4.07×10
−11ma   from QCD calculations that relate the masses and coupling constants of the 

axion and neutral pion.  Such equivalent magnetic field is periodic in time, and the corresponding 
frequency is fixed by the axion mass.  
The small amplitudes and frequency range of the equivalent microwave magnetic field, in the meV 
mass range, represent a challenging goal for experiments exploiting the interaction of the cosmological 
axion wind and a system of fermion spins.  
The expected spin flip rate Ri in the few hundred GHz range for a mole of polarized atoms is [Sikivie 
Phys.Rev.Lett. 113 ( 2014) 201301 ], [Barbieri et al.; Phys. Letts. B  226 (1989 ) 357]:   

NARi = gi
2NAv

2 2ρa
fa
2 min(t, t1, ta )

,
 

where NA  is Avogadro’s number and ρa is the axion density, t is the measurement integration time, t1 

is the lifetime of the excited state and ta is the coherence time of the signal. 
A more explicit form is given by: 
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Therefore for an axion at meV mass scale and an atomic system with a transition bandwidth close 
to the inverse axion coherence time, an event rate of a few Hz is expected.  
This type of axion interaction can be investigated with the apparatus described in WP1 of the 
AXIOMA project. 
 
3.1.2 Axion-photon coupling: Primakhoff effect and axio-electric effect. 
 
The second interaction mechanism we would like to exploit in the proposed axion search is based 
on axion-photon coupling. The effective Lagrangian that describes the axion-photon coupling is: 

                                                 Laγγ = gaγγaE •B  

where E  and B  denote the electric and magnetic field vectors. The cross product E •B  is a 
pseudoscalar like the axion field a, thus the overall Lagrangian is CP invariant. The axion-photon 
coupling constant gaγγ is given by: 

                                                        gaγγ =
α
2π fa

Caγγ  

where α is the fine structure constant and Caγγ is a mode-dependent constant, even though it does 
not significantly differ in the KSVZ and DFSZ models. 
 
To make the axion visible, P. Sikivie [P. Sikivie, Phys. Rev. Lett. 51, 1415 (1983)] proposed the 
“axion haloscope”, which exploits the coupling of the axion to the electromagnetic field of a 
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microwave cavity permeated by a static homogeneous longitudinal magnetic field B0. When the 
cavity frequency of resonance matches the axion mass, axions can convert to photons of that cavity 
mode. The power on resonance is then given by expression [P. Sikivie, Phys Rev D, 32,  2988 
(1985)]: 

               

where V is the microwave cavity volume, ρa is the energy density of galactic-halo axions, Qa is 
related to the previously mentioned velocity dispersion (Qa ≈ 2*106) and Qc is the cavity quality 
factor for the considered mode. 
 The ADMX experiment in US follows  this idea, in which an incoming galactic axion could 
become a photon in the magnetic field of a resonant cavity, whose resonance frequency matches the 
axion mass. The ADMX search has excluded axion with mass in the range 1.91-3.34 µeV as a 
dominant component of the galactic halo [S. J. Asztalos et al Phys. Rev. D69, 011101 (2004)], and 
is still continuing to run to cover  higher axion masses. The upgraded version of the experiment 
should accomplish detection at 10 GHz frequency, even though it is still not clear how limitations 
related to the utilization of higher frequency microwave cavities might be overcome.  
One possible way could be the utilization of a magnetic wiggler structure in such a way to increase 
the axion-photon interaction volume.  
 
Another mechanism, which has been proposed by Srednicki [Nucl. Phys. B 260, 689 (1985)] to 
detect the solar axion, is the axioelectric effect:  
                                                       a + e-+ Z à e- + Z  
The estimated cross section for such process  [Zhitnisky and Skopven, Sov. J. Nucl. Phys. 29 513, 
(1979)] in the case of a small ma and axion energy much smaller than the electron mass is: 
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where  α  is the fine structure constant , αae =
g2aee
4π

is the axion-electron coupling constant, w is the 

axion energy and m the electron mass. 
This type of experiment could be conducted with the low energy threshold detector proposed in 
WP2, that could as well provide a new practical detector for sensitive measurements in other 
fundamental physics issues: 

• the neutrino coherent scattering off nuclei [B. Cabrera, L. M. Krauss, F. Wilczek; Phys. 
Rev. Lett 55, 25 (1985)]. Due to its coherence factor, the neutrino-nucleus scattering has a 
cross section that is several orders of magnitude greater than the single nucleon or electron 
cross section at the same neutrino energy.  Moreover, the response of a neutral current 
detector is flavour independent, therefore it measures the absolute neutrino flux. In 
addition, such a bolometric method provides an output energy spectrum directly related to 
the incoming neutrinos energy. The most challenging experimental goal in this approach is 
the detection of tiniest energy nuclear recoils. For example, the recoil of a 1 MeV energy 
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neutrino would correspond in germanium to a few eV energy deposition in the active 
detector. The cross section of this process is in fact given by 

σ ≅ 0, 42*10−44N 2 E
1MeV
#
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&
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cm2

      
 

where N is the number of neutrons in the considered nucleus. The square dependence is an 
advantageous feature in view of the small probability of interaction via all other channels in 
this low energy neutrino region. For a heavy nucleus such a cross section can increase up to 
10-40, relaxing the active mass requirement in the case of an experiment conducted at a 
reactor neutrino source. The information obtained in this type of experiments could shed 
light on the fundamental question related to the role of neutrino in the supernova 
explosions [D. Z. Freedman, D. N. Schramm, and D. L. Tubs, Annu. Rev. Nucl. Sci. 27, 
167-207 (1977); J. R. Wilson, Phys. Rev. Lett. 32, 849-852].  
 

• the neutrino magnetic moment [H. T. Wong , Hau Bin Li, Shin-Ted Lin; Phys. Rev. Lett 
105, 061801 (2010)]. Nowadays we have strong evidence of neutrino oscillations that 
imply neutrinos have mass. A direct consequence of the finite neutrino mass is its possible 
coupling with photons, described through a “neutrino charge radius” and a “neutrino 
magnetic moment” µν . The neutrino-electron scattering differential cross section, is given 

by [from the same previously mentioned reference]: 
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where T is the free electron recoil energy, Eν is the incident neutrino energy and me the 
electron mass. The reported expression is valid for a value of recoil energy in excess of the 
electron binding energy. In other words, when the energy transfer is comparable with the 
atomic energy scale, a new channel is unfolded and the cross section is greatly enhanced. In 
fact, the previous expression becomes: 
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and a large sensitivity enhancement follows from the
1
T
σγA dependence in sub-keV 

threshold detectors.   
 

• the REMP (Radiative emission of a neutrino pair) atomic process [M.Yoshimura et al. 
Phys. Lett. B 719, 154 (2013)]. In this process, atoms in a metastable level undergo a 
process of collective de-excitation that results in the emission of a single photon plus a 
neutrino-antineutrino pair with the conservation of energy and momentum. The potential of 
this mechanism is great, because in one experiment many observables could be 
investigated, such as the absolute neutrino mass scale, the type of neutrino mass spectrum, 
the nature of massive of neutrinos and, in the case of a Majorana particle, the CP violation 
phases. 



	   9	  

 The pivotal idea is that an atom is characterized by typical energies much closer to the 
expected neutrino masses (< eV) as compared to conventional targets or nuclei. The 
disadvantage of atomic targets lies in their smallness of emission rates τ, that is 
proportional to 

  
Gf
2E 5 ≈ 3.3*10−34 s−1 E

eV
#

$
%

&

'
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with Gf Fermi coupling constant and E transition energy. Under normal conditions the 
neutrino emission is in competition with the much faster electromagnetic channel, but 
Yoshimura and colleagues have proposed to overcome this limitation by inducing a macro-
coherence of atomic polarization to which the relevant amplitude is proportional [M. 
Yoshimura, N. Sasao, M. Tanaka, Phys. Rev. A 86, 013812  (2012)]. The macroscopic 
polarization is supported by a laser field and enhances the rate through the factor n2V, with 
n number density of excited atoms and V is the laser-irradiated volume.  
Undergoing experimental efforts in Japan are focused on the RENP process in the case of 
Xe atoms [N. Sasao, Nuclear Physics B (Proc. Suppl.) 235–236 (2013) 313–318] and it 
could be very interesting to pursue the same physics with the AXIOMA proposed 
detectors. In our experiment, the detecting material under the laser action would be an 
atomic species inserted in a matrix as explained in WP1. 
 

• the laser-induced acceleration of forbidden captures of orbital electrons by nuclei  [M. Yu 
Romanovsky, JETP Letters, 94, 425 (2011)]. As it is well known, extra nuclear 
environments affect the rate of disintegration of nuclei decaying by electron capture or 
internal conversion. Ever since E. Segre [E. Segrè, Phys. Rev. 71, 274 (1947)] and R. 
Daudel [R. Daudel Revue Scientifique 85, 162 (1947)] independently suggested (1947) this 
effect, a number of experiments have been performed for various nuclides in different 
chemical and physical conditions that have reported a lifetime enhancement never 
exceeding  the 1 % level. Fostered by the large values of electric fields that can be achieved 
in a laser beam waist, theoretical physicists have considered the possibility to enhance the 
beta decay of particles (a process inverse to an orbital electron capture by nuclei) via such 
high intensity laser electric fields. For example, for the Mn54 nucleus a factor of 10 
variation is expected in the electron lifetime at a threshold field of 100 MV/cm. In order to 
obtain a material hosting Mn54 atoms, chromium or iron-doped optical crystals, of the same 
family we are going to investigate, can be irradiated either by a proton beam or a neutron 
source.  

 
3.1.3 The AXIOMA experimental approach 

The AXIOMA project is aimed at the development of a new class of particle detectors, characterized 
by both low energy threshold and large active volume. The most commonly employed detectors can be 
grouped into three categories: the scintillators, the semiconductors and the bolometers. The first ones 
can hardly be used to detect an energy release smaller than a keV [G.F. Knoll. Radiation detection and 
measurement. Wiley, 2011], whereas in the semiconductors the energy threshold can be as low as 500 



	   10	  

eV as recently reported for a 440 gram high-purity germanium crystal [C.E. Aalseth, P.S. Barbeau, et 
al. Phys. Rev. Lett., 106, 131301 (2011).]. The bolometers are characterized by the tiniest energy 
threshold (∼eV) but only if their mass lies in the milligram range [C. Enss. Cryogenic particle 
detection. Springer, 2005].  

Two novel detection schemes based on laser-spectroscopy techniques are investigated in the AXIOMA 
project, in which the incident particle contributes to the excitation of an atomic or molecular energy 
level. In both schemes detection occurs through a fluorescence signal, as will be detailed in sections 
3.2 and 3.3.  

The project unfolds through two independent research lines, the WP1 and WP2 respectively described 
in sections 3.2 and 3.3.  In WP1, oxygen molecules 16O2 or alkaline atoms at low temperature act as 
detection material. As it is well known in the literature, these molecules have two magnetic Zeeman 
sub-levels a and b, in which the energy difference amounts to ∼meV [P.H. Krupenie. The Spectrum of 
Molecular Oxygen. American Chemical Society and the American Institute of physics for the national 
bureau of standards (1972)]. The magnetic dipole transition a → b corresponds in this scheme to the 
particle energy deposition. To detect the axion-induced magnetic dipole transition, the atoms ensemble 
is maintained under the action of a pump laser. Generation of a fluorescence signal is triggered by 
absorption of the incident particle. The target species can be hosted in molecular crystals, which are 
crystals of solidified inert gasses at cryogenic temperature and were originally developed to trap and 
preserve chemical species by embedding them in a condensed phase [D.C. Silverman and M.E. 
Fajardo. The Journal of chemical physics, 106, 8964, (1997)]. In these media the embedded atoms 
retain the structure of free atoms. 

In WP2 the active material is a solid state crystal doped with rare-earth (RE) ions. As detailed in 
section 3.3, we apply the infrared quantum counter (IRQC) concept to particle detection. The IRQC 
was originally proposed in 1959 by N. Bloembergen to detect infrared photons in the wavelength 
range 1 − 100 µm [N. Bloembergen. Phys. Rev. Lett., 2:84, 02 (1959)]. Preliminary measurements 
carried out at Legnaro National Laboratories, have demonstrated the feasibility of this detection 
scheme for particles [ http://arxiv.org/abs/1506.07987]. We used an Er(0.5%):YAG crystal pumped by 
a tunable Titanium-sapphire laser to detect 60 kev electrons delivered by an electron gun. 

As concerns WP2, several aspects must be investigated in order to 
improve the detection efficiency. As previously mentioned, a crucial 
characteristic of RE doped-crystals for our purposes is the long lifetime of 
level 1. In addition, in some crystals the fluorescence transition occurs 
exactly between the levels 3 → 1 (as in the ideal scheme shown in Fig. 2), 
a re-cycle signal mechanism is possible to increase the fluorescence 
output. A second important question is related to the absorption of the 

incident particle energy in the medium, that can be increased when the crystal is co-doped with two 
different RE species. In this case, by means of energy transfer processes (ETU), it is possible to 
optimize one species for the absorption and the other for the fluorescence emission. A further 
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development of WP2 will concern the detection of fluorescence photons with a low noise all-optical 
amplifier (stimulated emission) coupled with an optical fiber to the crystal output.  

In conclusion, it is worth mentioning that the two research lines of the AXIOMA project have a 
target energy sensitivity that covers two different energy ranges, in the meV for WP1 and tens of 
meV for WP2. These ranges extend axion searches in a not yet experimentally explored, allowed 
mass range.  
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3.2  Fluorescence spectroscopy of cold atoms or molecules embedded  in solid rare-gas  
matrices 

 
            Responsible person: Luigi Santamaria Amato 
 

 
Recently, it has 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 [Sikivie2014, Barbieri 

1989]. Generalizing this idea, here we propose an experiment which aims at detecting 

atomic/molecular magnetic dipole (M1) transitions where axions are absorbed in a mass interval 

ranging from 8* 10-5 to 2* 10-3 eV. For this purpose, first we have to identify a suitable system 

with two magnetic sublevels whose energy difference can be tuned via the Zeeman effect to the 

desired axion mass value. These two levels, let’s say a and b, will respectively represent the lower 

and upper level of what we will hereafter call the axion transition. Then, by cooling the specimen 

such that there are no atoms/molecues in b, as a result of the exposition to the CDM axion field, 

a→b transitions will be induced with a unit-time rate, Rab, of few events per mole of particles 

(provided that M1 selection rules are satisfied). Finally, an appropriate detection technique must be 

implemented to reveal with almost 100% efficiency the presence of the atoms/molecules promoted 

into level b. As we will see in a short while, from an experimental point of view, 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. 

Originally developed to trap or produce chemical species and preserving them in solidified inert 

gases at cryogenic temperatures, MIS has grown to become a methodology for obtaining 

information on atomic/molecular structures and chemical reactions [Pimentel1958, 

Silvermann1997, Bouteiller2011]. Compared to other spectroscopic techniques, MIS provides 

lower temperatures, longer measurement times and larger sample densities  which result in an 

improved detection sensitivity. Moreover, under proper conditions, the additional broadening in the 

spectral linewidths of the matrix-isolated species (in comparison to the gas phase), caused by the 

interaction from the environment, can be kept low enough to perform high-resolution spectroscopy. 

In this respect, rare gas matrices have been widely used in recent studies because of their 

chemically inert property and weak perturbations. Additional advantages offered by MIS in noble-

gas matrices are: the suppression of guest-guest interactions (at sufficient dilution); the excellent 

optical properties, including isotropy and transparency from the far IR to the vacuum UV. In this 
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regard, common choices for the matrix gases are argon for studies in the IR and neon for studies in 

the UV/Visible range. 

With reference to Fig. 1, the heart of the proposed experimental apparatus consists of a cryogen-

free dilution refrigerator (CFDR) with integrated superconducting magnet which is able to provide 

temperatures as low as 80 mK in magnetic fields up to 18 T. In order to suppress blackbody 

radiation effects, each CFDR stage is enclosed in a round gold-plated copper shield. A 

parallelepiped copper cell (1x3x3 cm3), hereafter referred to as the MIS cell, is in thermal contact 

with the base-temperature part of the refrigerator. Capillary filling, regulated upstream by two flow 

controllers is used to inject both the noble gas (N) and the atomic/molecular species of interest (S), 

contained in room-temperature bottles, into the MIS cell (with a mixing ratio ranging from 100:1 to 

1000:1). The whole is housed in a stainless-steel vacuum chamber evacuated by means of a turbo-

molecular pump. The vacuum chamber, the shields, the solenoid magnet, and the MIS cell all have 

optical accesses for the spectroscopic interrogation. In particular, 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 under impact; thus, 

after some hours of deposition, a noble-gas matrix (incorporating the dopant species S) of 1 mm 

(thickness) x 3 cm x 3 cm is grown on each of the walls. In the following, once chosen the neon as 

the noble gas to form the matrix, two different choices for S are discussed in more details.  
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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 𝛴! !
!(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 

an external magnetic field, B, each spin-rotational component is further split into 2J+1 magnetic 

sublevels; these are labelled by the magnetic quantum number MJ (MJ=-J,-J+1,…,J), namely the 

projection of J onto the direction of B. In this coupling scheme, selection rules for M1 transitions 
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require: ΔJ=0, ±1 (with J=0→J=0 forbidden), ΔMJ=0, ±1, and πb=πa, where πa (πb) denotes the 

parity of the transition's lower (upper) level. Next, we adopt the notation W(r,B) to represent the 

energy of the r≡(N,J,MJ) magnetic sublevel as a function of B. The energy-level diagram displayed 

in Fig. 2 illustrates the Zeeman effect in the 𝛴! !
!(υ=0) state up to a magnetic field intensity of 

B=20 T [Berden1998]. At this point in the discussion, we choose the rotational level (N=1, J=0, 

MJ=0) ≡ a and (N=1, J=1, MJ=-1) ≡ b as the lower and upper level of the axion transition, 

respectively. This determines the maximum axion mass range that can be explored according to the 

following reasoning. In order to realize a mole-sized population of 16O2 molecules in level a, while 

keeping level b depopulated, the energy difference Wba(B)≡W(b,B)-W(a,B) must satisfy the 

condition Q(B,T)≡NAexp[-Wba(B)/(kBT)]<0.1 with kB being the Boltzmann constant, NA the 

Avogadro number, and T the gas temperature [1]. Concerning the lower end of the axion mass 

interval, it is worth remarking that the Zeeman splitting Wba(B) tends to saturate for magnetic fields 

below Bmin=3 T; this amounts to Wba(Bmin)=4 cm-1 (ma
min=0.5 meV) which requires a temperature of 

100 mK: Q(B=3 T, T=100 mK)=0.06. From the upper side, Wba(B) tends to saturate for magnetic 

fields above Bmax=18 T; this corresponds to Wba(Bmax)=15.5 cm-1 (ma
max=1.9 meV) which requires a 

temperature of about 390 mK: Q(B=18 T, T=390 mK)=0.09. The next step is to detect the 

molecules promoted by the dark matter axion field into level b. As already mentioned, since very 

few events are expected, an extremely sensitive spectroscopic technique must be implemented. For 

this purpose, we plan to excite the 16O2 molecules from level b to a very energetic state and then 

collect the resulting fluorescence signal by means of a photo-multiplier tube. This can be 

accomplished by shining a 190.25-nm laser on the sample to drive the Σ! !
!(υ=0,N=1,J=1) → 

Σ! !
!(υ=5,N=2,J=2) transition and then collect the fluorescence signal (after filtering the pump 

wavelength) on transitions falling at longer wavelengths in the same band [Krupenie1972, 

Goldsmith1986].  
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FIG. 2 

 

Neon-Atomic Caesium 

A second authoritative candidate is represented by atomic cesium (Cs) whose Zeeman splitting in 

the ground state is shown in Fig. 3. In this case, the axion transition’s levels are: a≡(mI=3/2, mJ=-

1/2) and b≡( mI=3/2,mJ=1/2). Here, mI (mJ) denotes the projection of the nuclear spin I (electron 

spin J) onto the applied magnetic field [Steck2003]. Similar considerations to those made for 

molecular oxygen indicate that Wba(Bmin=3.5 T)=3.3 cm-1 (ma
min=0.4 meV) which requires a 

temperature of 80 mK, whereas Wba(Bmax=18 T)=16 cm-1 (ma
max=2 meV) which requires a 

temperature of 400 mK. Again, the axion-induced transition can be detected by fluorescence 
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spectroscopy. In this respect, one valuable option is to excite the D2 line by a 852.53-nm laser and 

detect the resulting fluorescence on the D1 line at 894.59 nm. From a technical point of view, the 

main difference with respect to 16O2 is that, due to the low vapor pressure of alkali atoms, neon 

cannot be pre-mixed with Cs; to overcome this drawback, a solid Cs sample can be placed inside 

the MIS cell and then ablated using a suitable focalized laser pulse. The vapor Cs produced in such 

a manner is eventually delivered by the neon to the cell windows where the solid matrix is formed.  

 

 
FIG. 3 
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In both configurations, the number of axion-induced absorption events can be estimated as follows: 

Nevent*NA=Rab*nNe*Vc*dop*(3600 s)*nhour, where nNe is the neon density, Vc the crystal volume, dop 

the doping ratio, and nhour the acquisition time (expressed in hours). Thus, for typical numbers: 

Rab=1 Hz, NNe=4.6*1022 cm-3, Vc=3*3*0.1 cm3, dop=1% and nhour=4, Nevent*NA=10 is found. 
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3.3 Infrared Quantum Counter Detectors 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  

A new class of detectors based on laser-driven, fluorescence-emitting transitions in 
rare-earth crystals 

	  
	  Responsible	   person:	  Caterina	  Braggio	  	  

	  
In the second part of the project we investigate the feasibility of a particle detection scheme involving 
laser-driven, fluorescence-emitting transitions in rare-earth (RE) crystals. Embedded as an impurity 
(few per cent concentration) in host lattices, a rare earth element determines a set of energy levels that 
can conveniently be exploited to detect particles, provided some requirements that will be later 
discussed are satisfied.  
 Let us consider a material in which the levels scheme shown in Figure 4 (a) can be identified. The 
particle energy deposition event excites the lowest energy level and, while the material is subject to 
laser light (pump) resonant with the transition 1 à 2, triggers the absorption of the pump. Ideally, with 
no incident particle the pump laser is not absorbed. Detection of the particle is then accomplished 

through the fluorescence photons emitted in the transition 3 à 1, 
detectable by state of the art devices. 
This method is inspired by N. Bloembergen’s [N. Bloembergen, Phys. Rev. 
Lett 2, 84 (1959)]. 
] infrared quantum counter (IRQC) concept, in which the presented scheme 
is used to upconvert infrared photons that are absorbed in the transition 
from the ground state to the first excited level, in the 1-100 µm wavelength 
range.   
• Experimental realizations of the IRQC idea in several different 

types of crystals have been reported in the literature [L. Esterowitz et al Appl. Opt. 7 (1968) 
2053]. Detection of far infrared photons (300 µm wavelength, corresponding to about 4 meV) 
has been accomplished [L H. Lengfellner and K. F. Renk IEEE J Quant. Electron. QE-13 
(1977) 421] and unitary detection efficiencies are possible [W. F. Krupke, IEEE J. Quant. 
Electron. , 20 (1965), J. C. Wright et al, J. Appl. Phys. 44, 781 (1973)]. 

 
The project is aimed to the identification of suitable crystals for the detection of low energy deposition 
events and it relies on the following assumptions: 
 

• the  inelastic scattering of free electrons off bounded electrons is a major process in particle 
energy loss and is described by the Bethe-Bloch formula that privileges low energy transfer 
events [Knoll “Radiation detection and Measurement” J. Wiley and Sons 2000]; 

• another dominant process is the thermalization of the secondary electrons produced in the 
interaction that takes place through optical phonon scattering; 

• infrared scintillation in the range 600-900 nm has been reported \cite{moses:1998} with an 
intensity in excess of 105 photons per MeV. A light yield of (79±8)×103 has also been 
observed in Yb:(10%)YAG, whose emission peaked around λ=1.03 µm 
\cite{Antonini:2002fk}.  
 

 
In addition, if we choose a material with a low energy level (E1 ≈ 10 - 100 meV, corresponding to the 
wavelength range ≈ 100-10 µm) characterized by a long lifetime, such metastable level acts as a 
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resevoir in which the energy of the particle can be stored and converted in fluorescent photons by the 
pump laser.  
 In view of the mentioned hypotheses the proposed scheme has the potential to reach unprecedented 
sensitivities in relatively large active volumes.  
 

Preliminary results for WP2 
 

The group has already experimentally demonstrated the feasibility of this idea and promising results 
have been obtained [F.A. Borghesani et al submitted to Appl. Phys. Lett. (2015)] with the experimental 
setup shown in Fig. 4.  
	  

Fig.	  4	  
	  
The particle interacting in the material is embodied by 60 keV electrons delivered by an electron gun 
and the active material is an Er:YAG crystal pumped by a titanium sapphire tunable laser.  
As shown in the energy level scheme in Fig. 5, the particle excites the 4I13/2 level and, as a 
consequence, the Er3+ ion is excited by the pump laser (indicated by the red arrow) to the 4S3/2 level 
that fluoresces around 550 nm. Detection of the fluorescence signal has been accomplished by means 
of a photomultiplier tube (PMT), yet in the proposed project the suitable photon detector will be 
chosen according to each of the tested crystal and its specific pumping and excitation scheme.  
In figure 4 an infrared laser source (output wavelength 960 nm) is also displayed, which is used to test 
the IRQC efficiency.	  	  
	  

Fig.	  5	  	  	  	  	  	  	  	  	  	  	  	   	  Fig.	  6	  
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Both the pump laser and the diode are coupled to the crystal by means of an optical fiber. In the 
proposed project we plan to embed the crystal in the optical fiber in order to improve the pumping 
light and generated fluorescence coupling efficiency. 
 We obtained a demonstration of the feasibility of the proposed detection scheme with the results 
presented in Fig. 6, where the 4S3/2 fluorescence intensity is plotted for different wavelengths of the 
pump laser. It is worth noticing that the crystal that has been used for this proof-of-concept is not 
the ideal one, because of the fact that the pump is absorbed even when no particle interact in the 
material.  The contribution to the overall fluorescence signal related to the pump laser double 
resonance is shown by the red dots in Fig. 6.  In spite of this strong limitation, among others that 
will be later discussed, about 30% increase of each displayed peak area has been registered, proving 
particle detection through the IRQC concept.  
 

Description of the activities for WP2 
 
A main objective is to identify a material, in which the following requirements are possibly 
satisfied:  

1. the material displays a metastable level (τ1 > 10 ms): it is in fact desirable that the 
magnitude of the matrix element joining the level 1 to the ground state is small, in such a 
way that it is much less probable for the RE ion excited by the incoming particle to 
undergo a spontaneous transition downward than a pump-induced transition to a higher 
excited state 

2. the pump radiation is not absorbed in the material nor scattered. While the absorption is 
strictly related to the energy levels disposition (as determined primarily by the dopant in 
the specific host), the scattering is related to the purity of the sample. 

3. the transition that involves the particle energy deposition has a high excitation cross 
section 

 
There are several possibilities that will be systematically investigated to improve the detection 
efficiency. A main issue is related to the absorption of the incident particle energy, that can be 
increased when the RE doped material is co-doped with another species.  
For example, authors [B. Denker et al, Opt. Commun. 271 (2007), 142-147; F. Yang et al Journal 
of Quantitative Spectroscopy & Radiative Transfer 161 (2015) 1–10] have obtained efficient 
absorption by adding a high amount (about 10%) of Yb3+  sensitizing ion to an YAG crystal doped 
with different Er3+ concentrations. Combined energy transfer processes from Yb3+ to Er3+ allow 
excitation of the 4I11/2 Er level that rapidly decays to the 4I13/2, as illustrated in Fig. 7. 
	  

	  	  Fig.	  7	  
	  
Another important process to be exploited is the photon avalanche mechanism [F. Auzel, Chem. 
Rev. 104 (2004) 139-173]. 
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The possibility to have a cycling transition is readily available in materials in which the arrival 
level of the fluorescent photons is the same one from which they are re-pumped [W.G. Rellergert et 
al Phys. Rev. Lett. 100, (2008) 025301].  For example, a recyling transition has been exploited to 
detect and image a single metastable He2 triplet molecules in superfluid Helium, as shown 
schematically in Fig. 8.  

Fig.	  8	  
	  

For the present purposes a crystal in which a similar level scheme can be investigated is 
neodymium doped potassium lead bromide KPb2Br5:Nd. In addition, such a material displays a 
very long lifetime level (τ = 57ms at 15 K), as reported in reference [E. Brown et al, J. Lumin. 133, 
244–248 (2013)]. 
   
Finally, an advantage of the presented detector approach is the fact that the fluorescent photons 
generated by upconversion of the particle signal can also be optically amplified in a compact design 
detector. An optical gain medium region in optical communication with the crystal active material 
region could be realized with optical fibers.  
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	  3.4	  Participating units and their roles	  
	  

For the sake of clarity, in this paragraph we describe in detail the activities 
to be carried out in the different WPs and the contribution of each research 
unit inside every WP. 
 

3.4.1 WP1: Ultra cold Atomic/Molecular Spectroscopy :Napoli (NA) ,Padova (PD) 
Ferrara/Siena (FE) ,Laboratori Nazioni di Legnaro  (LNL) , Palermo/Lab.Nazionali 
del Sud ( PA/LNS) 

One of the primary goals of this WP is the definition of the detector in all his 
components from crystal growing to the fluorescence optical read out with filter. The 
Napoli , Padova ,  Pa le rmo ,  Fer ra ra ,  Legnaro  research units are planning the 
development of a demonstrator to asses the technique already described. 
The WP  on the crystal development will follow such flowchart together with the 
research units involvements: 
 
        1-  Cold Station for optical spectroscopy measurements :  
        ( NAPOLI ,FERRARA): 
        a) Characterization and optimization of the crystal properties in term of doping 
        b) laser beam insert into the crystal  
        c) laser frequency tunability , purity and stability at the probing  frequency 
        d) optical fluorescence read out optimization and overall efficiency estimation 
 
       2- Cold Station for microwave spectroscopy  
      ( PADOVA,LEGNARO,FERRARA) 
       a) Polarizing crystal under a Magnetic field Up to 2 or 3  Tesla  
       b) cold crystal growing methods and assessment of the optical quality down to  
         mK (Using a Cold Refrigeration Unit  belonging to the Auriga Collaboration) 
 
      3)- Theoretical Study on Atomic or Molecular System to be hosted into Solid     
            Neon  Matrix ( PALERMO) 
            -Two neutrinos Emission in similar host will be studied 
            -Laser enhancement of electron capture on nuclei 
 
      4)- During the third year of the project one prototype will be mounted to be used as  
            a real detector in search of cosmological axion so to address the final         
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sensitivity. 
            ( PADOVA, NAPOLI , FERRARA , LEGNARO )    
 

The Napoli,  Padova, Legnaro ,  Ferrara and Palermo  research units are 
expected to identify the best atomic or molecular species to be hosted into a low 
temperature solid matrix so to have a paramagnetic system to be probed without 
excess enlargement of the Zeeman linewidth where the axion has to be converted 
into an electron spin flip within the bulk of the matter. 

       We plan to mount at the end of the second year and the beginning of the third year 
a        prototype to test the final detector trying to have almost a cm3 crystal doped 
at %     level so to address the final sensitivity giving already a limit on the 
cosmological axion in a narrow mass bandwidth. 

 
3.4.2 WP2 : Infrared Quantum Counter Detector : Padova (PD) ,Pisa (PI) 
,Ferrara/Siena ( FE) , Cagliari (Ca) 

The primary goal of this WP is the definition of an active detector from crystal 
growing optimization and chacterization of the energy threshold sensitivity. The 
Padova ,P i sa ,  Cagl ia r i  and  Fer ra ra  research units are planning the 
development of a detector able to detect very low energy release into a special 
engineered crystal through the upconversion method where the possibility of optical 
avalanche and stimulated emission will be investigated as well. 
The WP  on the crystal development will follow such flowchart together with the 
research units involvements: 
 
        1-  Crystal Growing and Cold Station for IR emission studies measurements :  
          (PISA , PADOVA): 
        a) Optical crystal matrix development charged with host atoms of rare earth and   
        transition metal 
        b) Infrared emission study under  X ray excitation to determine the emission yield 
        ,spectra and lifetime characteristics studied  at low temperature 
         
       2- Infrared Quantum Counter Detector 
        (PADOVA,FERRARA) 
       a) Quantum efficiency measurements as infrared photodetectors @ Low T  
       (T  ~4K) 
       b) Optical fluorescence read out optimization and overall efficiency estimation 
 
      3)- Optical Amplification mechanism and Stimulated Scintillator Emission Studies 
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       ( CAGLIARI ) 
       a) Optical amplification of light pulses from devices used in telecommunication 
       b) Crystal engineered  for stimulated emission under particle irradiation. 
 

The Padova , Pisa ,Ferrara and Cagliari research unit are expected to identify the 
best crystal matrix and doping element to succeed to lower the energy threshold 
of release energy into the crystal into the less than a  few eV energy.  
Also in this second WP we are going to use of the Ferrara/Siena expertise on the 
laser spectroscopy because they have already set-up a laser laboratory in Legnaro 
used up to now for the Francium spectroscopy study  in an optical trap. 
Within the activities of both  the  WP the Padova/Napoli units will act as a 
coordinating unit for the whole research project. Foreseen coordination 
activities that will be managed by the unit are teleconferences (on a bi-weekly 
basis), a n d  4  m o n t h s  face-to-face meetings. 
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3.5 Risk assessment 
 

The proposed research project focuses on the development of a new class of 
detector. The idea is based on Active Detector Sensing, through a laser system, of  
particular crystals cooled at low temperature to record very small energy release at a 
level well below than the actual 1 keV level.   The proposal is trying to bridge the 
new ideas and techniques developed within the atomic and solid state 
physics community with particle physics problems.  
The founding idea of this project is based on the Bloembergen (Harvard Noble Prize) 
scheme of the IRQC that has been developed experimentally through many years with 
success and now we believe the advent of new materials and laser systems could be 
studied for the purpose more related to the particle physics. 
The baseline goal will be to demonstrate the feasibility to detect low energy release 
into the matter in a few cm3 crystals. Two different configurations will be 
tested: 1) Solid Neon doped matrix and 2) Solid crystal doped with transition 
metals or rare earth atoms, will be tested so to understand which direction 
will be more succesfull for proving the decrease in the low energy detection. 
The detailed study of the performances of the baseline goal would constitute 
the minimum target of the whole project which looks to be feasible once the 
preliminary achieved results and knowledge of participating  groups  is taken 
into consideration. 
Such research direction is completely new so this approach could provide a lot of new 
information regarding energy release mechanism of very small energy transfer into the 
matter depending on the type of interactions investigated ( ionization radiation, nuclear 
recoil, photon absorption etc).  
These detection features, once satisfied, will have a large return in term 
of new physics channel that could be investigated. 
Depending on the degree of success of the various activities in the 
WP’s, the baseline goal will be complemented and improved with 
different technologies: 
 
- The solid neon crystal matrix method , that hosts different types of 
atoms and molecules, has been already developed in the recent years in 
five laboratories around the world. Such method has to be considered as a 
well established technique although it is not yet present in our country. 
We have already established contacts with two of these groups to learn 
the growing method details and we are also looking for a possible 
collaboration on the axion subject. This methodology  is currently used in 
many experimental situation where the doping species are considered as 
almost free atom system, see for example the Lu paper 

concerning the Yb:Ne solid for next generation of optical clock  
[ Z.T.LU ; PRL 113 ( 2014 ) 033003]. 
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• The study of the infrared and far infrared emission scintillation in the 
crystals, we are planning to use, will give new opportunities to 
understand interaction mechanism at low energy in the matter and to 
develop a new class of scintillator so we expect many article will be 
coming out from this project related to the matter infrared 
luminescence .  

• Optical amplification media, nowadays well diffused in the fiber 
telecommunication systems , will be exploited and tested in our field so to establish 
a new way to handle the optical scintillation signal from a detector to the final 
treatment .We will be the first to tag this line of research putting the basis for future 
applications. Within this line we will look at the possibility to trigger stimulated 
emission in a material where inversion population is generated. On this particular 
line of research Philips Radiation division , in the person of Doctor C. Ronda has 
shown a strong interest to support a possible FET program once we will start to 
clear up some material to be investigated.  

• Some specific crystals could be used to test the lifetime enhancement 
of electron capture onto the atomic nucleus under laser irradiation we 
have started discussing such item with Russian Theoretician from 
Academy of Science Professor Romanowski and Prof Keitel from Max 
Planck Institute at Heidelberg.  

 
The project research directions lines are covering a large spectra of 
opportunities so to keep the failure of the overall project quite low. 
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3.6 Impact of this research 
 

The Axioma research project aimed to the development of a completely new class 
of detectors based on an Active Sensing for the detection of Axions , Neutrinos , 
Neutrons so to register very small excitation energy within the matter well below 
the present state of the art  of energy thresholds and in the meantime open a new 
research line into the laser-nuclear interaction. 
If such scheme will prove successful many new problems could be addressed such 
as : 

- Search for Cosmological Axions through Electron coupling  mediated or via 
Primakhof axion to photon conversion in a range of axion mass not covered 
nowadays by any experiments around the world. 

- Two Radiative Neutrinos Emission from excited atoms once a special host in 
solid could satisfy  the theoretical requirements. This detection channel would 
open the road to neutrino clarification on it nature and mass. 

- Coherent Scattering of few MeV Neutrino on Nuclei could be detected if a 
threshold of few eV will be demonstrated on such kind of Active Detector. 

- Electron Capture Lifetime Enhancement due to the electric field produce by a 
laser beam on to some specific atoms so to increase the electron wavefunction 
overlap to the nucleus and consequently increasing the absorption probability 
of an electron onto its parent nucleus. 

- Within the study of multilevel systems we will try to investigate the possibility, 
already taken into account from theoreticians , to have a scintillator based on 
stimulated emission. An American patent by Siemens showed up recently 
where such idea was analyzed to build a much better diagnostic PET machine. 

  -Possibility to open new experimental research directions for         
neutrino physics has been discussed in the theoretical introduction 
of the project that are completely new in the actual neutrino 
panorama that are just confined on oscillation , double beta decay 
and mass measurements through end point energy spectroscopy. 

- Such techniques will provide the possibility to build ad hoc crystals where     
almost all atomic or molecular species can be accomodated and studied  

            spectroscopically resolving also different isotopes within the same atomic                  
            system. 
 
Many apparatus to investigate the described phenomena are  a l ready present  in  
our  laborator ies  and th is  could  speed up the  research program to  f ind 
an opt imum crysta l  conf igurat ion.
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3.7 Criteria for the result verification 

 

The achieved results and the degree of success of the project can be evaluated 
following these guidelines: 
 

A. Verification of compliance of certain strategic milestones, located along 
the development of the project and detailed for each WP . 
 

B. Publication of scientific articles in ISI journals based on the obtained 
results, and presentation at international conferences of the most significant   
results obtained during the development of the project. 
 

C.  Regular live and remote meetings between the various research units for the        
WP organization. Remote meetings will be held using teleconference equipment 
on a weekly or bi-weekly basis, to check the status of the project. Face-to-
face meetings at the premises of the research units will be held on specific 
occasions (for example, the completion of various Milestones) and at least 
twice per year, for a detailed report of the completed activities and the 
planning of future ones, to discuss the results and to check the consistency of 
the work in progress in relation to the proposed objectives. 

 
D. Creation of a website for the project, hosting the produced documents 

(publications and conference presentations) and all the relevant information 
regarding the status of the project and the obtained experimental results
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4. Financing and organization of the project 
 
Project name : AXIOMA 

Research AREA : Dark Matter Detector  

Scientific Responsible of the Project : Giovanni Carugno 

Participating INFN Research Units: 

INFN Sezione di Padova ( PD ) 

INFN Sezione di Pisa ( PI ) 

INFN Sezione di Cagliari ( CA ) 

INFN Sezione di Napoli ( NA ) attraverso Gruppo Collegato INO-CNR Pozzuoli 

INFN Sezione di Ferrara ( FE ) e gruppo collegato di Siena 

INFN Laboratori Nazionali Sud  ( LNS ) attraverso Gruppo Collegato di Palermo 

INFN Laboratori Nazionali di Legnaro ( LNL ) 

 

External Institutions involved with letter of endorsement 

INO- CNR Napoli 

Dipartimento di Fisica e Chimica dell’Universita’ degli Studi di Palermo 

The role of every research unit is described in the following table , where the activity to be carried 
out in the call is divided in work packages (WP ) , and the involvement of every unit in the WP is 
detailed . The detailed description of the WP will be given later in the proposal. 

	  
Task Unit(s) 

 

WP1	   Molecular	  
Crystal	  
Fluorescence	  
Spectroscopy	  
based	  on	  
doping	  of	  solid	  
Neon	  with	  
Alcaline	  
Atoms	  or	  
Molecules	  

Definition	  of	  the	  Solid	  Matrix	  and	  Host	  Atoms	   NA/PD/PA/FE/LNL	  

L.	  
Santamaria	  

Optical	  spectroscopy	  of	  the	  Cold	  Crystal	  and	  Fluorescence	  
readout	  

NA/FE/LNL	  

 Microwave	  Spectroscopy	  within	  60	  GHz	  range	  and	  bandwidth	  
	  

PD/LNL/PA	  
	  

	  h	   Optimization	  of	  atomic	  or	  molecular	  species	  to	  be	  hosted	   PA	  

Detector	  Prototype	  	   Crystal	  growing	  and	  optical	  characterization	  at	  Cold	  temperature	   NA/PD/FE/LNL	  

	  	  	  Diluition	  refrigerator	  unit	  set-‐up	  for	  crystal	  growing	   PD/LNL	  

	  	  Final	  prototype	  assembling	  and	  testing	   NA/PD/FE/LNL	  

Project	  coordination	  and	  management	   NA/PD	  
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WP2	   Infrared	  
Quantum	  
Counter	  
Detector	  based	  	  
on	  	  up	  
conversion	  
mechanism	  
laser	  promoted	  
	  
	  
	  
crycrystal	  for	  up	  

Fluoride	  or	  Chloride	  based	  Crystal	  growing	  ,	  polishing	  and	  optical	  
validation	  

PI	  

C.	  Braggio	   Infrared	  Quantum	  Counter	  Detectors	  efficiency	  validation	  tests	   PD/FE	  

  Infrared	  emission	  characterization	  under	  X	  ray	   PI/PD	  

 Optical	  Amplification	  and	  Stimulated	  Emitted	  Scintillators	   CA	  

 Low	  energy	  threshold	  tests	  through	  optical	  cycling	  mechanism	   PD/PD/FE	  

 Final	  Prototype	  assembly	   PD/PI/FE	  
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The following table describe the manpower allocated by the various Research Unit in the Axioma 
Project 

	  
Name	   Role	   %	  

Padova	   Giovanni	  Carugno	   Professore	  Associato	  UNI	  PD	   50	    
Caterina	  Braggio	   Ricercatrice	  UNI	  PD	   50	  
Francesco	  Borghesani	   Professore	  Associato	  UNI	  PD	   100	  
Roberto	  Stroili	   Professore	  Associato	  UNI	  PD	   10	  
Marco	  Bellato	   Primo	  tecnologo	  INFN	   40	  
Bagdat	  Baubussinov	  
	  

Ricercatore	  INFN	   30	  

Luca	  Taffarello	   Primo	  Tecnologo	   20	  

Marco	  Guarise	   Borsista	  UNI-‐PD	  
uUNI	  

100	  

Jean	  Zendri	   Primo	  Ricercatore	   20	  

 4,2	   Total	  FTE	  

	  
Napoli	   Luigi	  Santamaria	   Ricercatore	  INO-‐CNR	   70	    

Pasquale	  Maddaloni	   Ricercatore	  INO-‐CNR	   30	  
Valentina	  Sarno	   Dottoranda	  	  UNI-‐NA	   60	  
Maurizio	  De	  Rosa	   Ricercatore	  INO-‐CNR	   20	  

 
 
 
 
 
 
 
 

1,8	   Total	  FTE	  

Palermo	   Roberto	  Passante	   Professore	  Associato	  UNI-‐PA	   50	    
 
 

Lucia	  Rizzuto	  
	   	   	   	   	  

	  

Ricercatrice	  UNI-‐PA	  
	   	   	   	   	  

	  

60	  

	  
	  

Cagliari	   Adriano	  Lai	   Primo	  Ricercatore	  INFN	   30	    
Stefano	  Quochi	   Professore	  Associato	  UNI	  CA	   40	  
Biagio	  Saitta	   Professore	  Ordinario	  UNI	  CA	   10	  

Viviana	  Fanti	   Ricercarore	  Universitario	   20	  
 1,0

0	  
Total	  FTE	  

	  
	  
	  

Pisa	   Mauro	  Tonelli	   Professore	  Associato	  UNI-‐PI	   50	  
Alberto	  Di	  Lieto	  
	  

Professore	  	   50	  

 Azzurra	  Volpi	   Dottoranda	  	  UNI-‐PI	   	  	  	  	  	  	  	  	  30	  

 Giovanni	  Cittadino	   Dottorando	  UNI-‐PI	   	  	  	  	  	  	  	  	  30	  

 Donato	  Nicolo’	   Professore	  Associato	  UNI-‐PI	   	  	  	  	  	  	  	  	  10	  

 	   	   	  	  	  	  	  	  	  1,7	   Total FTE 
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Legnaro	   Marco	  Poggi	   Tecnologo	   20	    
Antonello	  Ortolan	   Ricercatore	   10	  
Giuseppe	  Ruoso	   Ricercatore	   10	  

Antonio	  Dainelli	   Primo	  tecnologo	   80	  
 1,2

0	  
Total	  FTE	  

	  
Ferrara	   Luca	  Tomassetti	   RU	   	   30	    

Roberto	  Calabrese	   PO	   20	  
Eleonora	  Luppi	   PA	   20	  
Alen	  Khanbekyan	   AR	   100	  
Emilio	  Mariotti	   PA	   70	  
Giovanni	  Bianchi	   DT	   100	  
Carmen	  Marinelli	   RU	   30	  
Valerio	  Biancalana	   PA	   30	  

 4.0	   Total	  FTE	  

	  
	  
	  

	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Total	  FTE	  =	  15.0	  
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4.1 Curriculum Vitae of the PI : Giovanni Carugno 
Education - Employment:   

May 1986: Laurea Degree Physics, University of Roma “La Sapienza” (laurea Summa cum laude)       
Supervisor: Prof. M. Conversi 

1985- 1987: Student Associate at Cern and Brookhaven National Laboratory  

1987 -1988: CERN fellow; Supervisors: Prof. C. Rubbia, M. Ferro-Luzzi 

1989 -1992: Associate Scientist at Legnaro National Laboratory  

1993- 2002: Researcher at INFN Sezione di Padova   

1993 -1994 : Visiting Scientist at Paul Scherrer Institute ( PSI – Zurich)  

1996: Visiting Scientist at ESPC Paris under European Contract provided by Prof. G. Charpak  

2002-2013: 1° Researcher at INFN Padova  

2008: Research Grant from Schwinger Foundation   

2008-2013: Distinguished Member of European Casimir Network ESF  

2014:  Associate Professor at Padova University  

 

Teaching Experience : 

1993-2013: Supervisor of Graduate And Undergraduate Student at Padova University , 

2001-2004:  Professor of “Physical Principles in Medical Diagnostics” at Padova    
                  University,  Physics Department  

2010-2015:  Professor of “ Instruments and Measurement techniques “ at Padova    
         University, Physics Department  

 

Past and present fields of research: 

High Energy Physics: 

Experimental search for neutrino decay (CERN) and neutrino oscillation (Brookhaven) 

Calorimeters based on Room Temperature Liquid UA1 and Cryogenic Liquid  ICARUS ( CERN )  

Measurement of the branching ratio of the pion radiative decay ( PSI )  
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Search for the double beta decay in Molybdenum ( Gran Sasso National Lab.) 

 Quantum Vacuum : Light by light scattering under magnetic field (Legnaro Nat. Lab)  

Measurement of the  Static Casimir Effect  ( LNL ) 

Thermal Correction to Casimir effect  ( LNL ) 

Vacuum dissipation via photon creation in a E.M. cavity MIR Experiment   ( LNL ) 

Limit on Neutrality of Matter with the aid of Acoustic Resonator ( LNL ) 

Condensed Matter and Instrumental Physics :  

Infrared Emission from crystals and Gases under electrons excitation  

Study of the infrared emission of Xenon Excimer molecules  

Electron tunnelling from Argon liquid – gas interface  

Infrared emission from hot electron in gas  

1 cm thick Silicon detectors at  Liquid Helium Temperature  

Light emission under Strong Magnetic Field and Phase Transitions at Curie Point 

Electron Polarized Active Target Scintillator for Neutrino Physics 

More than 110 articles on peer review journals has been published. 

The PI of the project acquires organizational and managerial roles since his recruitement as a 
researcher at INFN Padova Section through many leading role as Project leader in many 
experiments within the INFN National Committee Group 1 , 2 , and 5 and one of three leading 
project managers within the CASIMIR EUROPEAN NETWORK funded by the European Science 
foundation. 

 

4.2 Curriculum Vitae of the WP1 responsible :  Luigi Santamaria Amato 

Luigi Santamaria Amato was born on October 14 1981 in Napoli (Italy) 

Research activity: 

Molecular cooling by means of buffer gas cooling technique and generation of decelerated 
molecular beams for spectroscopic measurements. 

Non-linear optics and development of novel mid-infrared coherent radiation sources 

Scientific competences: 
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Nonlinear optics, High resolution molecular spectroscopy, time resolved solid state spectroscopy 

Work experience: 

April 2012 - present:  Researcher, Istituto Nazionale di Ottica (CNR) Pozzuoli (NA)  
-Cooling and deceleration of a molecular beam for spectroscopic interrogation  

October 2011 - April 2012:  Postdoctoral Research fellow, Istituto dei Sistemi Complessi  
(CNR) – La Sapienza University of Rome - Nonlinear optics in nonlocal media 

May 2011- August 2011:  Postdoctoral Research fellow, University of Milano – Bicocca  
Characterization of organic light emitting diode by time resolved spectroscopy 
 
Education and training: 

November 2007 - January 2011:  Ph.D. Degree in Physics, Federico II University, Napoli. Thesis 
title: Recombination Dynamics in Zinc Oxide 

December 2005 - October 2007:  Master’s Degree in Physics 110/110 with honours, Federico II 
University, Napoli. Thesis title: Optical characterization of ZnO nanowires 

October 2001 - December 2005: Bachelor's Degree in Physics 110/110, Federico II University, 
Napoli. Thesis title: Collisional Decoherence in Quantum Mechanics  

 

Pubblication:  (Peer-reviewed journals) 

Frequency comb generation in quadratic nonlinear media  
I.Ricciardi, S. Mosca, M. Parisi, P. Maddaloni, L. Santamaria, P. De Natale, M. De Rosa  
Physical Review A 91, 063839 (2015) 

Low-temperature spectroscopy of the �2�2 (�1+�3) band in a helium buffer gas  
L. Santamaria, V. Di Sarno, I. Ricciardi, M. de Rosa , S. Mosca, G. Santambrogio, P. De Natale 
The Astrophysical Journal, 801, 50 (2015) 

Assessing the time constancy of the proton-to-electron mass ratio by precision ro-vibrational 
spectroscopy of a cold molecular beam L. Santamaria, V. Di Sarno, I. Ricciardi, S. Mosca, M. De 
Rosa, P. Maddaloni, P. De Natale Journal of Molecular Spectroscopy 300, 116 (2014) 

Electronic properties of the n-type PDI8-CN2 organic semiconductor at the interface with SiO2: 
addressing the role of adsorbed water molecules by means of optical second-harmonic generation 
F Ciccullo, L. Santamaria, E. Orabona, A. Cassinese, P. Maddalena, S. Lettieri  
New journal of physics 16, 093036 (2014)  

Phase noise analysis of a 10 Watt Yb-doped fibre amplifier seeded by a 1-Hz-linewidth laser  
I. Ricciardi, S. Mosca, P. Maddaloni, L. Santamaria Amato, M. De Rosa, P. De Natale  
Optics express 21, 12, pp.14618-14626 (2013) 

On quantitative analysis of interband recombination dynamics: Theory and application to bulk 
ZnO S. Lettieri, V. Capello, L. Santamaria, P. Maddalena  
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Applied Physics Letters 103, 24, 241910 (2013) 

Measurement of scaling laws for shock waves in thermal nonlocal media N. Ghofraniha, L. 
Santamaria Amato, V. Folli, S. Trillo, E. Del Re, C. Conti Optics Letters 37, 12, pp.2325-2327 
(2012) 

Dicyanoperylene-diimide thin film growth: a combined optical and morphological study  
F. Chiarella, M. Barra, A. Cassinese, F.V. Di Girolamo, P. Maddalena, L. Santamaria Amato, 
S.Lettieri Applied Physics A 104, 1, 39-46 (2011) 

Structural and Electrical properties of nanostructured silicon carbon films G. Ambrosone, D.K. 
Basa, U. Coscia, L. Santamaria Amato, N. Pinto, M. Ficcadenti, L. Morresi, L. Craglia, R. Murri 
Energy Procedia 2, 3-7, (2010) 

Recombination dynamics of deep defect states in zinc oxide nanowires S. Lettieri, L. Santamaria 
Amato, P. Maddalena, E. Comini, C. Baratto and S. Todros Nanotechnology 20, 175706 (2009) 

Luminescence response of ZnO nanowires to gas adsorption C. Baratto, S. Todros, G. Faglia , E. 
Comini, G. Sberveglieri, S. Lettieri, L. Santamaria Amato, P. Maddalena Sensors and Actuators B: 
Chemical 140, 461- 466 (2009) 

Structural, Optical, and Electrical Characterization of ZnO and Al-doped ZnO Thin Films 
Deposited by MOCVD M.E. Fragala`, G. Malandrino, M. M. Giangregorio, M. Losurdo, G. Bruno, 
S. Lettieri, L. Santamaria Amato, P. Maddalena Chemical Vapor Deposition 15, 327-333 (2009) 
 
Luigi Santamaria:  has 15  contributions to International Conferences 

 

 

4.3 Curriculum Vitae of WP2 responsible :  C: Braggio 
 

EDUCATION 

PhD, Physics (March 2007), University of Ferrara  

“An experiment for the detection of the dynamical Casimir effect” 

Advisor: Prof. P. Dal Piaz  

Laurea degree, Physics (March 2002), University of Padova 

“Development of a cryogenic semiconductor TPC for low energy events ” 

Advisor: Prof. C. Voci 

 

CURRENT AND PREVIOUS POSITIONS 

Researcher and Assistant Professor (from March 2011), University of Padova. 

Postdoctoral Fellow (Jan 2009 – May 2010), University of Padova. 
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Collaboration Contract (June 2009 – Aug 2009), financed by the Schwinger Foundation, USA. 

Research Fellow Contract (Oct 2008 – May 2009), Humboldt-Universit ̈at zu Berlin, Germany. 

Postdoctoral Fellow (Jan 2007 – Dec 2008), University of Padova. 

Graduate Student and Research Associate (Oct 2002 – Jan 2004) INFN, National Institute of 
Nuclear Physics, Padova, Italy. 

Summer student, (Jun 2002 – Oct 2002) CERN European Organization for Nuclear Research, 
Genève, Switzerland 

 

AWARDS 

Best Student Paper Award, Mediterranean Microwave Symposium MMS, IEEE France and 
CNRS, Marseille 2004  

Title: “A semiconductor microwave mirror for a measurement of the dynamical Casimir effect” 

Selected best oral presentation at the SIF Congress in the Condensed Matter Session, Pisa 2014. 
Title: “A laser-excited semiconductor wall: the feasibility of a high switching speed good 
conductor in the microwave range” 

 

PATENTS: PCT/IB2014/061062  

Inventor: C. Braggio  

Applicants: University of Padova and INFN  

Title: Method and system for characterizing short and ultrashort laser pulses emitted with a high 
repetition rate 

 

TEACHING ACTIVITY 

(Jan - Feb 2015) Teacher at the ESF vocational-training course at DWS 
(http://www.dwssystems.com/)  

(from 2011 to 2014) Teacher at the Optics Laboratory Course, Physics Department, University of 
Padova.  

(from 2006 to 2008) Teaching assistant “Fisica 2”, Engineering Faculty, Padova. (2013) Teacher at 
the international school “Physics beyond the standard model: the precision frontier”, Ferrara, Italy. 

 

PUBLICATIONS AND INVITED TALKS 

16 talks at international conferences, 22 publications on peer-reviewed journals (Physical Review 
Letters, Physical Review A, Review of Scientific Instruments, Journal of Applied Physics, 

Optics Express, Optics Letters, New Journal of Physics, Europhysics Letters, Nuclear Instruments 
and Methods A, Nuovo Cimento C) 
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SUPERVISION OF GRADUATE STUDENTS AND POSTDOCTORAL FELLOWS 

Advisor of 8 Master degree students (2011-2014)  

Advisor of a 1 PhD student under the brazilian program “Science without borders”, Dr D. de Souza 
Ribeiro  

Scientific Responsible of a Postdoctoral Fellow (2013-2014), Dr R. Sirugudu 

 

FUNDING ID 

Principal Investigator of a Reseach Project financed by the University of Padova (75.000e) 
duration: 31/03/2014 - 01/04/2016 Title: Mode-locked laser systems to investigate quantum 
electrodynamics e↵ects 

Junior Research Fellow position co-financed by the University of Padova and the INFN (23.000 e) 
duration: 15/11/2012 - 14/11/2014, assigned to Dr R. Sirugudu 

 

ORGANISATION OF SCIENTIFIC MEETINGS 

Member of the International Scientific Committee of the “Casimir Physics ” School, Les Houches, 
France (2014) 

Organizer of the Workshop of the Physics department of the University of Padova (2012), Italy 
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4.4 Implementation of the WP (activities,  deliverables and milestones ) 
 

The project that we are proposing can be schematically divided in two Work Packages 
(WP), identified taking into account the physical and technological motivations of the 
proposal, and considering the expertise  of  the  participants.  For every WP a 
responsible person is designated, and a detailed description of the milestones and of 
the deliverables is indicated. The responsible of every WP has in charge the 
organization of all the activities  related  to  the  WP  itself,  and  is responsible of the 
fulfillment of the deliverables and of the milestones. The PI will be in close contacts 
with the WP responsible persons for the whole duration  of  the project, to carefully 
follow the development of the activities, and to take the necessary actions in case 
of problems or delays with respect to the expected time schedule. 
Please note that the list of the milestones and the corresponding time schedules 
for the whole project are described in section 4.6 (Time , schedules  and 
milestones). 

 
The WP and the responsible persons that have been identified are: 
 
  WP1: Zeeman M1 type transitions induced fluorescence in Solid Crystals  
              RP: L.Santamaria – INO CNR NAPOLI 
   
  WP2: Infrared Quantum Counter Detectors 

RP: Caterina Braggio – INFN-UNIVERSITA’ Padova 
 
 
              WP1 

Zeeman Type Transitions Axion Induced  
Responsible person: Luigi Santamaria 

 
Description of the activities for WP1 
 
• Definition of t h e  Solid Matrix at low temperature ( 4 Kelvin ) to host the Alkaline 

Atoms or Molecules to be laser probed to detect the fluorescence induced by the 
axions , as a starting point for the subsequent developments. This involves: 

 
o The first part of the program will deal with the growing of this special type of 

solid neon matrix doped with special atoms or molecules . This technique is not 
present in our country so we have to learn the receipe regarding the crystal 
growing of such particular crystal into a special cryogenic cell. 
 

o Definition of a 4 Kelvin cryostat with optical insert to optimize the laser 
pumping into the crystal and optimizing the optical read out system to study the 
overall detection efficiency of the process.  

 
o Determination of the optimal crystal to be used. The optimal crystal will be 
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the best compromise in terms of high doping concentration without the loss 
of spectroscopic resolution and handling of the crystal growing process.  

 
o Definition and construction of a cryostat  configuration working together with a 

diluition refrigerator unit to be used for producing and studying the growed crystals 
under microwave radiation field at frequency of around 60 GHz ( 2 Tesla 
approximately ) to determine the transition bandwidth of the Zeeman transitions . 
 

• Design, construction and assembly of the final Solid Matrix prototype with 
both optical and microwave access to characterize the overall efficiency to plan  
an experiment to check for cosmological axions at milliKelvin tempearture. 

 
• Project management and coordination activities (face-to-face meetings, 

teleconferences, internal notes ) will be made on a bi-weekly level. 
 
 

        Deliverables for WP1 
• Design   and   characterization   of     two prototypes  cryostats   for microwave and 

optical study. One cryostat ,  based at LNL ,would work in the millikelvin 
regime for microwave spectroscopy under magnetic f ield meanwhile 
the second one based in Napoli  will  work at  4 kelvin. 

• Final prototype Cryostat detector with the overall integration of optical , microwave  
magnetic field and read out system. 

 
Milestones for WP1 
• Definition of Solid Matrix&Doping Atoms and of the 2  Cryostats design(T0+6 months) 
• First deployment of 2 cryostats with microwave and optical study (T0+18 months) 
• Design and construction of the final Proto type  Cryostat (T0+30 months) 
• Experimental validation of the system under RF  microwave field and Optical laser probe 

to detect the end result fluorescence photons ( T0 + 36 mont
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         WP2 

Infrared Quantum Counter Detector  
Responsible person: Caterina Braggio 

 
Description of the activities for WP2 

 
• Definition of t h e  Solid Matrix Crystals where to insert host atoms , one or more 

than one species , to increase the overall quantum efficiency through the up 
conversion mechanism. This preliminary study has to take into account different 
requirements such as :  
1) large excitation cross section for the primary excitation pump  
2) high absorption for the laser probe to upconvert the host excited atom to higher 
level excitation 
3) low energy level metastable state with lifetime in excess of millisec  
4) atom multi levels states to increase the recycling of photon emission and  
5) crystal phonon structure to reduce the non radioactive decay.  
In order to implement such research program the following activities are forseen :  
 
 
o Definition of the few crystal  matrices where to host atoms so to reduce 

phonon decay channels of the excited levels.  Our previous background ( 
see our article in the document attached file )allows us to direct our 
search on some special  crystal  based on Fluoride or Chloride. 
 

o To Build a cryostat  to be used for producing and studying the growed doped-crystals 
under infrared and X ray radiation with a light collection  chain. 

 
o Definition of a cryostat with optical insert to optimize the laser probing of the 

excited states into the crystals and optimizing the fluorescence signal read out to 
assess the overall quantum efficiency and energy threshold of the process.  

 
o Determination of the optimal crystal to be used. The optimal crystal will be 

the best compromise in terms of high doping concentration without the loss of 
energy sensitivity threshold . 

 
o Optical Amplification inside a medium where the inversion population is kept 

countinuosly on by means of a laser on a specific medium . This will be the 
starting point to investigate the possibility to engineer a special scintillator based 
on stimulated emission. 
 

• Design, construction and assembly of the final Solid Crystal prototype with 
both optical  pumping and read out system to finalize a simple experiment where infrared 
photons or low energy excited states with large quantum efficiency are detected  to 
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address a possible future experiment on one of the subjects presented in the beginning of 
the project. 
 

• Project management and coordination activities (face-to-face meetings, 
teleconferences, internal notes) 

 
Deliverables for WP2 
• Crystal growing handling and stock up from various sources : research laboratories 

and industries. 
•  Characterization  of  two prototypes  liquid helium cryostats  for infrared emission 

and  upconversion efficiency estimation . 
• Final Cryostat assembly  with the overall integration of crystal , laser optical probing   

and fluorescence read out system. 
• Optical Amplification and stimulated emission set up 

 
Milestones for WP2 
• Definition of Solid Matrix Crystals and Hosts and of the 2  Cryostats design (T0+6 

months) 
• First deployment of  cryostats together with preliminary results on upconversion quantum 

efficiency , energy threshold study and  op t ica l  ampl i f ica t ion  mechan ism(T0+18 
months) 

• Design and construction of the final Cryostat (T0+24 months) 
• Experimental validation of the best crystal  under optical laser probe to detect the end 

result fluorescence photons determining the lower energy threshold  achievable.( T0+30 
months) 
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4.5 Project implementation 
 

The role of every research unit participating in the AXIOMA project has  been 
defined taking into account the expertise of the researchers involved in the proposal 
and the facility existing in the structures; both the expertise and the facilities have 
been acquired by  taking  part  in  advanced  experimental  activities, carried  on  with 
the support from INFN and from other research agencies. Moreover, the involved 
external institutions (INO-CNR, UNIVERSITA’ DI PALERMO) have been contacted 
for an endorsement in the project on specific items, to profit of their experience and 
advanced facilities, demonstrated by their involvement in other  successful experimental  
activities. 

 
          INFN PADOVA Research Unit 
 

The INFN Padova Research Unit has the leadership role in the project. Most of the 
researcher participating in the AXIOMA project have gained considerable skills and 
expertise in: 
 
• other  successful experiments related to detectors spanning from semiconductors 

devices , infrared scintillators , liquid cryogenic detectors and photon detection. 
 

• Spectroscopy studies on Xenon Dimers and other Molecular systems in the infrared 
range has been investigated  both theoretically and experimentally .  

 
• Laser interferometry and  Micro-Mechanical Oscillator for Casimir Force 

Measurement 
 

• Microwave cavities handling and very low noise microwave detection technique  for 
the study of dissipative effect of quantum vacuum. 
 

• Laser development system in mode locking regime at repetion rate of 5 GHz with an 
energy per pulse of few micro Joule . 

 
• Cryogenic design and development and expertise down to millikelvin regime within 

barr gravitational wave detector. 
 

The Padova team has also experience in atomic physics through a long collaboration 
established within the atomic physics group sitting at our physics department publishing 
more than 25 articles on different bridging subjects between detectors and matter 
response. 
Our laboratory is well equipped with instruments covering : 
 1) High vacuum pumps and handling down to 10-9 mbar 
 2) High frequency electronics up to 20 GHz  
3)  Laser sources between CW and Pulse mode ( number of 5) 
4)  Optical Monochromator and related detectors from UV to NIR 
5) 2 Liquid helium Cryostats , transfer line and low temperature sensors and   diluition 
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refrigerator . 
6) Electronic and Mechanical workshop 

 
Pisa 

The INFN Pisa research unit collects together researchers from the Physics Department 
of Pisa University and Pisa INFN Section. The group has experience in the field of 
experimental fundamental physics, detector design and construction, crystal growth, 
development and characterization of solid state laser in visible and IR wavelength region, 
spectroscopy of solid state material (in particular the absorption and emission at different 
temperature of the samples), project and development of the solid state optical 
cryocooler. The two parts are perfectly in synergy and form a unit ideal to manage the 
study of the catodoluminescence of monocrystalline samples: the Physics Department 
laboratory is equipped with Czochralski furnaces to grow crystals, with the standard 
instrumentations needed to investigate structural (crystalline), spectroscopic and optical 
quality of the grown samples. The INFN Section has a laboratory equipped with a X-Ray 
source, Pb-shielded camera to develop the cathodeluminescence study on the crystal 
samples doped with rare trivalent ions operating from 4 K to 300K.  
The group members have considerable skills and expertise in: 

• X-Ray manipulation and detection 
• Detector set-up operation at low temperature 
• Crystal growth of Fluoride and Oxide crystals doped with trivalent rare earth ions 
• Solid State laser (visible and IR) 
• Solid state cryocooler for medical, space and metrological applications 
• Spectroscopy of solid state material 
• Measurement of emission and absorption cross section 

 
The group is equipped with all the suitable instrumentation needed to perform the 
workpackage: 

-  X-Ray tube (10-50 kV, 50 Watt, 1 mA) 
- Pb-shielded camera 
- Czochralski furnaces for crystal growth,  
- X-Ray Laue Chamber for structural analysis 
- Laser Diode,  
- Ti:Al2O3 laser,  
- Monochromator  
- Visible and infrared detectors 
- Lock-In Amplifiers. 
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FERRARA 
 
The INFN Ferrara research unit brings together researchers from the Universities of Ferrara and 
Siena, who have a strong collaboration since more than fiftheen years. The group has experience 
in the field of experimental fundamental physics, detector design and construction, data-acquisition 
systems, laser cooling and trapping, atomic physics and spectroscopy, on alkali in particular. 
> The unit manages three laboratories equipped with laser sources and spectroscopic 
instrumentation, in Siena, in Ferrara and in LNL. The group members have considerable skills and 
expertise in:  
> Magneto Optical Trapping of alkali (Rb in Ferrara and LNL, Na in Siena)  
> Trapping and high-precision spectroscopy of radioactive Fr atoms in LNL  
> Nonâ€“linear spectroscopy of Rb, Na, Cs.  
> Interactions with modulated coherent light (quantum effects induced on three level system in 
either lambda or V configurations by highly coherent bichromatic radiation) in Rb, Na, Cs  
> Optical Magnetometry  
> Atom-surface interactions studies by light induced atom desorption 
> Our activity will be based in the LNL laboratory, which is equipped with several laser sources 
and instrumentation suitable for the activities object of the proposal:   
> - 2 Titan:Sapphire lasers pumped with Argon ion or solid state lasers, 
> - several diode lasers (free-running or with extended cavities), 
> - 1 dye-laser pumped with solid state laser 
> - optical detectors (photodiodes, photo-multipliers, CCD cameras), 
> - vacuum pumps for UV/UHV (scroll, turbo-molecular and ion pumps) and vacuum gauges 
> - data acquisition system based on NI boards and software (LabView) 
 
 
NAPOLI 
 
The current activity of the INO research unit in Napoli is focused on precision spectroscopy of cold 
stable molecules, absolute frequency metrology by use of optical frequency comb synthesizers, and 
development of novel mid-infrared coherent radiation sources through non-linear optics parametric 
processes. 
In the recent past, the researchers involved in the present proposal have gained expertise in: 
-laser cooling and trapping of neutral atoms, and development of novel schemes for the study and 
manipulation of Bose-Einstein condensates. 
-nonlinear optics -high-resolution and high-sensitivity spectroscopy in the gas phase 
-time resolved spectroscopy of semiconductors and optical characterization of 
nanostructured semiconductor devices. 
 
The AXIOMA activity will be hosted in our laboratories which are already equipped with two 
high-vacuum systems (10^-8 mBar), a closed-cycle refrigerator with a cooling power of 1.5 Watt at 
4.2 Kelvin, a number of NIR and MIR laser sources and amplifiers, an optical frequency comb 
synthesizer referenced to the Caesium primary standard via a global positioning system, two 
complementary (with respect to the spectral coverage) wave meters, a CCD camera in the mid 
infrared, and a wide range of electronics instrumentation. 
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CAGLIARI 
 
The optics laboratory of the Cagliari Physics Department has been working for over a decade on the 
optical properties of lanthanide-based materials, studying processes of optical absorption, energy 
transfer and relaxation, from the picoseconds to the milliseconds scale. 
The use of optical amplification by stimulated emission in optical fibers is a well consolidated 
technique, widely used in telecom data transmissions. An optical amplifier basically consists of a 
doped silica fiber (a typical example is an Erbium-Doped Fiber Amplifier, EDFA), where the dopant 
ions can be pumped by a laser and produce an amplifying effect on the transmitted signal by 
stimulated emission. EDFA are pumped by a laser at a wavelength of 980 nm or 1480 nm and produce 
gain in the 1550 nm region.  
We think that this effect can be exploited in the development of a coherent scintillation mechanism, 
which can give an important enhancement in signal time resolution of the detection system. A similar 
scheme can then be used in designing a InfraRed Quantum Counter (IRQC) scheme, with sensitivities 
in the energy range of meVs and tens of meVs. 
The research program can be divided in two stages: 
1) Utilization of lanthanide-doped rod as a “coherent” scintillator, based on amplification by 
stimulated emission, for relatively high energy deposits (for example X-rays or ionizing particles);  
2) Realization of an amplified IRQC, with a double pump scheme. 
Stage 1 will be performed during the first year and will consist in developing an experimental setup 
based on a lanthanide-doped (Er or Er/Yb) crystal rod. The system will be mounted in free space on an 
optical bench. The rod (sized in the order of mm to tens of mm) will be pumped by a laser and 
irradiated by an X-ray tube. The light output will be detected by a fast photodiode coupled to a 
digitizing oscilloscope. The free-space setup allows tailoring the system more freely than a fiber-based 
one and also the use of dedicated experimental solutions to improve the detection efficiency. AC 
coupling of the photodetector signal to the scope or homodyne techniques for highly coherent optical 
outputs could be used to get rid of the amplified spontaneous emission (ASE) signal background. 
Two main results are expected from this first stage of the work:  
1-a) Refinement of experimental techniques and complete characterization of an optical amplification 
setup;  
1-b) Development of a coherent scintillator with enhanced time resolution, also useful for many 
applications such as PET. 
Stage 2 of the project will deal with the use of a suitable quasi-four-level system (for example Yb3+) 
where a first (real) pump at 980 nm wavelength, populates the 2F5/2 level manifold from the 2F7/2 one 
near or above the inversion threshold. A second (virtual) pump operating at slightly longer wavelength 
(~1060 nm) awaits the promotion of atoms within the ground-state (2F7/2) stark manifold and takes 
them up to the 2F5/2 one, thereby driving the system over the inversion threshold to amplification or 
increasing the amplification factor. 
Stage 2 is foreseen during the 2nd and 3rd year of the project. 
 
The group is equipped with all the suitable instrumentation needed to perform the 
workpackage: 
 
Optical Source: Laser Pulse system (  ~100fs) Rep.Rate @ 1kHz ( Titanio-Zaffiro) ,  
 NUV  Source (~300 nm), NIR Source (~1600 nm).  Pulsed laser @ 355 nm, single shot to a 1kHz.  
(Q-switched Nd:YAG), @1064 nm and  532 nm. 
Photodetectors System: (streak camera UV-Vis, 300-850nm, resolution 10 ps)  
Fototransient luminescence  from nsec  tp millisec based with NIR (900-1600nm) PM  1 ns 
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resolution  on 1 GHz bandwidth scope.  
Cryogenic systems: Cold finger cryostats @ (77K) and helium  (4K).  
Cryocooler  generator (8K). 
Experience : Kwonledge of the absorption , transfer , energy relaxing process through radioactive 
and non radioactive emission in the solid state system and stimulated emission amplifing  optical 
media.  
 
 
LEGNARO  
 
The INFN Legnaro research unit has different experiences and skills. 

One of us participated since more than fiftheen years to the research group (Legnaro, Ferrara and 
Siena Universities) engaged in the study of the Atomic Spectroscopy of the Fr atom, as the heaviest 
alkali atom, obtained by a fusion nuclear reaction of O18 on Au197. This research was a part of a 
wider activity searching for evidences of Atomic Parity Non Conservation (ANPC). 
 
The group has experience in the field of experimental fundamental physics, detector design and 
construction, laser cooling and trapping, atomic physics and spectroscopy, on alkali in particular 
(Rb, Fr). 
 

The group members have considerable skills and expertise in: 
      ·Magneto Optical Trapping of alkali (Rb in Ferrara and LNL, Na in 

Siena) 
·Trapping and high-precision spectroscopy of radioactive Fr atoms in LNL 
·Non–linear spectroscopy of Rb, Na, Cs. 
·Atom-surface interactions studies by light induced atom desorption ] 

 
The Legnaro unit has also skills about the knowledge and use of different detectors like silicon 
detectors, microchannel plates, CsI-Tl scintillators and photodiodes.  
The developed detectors  was used to measure time structure of both periodic and single shot 
signals or to measure particle energy and position. Good knowledge also about front 
end electronics (preamplifiers), nuclear electronic modules for time and energy measurements and 
codes for electrostatic, magnetic, thermal, RF structures, analog electronics simulations and 
instrument controls (LabView)." 
 
 
PALERMO 
 
The research unit at the University of Palermo has a long standing experience in theoretical 
physics, in particular atomic physics, quantum optics and interaction between electromagnetic 
radiation and matter. The recent research activity of the group has mainly concerned with quantum 
effects in the matter-field interaction, specifically physical phenomena related to quantum 
fluctuations, Casimir and Casimir-Polder/van der Waals effects, radiative processes in structured 
environments (photonic crystals, cavities, waveguides, etc). 
The group members have considerable expertise and skills in the following subjects of theoretical 
physics: 
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- Theoretical analysis of processes related to the interaction between electromagnetic 
radiation and atoms 

- Casimir physics and fluctuation related phenomena in atomic systems in the presence of 
macroscopic bodies 

- Quantum optomechanics 
- Unruh effect and its manifestations in atomic systems 
- Radiative processes (interatomic interactions, radiative transitions, spontaneous emission of 

atoms or nanostructures, energy transfer, etc) in structured environments such as static and 
dynamical photonic crystals or waveguides. 

 
The group activity will have a theoretical/computational character and will be based at the Physics 
and Chemistry Department of the University of Palermo. 
 
 
 
 
 
 

4.6 Time schedules and milestones 

 
The final goal of this research project is to test and characterize a prototype of an 
innovative Active Detector with the goal to approach the threshold energy 
detection well below the actual keV region where actually stand most of the 
radiation detectors.  The  proposed devices are aimed to cover an energy range 
starting from sub meV’s to the hundred of meV’s with the ambitious goal to open 
a new direction line for detection of low energy events .For such goals new 
interacting physics mechanism has to be studied , due to this peculiar situation we 
are going to explore also new optical read out mechanism where optical 
amplification can be pursuited together with high collection efficiency. 
New cryostat design , optical signal read out fluorescence detection has to be  
developed and validated. 
The time schedule of the whole project can be roughly divided into three periods 
(approximately one year per period): 
 

 WP1 : First year 

Milestone: absorption spectroscopy of Cs in a low-temperature noble gas matrix. 

Using a temporary cryostat (borrowed from Padova), a vacuum chamber with a pump system 
(furnished by INO) will be assembled. The heart of the experimental apparatus will consist of a 
two-stage closed-cycle refrigerator system housed in a stainless-steel vacuum chamber and fed with 
liquid helium by a compressor. The first (second) stage yields a temperature of 43 K (4.2 K) 
provided that its heat load is kept below 40 W (1 W); to guarantee this, each plate is enclosed in a 
round gold-plated copper shield (in thermal contact with it), which suppresses blackbody radiation 
effects. A flux controller will be used to inject the noble gas (coming from a room-temperature 
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bottle) into the copper cell. The latter is in thermal contact with the 4.2-K plate and is equipped 
with three fused silica windows. A Cs target, placed inside the copper cell, is used to produce the 
atomic vapor by laser ablation; for this purpose, a pulsed Nd:YAG laser will be employed. In this 
way, atomic cesium is evaporated in the noble gas environment; the obtained mixture is eventually 
deposited on the cell windows to form the cold crystal. In this configuration, absorption 
spectroscopy of the D2 line (at 852.35 nm) will be performed by means of the Ti:Sa laser as a 
function of different parameters, including velocity deposition and Cs/noble gas relative 
concentration. Due to the temperature limit imposed by the temporary cryostat (10-15 K), only 
argon, kripton and xenon (having higher melting points compared to neon) may be used. This stage 
will essentially serve to characterize/optimize the crystal properties in terms of doping ratio and 
homogeneity as well as to measure the additional broadening in the spectral linewidths of the 
matrix-isolated Cs (in comparison to the gas phase) caused by the interaction from the 
environment.  

In Legnaro National Laboratory , where it will be based most of Padova ,Legnaro and Ferrara 
groups experimental activities  a cold diluition refrigerator , borrowed by the Auriga Group , will 
be set up with a cold copper cell linked to a microwave waveguides. Inside such type of structure , 
never tried before , a solid neon doped crystal will be growed so to be ready to make Zeeman 
spectroscopy. The mechanical structure will be prepared to support both the diluition refrigerator 
unit and the Electromagnet. 

 

Second year 

Milestone: absorption spectroscopy of different alkali atoms in various matrices intended to 
the choice of the optimal alkali atom-noble gas combination. 

A dedicated Gifford-McMahon cryostat (1 watt cooling power at 4.2 K) will be acquired in 
conjunction with a suitable vacuum system at Napoli INO-CNR unit. With this upgrade, it will 
become possible to produce a neon matrix, too. This will greatly enhance the matrix rigidity and 
reduce the occupation number of the phonon population. After characterizing the Cs/Ne cold 
matrix, the same laser setup will be used to extend this kind of measurements also to potassium and 
rubidium, each of them in combination with Ne, Ar, Kr, and Xe. Then, a powerful 1.5-micron-
wavelength laser (provided by INO) will be exploited to generate, via sum frequency generation 
with the Ti:Sa laser in a nonlinear crystal, a 590-nm coherent radiation beam; this will be used to 
perform matrix isolation spectroscopy also on sodium in Ne/Ar/Kr/Xe. This stage will end with the 
selection of the best alkali atom-noble gas combination, hereafter called the A/N matrix, in the 
search for an additional spectral broadening that is sufficient to resolve a Zeeman splitting of about 
100 GHz (i.e. equal to that produced by the application of the external magnetic field at its lowest 
value, 3.5 Tesla). 

The Legnaro , Padova and Ferrara units will start to make microwave spectroscopy measurements 
of the A/N matrix so to address the time T we should consider to have a reliable estimate  of events 
coming from theoretical prediction. Parallel to such duties a look to possible shielving effect in this 
type of hosting atoms will be considered together with the Palermo group. At this time we will start 
to consider the final set up to build detecting fluorescence photons to give , in a narrow band axion 
mass region , a possible measurement with a complete set up. 
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Third year 

Milestone : Full prototype characterization 

At this stage, for the minimum temperature allowed by the diluition refrigetaror, fluorescence 
spectroscopy will be performed on the A/N matrix; for this purpose. The collected fluorescence 
signal will be measured for a given Ti:Sa laser intensity, IL, and for a given number of interrogated 
atoms, N. Then, the laser intensity is decreased by a factor of N and the measurement is repeated to 
ascertain that the fluorescence signal is still measurable. This procedure simulates the situation in 
which the very few atoms promoted by the dark-matter axion field into the upper Zeeman level (in 
the presence of the external magnetic field) are then excited by the Ti:Sa laser. At this point, the 
realized system would be ready as final prototype into a full version comprising a 80-mK cryogen- 
free dilution refrigerator and a  magnet, as described in WP1 resulting in a first measurement of the 
axion electron coupling. 

 

WP2      First Year 

Milestone : Definition of  C r y s t a l s  M a t r i x  w i t h  D o p e d  A t o m s  
and p r e l i m i n a r y  t e s t s  a t  l o w  t e m p e r a t u r e .   

 
The first period will be dedicated to the research activities on f ind ing  the  bes t  c rys ta ls  
in  te rm of  hos t  a toms of  one  or  more  a toms spec ies  and  s tock  up  a t  leas t  
f ive  d i f fe ren t  c rys ta ls  to  be  tes ted  under  in f ra red  and  X ray  rad ia t ion .  
The  tes ts  wi l l  be  done  both  in  P isa  and  Padova  (  LNL )  where  most  o f  the  
equipments  i s  a l ready  presen t .  At  the  end  of  the  f i r s t  year  we  should  be  
ab le  to  run  the  c ryos ta ts  (  PI ,  PD)  wi th  op t ica l  inser ts  and  s ta r t  to  
charac te r ize  the  c rys ta l  response  in  te rm of  IR  wavelength  emiss ion  ,  
l i fe t ime of  the  f i r s t  exc i ted  s ta te  and  Light  Yie ld  ou tput  so  to  be t te r  
unders tand  wich  matr ix  and  hos t  a re  the  bes t  to  work  wi th .  
The  Cagl ia r i  un i t  wi l l  assemble  an  op t ica l  ampl i f ie r  dev ice  to  assess  
the  poss ib i l i ty  to  ampl i fy  l igh t  pu lse  tha t  a re  randomly  presented  to  the  
device  input  such  to  de te rmine  the  no ise  leve l  and  l imi ta t ion  of  th is  method  
in  the  rad ia t ion  de tec tors  f ie ld .   
Through  this initial phase the Cagliari unit will start to handle  optical amplifiers so to 
understand the best situation to investigated later to get stimulated emission out of the special 
engineered optical crystals. 
Innovative solutions are required to achieve such experimental configurations where many 
requirements has to be satisfied simultaneously. At the end of year the testing instruments will 
be ready so to start testing the crystals in the second year of the project. 

 
Second Year 
 

Milestone : Spectroscopy Characterization of  Infrared Quantum Counter 
 

The second year will be  focused on crystals tests following this  plan:  
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1)Quantum efficiency of infrared photons at  low temperature under laser  
probing (PD,Fe,Si  ) .  
2)Studying the radiat ion interaction mechanisms inside these crystals  ,  where 
very small  is  known at  this  low energy release (PI,  PD ) .  
3)Start  to  investigate laser  s t imulated emission in specif ic  crystals  under  
laser  pumping to measure the influence of  emitted radiat ion in this  peculiar  
type of  system (  CA ).  
Padova unit  wil l  use most of  laser  sources of  the Ferrara /  Siena groups 
already present  in Legnaro National  Lab.  
During this  t ime we will  explore deeper in detai l  the theoretical  possibil i t ies  
to use such laser-crystal  technique to extended i t  to  other  
measurements of  INFN interest .   
 

Third Year 
 

Milestone : Final Prototype assembly and testing 
 

The final stage of the project will be devoted to the fu l l  integration of the developed 
crystal/laser system into a d e t e c t o r  p r o t o t y p e  t r y i n g  t o  g e t  a l r e a d y  a  
p r e l i m i n a r y  r e s u l t s  o n  t h e  a x i o n  d e t e c t i o n  s e n s i t i v i t y  v i a  a x i o e l e c t r i c  
e f f e c t  o r  v i a  P r i m a k h o f   c o n v e r s i o n  u n d e r  a  m a g n e t i c  f i e l d .  
O p t i c a l  s t i m u l a t e d  e m i s s i o n  a m p l i f i e r  w i l l  b e  t e s t e d  a n d  a  f i n a l  
a s s e s s m e n t  o f  t h e  i d e a  w i l l  b e  r e l e a s e d .  
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The	   summary	   	   of	   	   all	   the	   	   activities	   	   in	   the	   	   various	   	   WP,	   and	   	   the	   	   main	  
corresponding	   milestones,	  are	  reported	   in	   the	   following	   table.	  
	  
	  

Task Unit(s) 1st
 

sem. 
 
 

 
 

2nd 

sem. 
3rd 

sem. 
4th 

sem. 
5th 

sem. 

 

 

6th 

sem. 

WPl	   Zeeman	  M1	  
transition	  

Definition	  of	  the	  Atomic	  
or	  molecular	  species	  

NA/FE/PA/
PD	  

	  	  X	        

 Optical	  Spectroscopy	  Cryostat	   	  	  	  	  	  	  NA/FE	   	    x x x   
 Microwave	  Spectroscopy	  Crysotat	   PD/LNL/FE	   	   x x x   

Crystal	  Growing	  and	  homogeneity	  
Test	  under	  optical	  investigation	  

NA/PD/LNL	   	   x x    

Theoretical	  Model	  validation	   	  	  PA	   x	   x	   x	   x x x 
Prototype	  design	   NA/FE/LNL/

PD	  
  x	   	     

	  Final	  	  prototype	  assembly	   NA/PD/LNL
/FE	  

  	   x	   x	    
Project	  coordination	  and	  
management	  

NA/PD	   x	   x	   x	   x	   x	   x	  

 
 
 

WP2	   IRQC	   Crystals	  Matrix	  and	  
Host	  definition	  

PD/PI	   x	        

 Infrared	  Quantum	  counter	  
detector	  

PD/FE/SI	   	   x	   x x   

  Infrared	  emission	  under	  X	  ray	  
excitation	  

PI/CA	    x	   x	   x   

 Optical	  Amplifier	   CA	   x x x	      
 Stimulated	  Emission	  study	   CA/PI/PD	     x x	   x  
 Prototype	  design	  	  	   PD/PI/FE	      x	   	    

 Full	  prototype	  Assembly	  and	  Tests	   PD/FE/PI/SI	      x x	  
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          4.7 Financial  Plan 
The following table describe the financial envelope of the entire project, expressed in 
k€; the money matrix is separately reported for every year and for every WP, with 
additional details for the various items and activities identified in every  WP.  The 
money requests for the travels (for beam tests i n  L e g n a r o  N a t i o n a l  L a b .  and 
collaboration meetings) is indicated separately. 
 

 
Sub WP Description RU involved 2016        2017  2018        Total        

 

 
WP1	  
Axion	  induced	  Transitions	  
Z	  
Zeeman	  transitions	  
	  
	  
	  

Solid	  neon	  matrix	  optics	  cryostat	   Cryostat	  based	  on	  cryocooler	  	   Na	   20	   80	   20	   120	  
Solid	  neon	  matrix	  microwave	  cryostat	   Diluition	  refrigerator	  unit	  and	  related	  cell	   	  	  	  	  	  	  	  	  	  	  PD/LNL	   25	   10	   0	   35	  

	   Laser	  head	   Laser	  CW	  source	  and	  Ti:za	  tuning	  source	   	  	  	  	  	  	  	  	  	  	  	  	  Na	   90	   10	   10	   110	  
	   Optical	  beam	  	  handling	   Infrared	  lenses	  ,	  posts	   	  	  Na/PD/FE	   15	   10	   10	   35	  
	   Microwave	  	   Wave	  guide	  ,	  mixer	  ,	  and	  cable	   	  	  	  	  	  	  	  PD/LNL	   20	   10	   5	   35	  
	   Fluorescence	  read	  out	  system	   Mirror	  ,	  phototubes	  ,	  photodiodes	  ,	  windows	   	  	  	  	  	  	  	  	  Na/PD	   10	   5	   5	   20	  
	   Cryogenic	  	  	   Sensors	  ,	  glue	  ,	  copper	  barr	   	  	  	  Na/Pd/LNL	   10	   5	   3	   18	  
	   Magnet	   Hall	  probes	   	  	  	  	  	  	  LNL/PD	   5	   0	   0	   5	  
	   Vacuum	  and	  gas	   Tombacs	  ,	  valve	  ,	  neon	  bottle	  ,	  purifier	  oxisorb	   	  	  	  	  	  	  	  	  	  NA/PD/LNL	   10	   5	   5	   20	  
	   Doping	  materials	   Alkaline	  source	  ,	  oxygen	  molecules	   	  	  	  	  	  	  Na/Pd	   3	   2	   2	   7	  
	   Ablation	  laser	   High	  rep	  rate	  laser	  Q	  switch	  type	   	  	  	  	  	  	  	  	  	  FE/NA	   15	   15	   0	   30	  
	    	   	   	   	   	   	  
	    	   	   	   	   	   	  
	    	   	   	   	   	   	  
	    	   	   	   	   	   	  
	    	   	   	   	   	   	  
	    	   	   	   	   	   	  
	    	   	   	   	   	   	  
	    	   	   	   	   	   	  
	    	   	   223	   152	   60	   430	   Tot	  WP1	  
	    	   	   	   	   	   	   	  

 
 
WP2	  
	  
IRQC	  

Crystal	  growing	  and	  stock	  up	   Material	  ,	  doping	  ,	  optical	  cutting	  and	  cleavage	   PI/PD	   10	   10	   7	   27	  
Crystals	  preparation	  	   Surface	  treatment	  and	  A/R	  coating	   	  	  	  	  	  	  	  	  	  	  	  	  PI/PD	   10	   10	   5	   25	  
cryogenic	  materials	   Varnish	  ,temperature	  sensors	   PD/PI	   8	   6	   3	   17	  
X	  ray	  cryostat	  	   Pulse	  tube	  cryocooler	  head	  and	  mechanics	   PI	   15	   5	   0	   20	  
Infrared	  cryostat	   Pulse	  tube	  and	  relative	  mechanics	   PD	   11	   2	   0	   13	  

Light	  collection	  system	  for	  
fInal	  prototype.	  

Light	  pipes,	  optical	  glues,phototube	  ,	  photodiodes	   	  	  	  	  	  	  	  	  	  	  	  PI/PD/Ca	   10	   7	   5	   22	  
	  dichroic	  filter	  (700	  filters),	  infrared	  optics,windows	   PI/PD/FE/LNL	   10	   8	   5	   28	  

 Infrared	  monochromator	   Single	  pass	  IR	  monochromator	  and	  IR	  sensors	   PI	   6	   6	   2	   14	  

 laser	  source	  for	  tuning	  laser	   To	  decide	  between	  AR	  ion	  or	  solid	  state	  source	  and	  
maintenance	  

FE	   35	   5	   5	   45	  

 Laser	  controls	   Wavelength	  meter	  ,	  laser	  power	  meter	  ,	  laser	  beam	  waist	   PD	   25	   10	   10	   45	  

 Optical	  amplifier	  and	  crystal	   Laser	  and	  optical	  amplifier	  devices	  and	  optical	  components	   CA	   20	   20	   10	   50	  

 vacuum	  materials	   Tombacs	  ,	  valves	  ,	  gasket	   Pi/Pd/LNL	   5	   5	   3	   13	  

  	   	   	   	   	   	  

  	   	   	   	   	   	  

  	   	   	   	   	   	  

  	   	   	   	   	   	  

  	   	   	   	   	   	  

  	   	   	   	   	   	  

  	   	   	   	   	   	  

  	   	   	   	   	   	  

  	   	   165	   94	   55	   314	   Tot	  WP	  
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Travels	   Collaboration	   meetings	    PA	   3	   3	   3	   9	   
   PD	   10	   10	   10	   30	  

  Pl	   5	   3	   3	   11	  

  FE	   10	   7	   7	   24	  

  	  	  	  NA	   7	   5	   	  	  	  	  	  55	  
5557555	  

	   	   	   	   	  
	   	   	   	   	  

	  

17	  
	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  LNL	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  3	   	  	  	  	  	  	  	  	  	  	  	  	  	  3	   	  	  	  	  	  	  	  	  	  	  	  	  	  3	  

9
9
9
9
9
9	  

 	   CA	   4	   4	   	  4	   16	  

 	  	  	  	  	  	  	  	  	  	  	  107	  
 

Total	  
201	  

Total	  
201	  

Total	  
201	  

Grand	  Total	  
429	   281	   145	   875	  

 
 
 
Out of this financial plan we would like to ask for the financial support  for 3 positions with the 
following characteristics: 
 
1 Assegno Ricerca : 2 years position  @ 44 Keuro 
 
1 Borsa Neolaureati : 2 year position @ 36 Keuro 
 
1 Posizione di Dottorato : 3 years position @ 46 Keuro 
 
for a total amount of 126 Keuro 
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4.8 Expected external funds 
 

Due to the very broad range interest for this R&D activity, we plan to apply for co-
funding from several different institutions, to have the possibility to further improve 
the outcome of the project at the end of the 3 years operation. 
In particular, the PI is planning to apply for support from the following institutions 
and grants: 
 
1) PRIN project from the Italian University and Research Ministry or any other 

opportunity coming from our national Funding Institutions.  
 

2) European Grant in the Horizon 2020 framework. The PI or  one of young 
researchers working within the collaboration will plan to apply for an  
ERC Grant (>2 M€ funding) as soon as some preliminary results will come out 
from our R&D program. The idea behind the proposal will be the search for 
cosmological axion or more generally for low energy events release into the matter. 
The involved groups and the PI in fact represent a first tentative to open new 
research directions try to renew the experimental equipment trying to catch new 
physics on fundamental question.   
 

3)  W e  h a v e  a l r e a d y  s u b m i t t e d  t o g e t h e r  w i t h  o u r  C N R  c o l l e a g u e s  
a  “  P r o g e t t o  P r e m i a l e  I N F N - C N R “  t o  i m p r o v e  t h e  l i n k  b e t w e e n  
n e w  o p p o r t u n i t y  w e  h a v e  i n  o p t i c s  a n d  a t o m i c  p h y s i c s  w i t h  
u n s o l v e d   p r o b l e m s  w i t h i n  p a r t i c l e  p h y s i c s  a n d  c o s m o l o g y .   
 

4) The development of optical amplifier or scintillator stimulated emission based 
will opened  a tremendous impact on the deployment of Positron Emission 
Tomography so we could be able to apply for some of the European FET program 
commissioned at the future emerging technologies and we have already established 
connection with Philips in Eindhoven to look at  this technology. 
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 5. Appendix 

In this appendix we attach the letters of endorsement of P r o f e s s o r  S i k i v i e ,  the 
involved external institutions, and the more than positive reception from the 
Directors of the INFN Sections involved. 

5.1 Letter of endorsement of Professor Sikivie 
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5.2 Letter of endorsement of INO-CNR and PALERMO Directors   
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5.3 Positive advices of the Directors of the INFN Sections Involved 
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