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INTRODUCTION QUAX AXIOMA RE-XTALS

RELEVANT PROPERTIES OF THE AXION BACKGROUND

FROM Λ CDM COSMOLOGY

I hp: axionic DM
I cold DM←→ coherent axion field filling the Universe
I cosmic axion density ρDM ∼ 300 MeV/cm3 −→ na ∼ 3× 1012 (10−4 eV/ma)

axions/cm3

I axion velocities are distributed according to a Maxwellian distribution

f (v) = 4π
(
β
π

)3
/2v2 exp(−βv2), with β = 3

2σ2
v

, σv velocity dispersion [Turner]

I + motion of E in the galaxy −→ they can be seen as a wind with v ∼ 10−3 c
I natural figure of merit of the axion linewidth Qa ≈ 2 · 106

I De Broglie wavelength λ ' ~
mava
' 13.8

(
10−4eV

ma

)
m

=⇒ λ� typical length of an experimental apparatus
I DFSZ – (Zhitnitskii 1980; Dine, Fischler, and Srednicki, 1981a, 1981b)



INTRODUCTION QUAX AXIOMA RE-XTALS

THE AXION WIND AS AN EFFECTIVE MAGNETIC FIELD

The axion velocities v are distributed according to a Maxwellian distribution with a
velocity dispersion ∼ 270 km/sec (in the rest frame of the Galaxy).

for the axion oscillations, so their energy density remains until today as a coherent axion

field filling the universe as a zero momentum condensate (cold dark matter). The depicted

cosmological scenario has some interesting consequences for an axion detection experiment:

• The expected cosmic axion density is ⇢ ' 300 MeV/cm3. As the axion mass should

be in the range 10�6eV < ma < 10�2eV, we have na ⇠ 3 ⇥ 1012 (10�4 eV/ma) axions

per cubic centimeter which is a remarkably high density number.

• The axion velocities v are distributed according to a Maxwellian distribution (the non

relativistic limit of the Bose-Einstein distribution):

f(v) = 4⇡

✓
�

⇡

◆3/2

v2 exp(��v2); (8)

where � = 3/(2�2
v) and �v is the velocity dispersion. From the study of the dynamics of

our galaxy, the dispersion velocity of our halo is �v ⇡ 270 Km/sec, implying � = (220

Km/sec)�2.

FIG. 1. Axion velocity distribution with respect to the Galaxy frame (yellow) and Earth frame

(blue) neglecting the orbital and rotational velocities of the Earth.

• Due to Galaxy rotation and Earth motions in the Solar system, the rest frame of an

Earth based laboratory is moving through the local axion cloud with a time varying

velocity vE = vS + vO + vR, where vS represents the Sun velocity in the galactic

rest frame (magnitude 230 km/sec), vO is the Earth’s orbital velocity around the

Sun (magnitude 29.8 km/sec), and vR the Earth’s rotational velocity (magnitude 0.46

5

The Earth-based laboratory is moving through the local axion cloud with a time
varying velocity vE = vS + vO + vR

vS Sun velocity in the galactic rest frame (magnitude 230 km/sec)
vO Earth’s orbital velocity around the Sun (magnitude 29.8 km/sec)
vR Earth’s rotational velocity (magnitude 0.46 km/sec)
=⇒ va = v− vE

M. S. Turner, Phys. Rev. D, 42 3572 (1990)
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INTRODUCTION QUAX AXIOMA RE-XTALS

QUAX
INTERACTION OF THE AXION FIELD WITH A MAGNETIZED SAMPLE

I axion-electron coupling
I the axion DM acts as as effective RF magnetic field on the electron spin
I the magnetized sample behaves as an RF receiver tuned at the Larmor frequency
I the equivalent magnetic RF field excites a transition in the magnetized sample
−→ variation in the magnetization

N

S

axion wind

L. M. Krauss, J. Moody, F. Wilczek, D.E. Morris, Spin coupled axion detections (1985)

R. Barbieri, M. Cerdonio, G. Fiorentini, S. Vitale, Phys. Lett. B 226, 357 (1989)

A.I. Kakhizde, I.V. Kolokolov, Sov. Phys, JETP 72 598 (1991)



INTRODUCTION QUAX AXIOMA RE-XTALS

THE AXION WIND AS AN EFFECTIVE MAGNETIC FIELD

The interaction of a spin 1/2 particle with the axion field a(x) is described by the
Lagrangian:

L = ψ̄(x)(i~γµ∂µ − mc)ψ(x)− igpa(x)ψ̄(x)γ5ψ(x)

ψ(x) is the spinor field of the fermion with mass m

γµ are the 4 Dirac matrices, γ5 = iγ0γ1γ2γ3

gp dimensionless pseudo-scalar coupling constant

Non-relativistic limit of the Euler-Lagrange equation:

i~
∂ϕ

∂t
=

[
− ~2

2m
∇2 − gp~

2m
σ ·∇a

]
ϕ ,
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�µ are the 4 Dirac matrices, �5 = i�0�1�2�3
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Non-relativistic limit of the Euler-Lagrange equation:

i~
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@t
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
� ~2

2m
r2 � gp~

2m
� · ra

�
' ,

� gp~
2m

� · ra ⌘ �2
e~
2m

� ·
✓

gp

2e

◆
ra

has the form of the interaction between the spin magnetic moment (�2 e~
2m� = �2µB�,

with µB the Bohr magneton in the case of the electron) and an effective magnetic field
Ba ⌘ gp

2e ra .
The interaction (??) has been recently considered in Ref.s [?, ?] to search for axion
induced atomic transitions using laser techniques.
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THE AXION WIND AS AN EFFECTIVE MAGNETIC FIELD

In the E lab the effective axion microwave field has a mean amplitude

Ba = 9.2 · 10−23
(

ma

10−4eV

)
T

and central frequency
ωa

2π
= 24

(
ma

10−4eV

)
GHz,

The value of the static B0 field determines the Larmor frequency and therefore the
axion mass probed

R. Barbieri et al,
“Searching for galactic axions through magnetized media: the QUAX proposal”
http://arxiv.org/abs/1606.02201
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L. M. Krauss, J. Moody, F. Wilczek, D.E. Morris, Spin coupled axion detections (1985)

R. Barbieri, M. Cerdonio, G. Fiorentini, S. Vitale, Phys. Lett. B 226, 357 (1989)
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INTRODUCTION QUAX AXIOMA RE-XTALS

THE EXPERIMENTAL TECHNIQUE: EPR/ESR – FMR

Magnetic resonance arises when energy levels of a quantized system of electronic
moments are Zeeman split (⇐⇒ the magnetic system is placed in a uniform magnetic
field B0 ) and the system absorbs EM radiation in the microwave range.

An experimental geometry with crossed magnetic
fields is needed:

I B0 along z
I a microwave field is applied to the xy plane

sum of two counter-rotating fields
2A cosωt = A(eiωt + e−iωt)

I resonance occurs when the Larmor precession
of the magnetic moment is synchronized with
the clockwise or anticlockwise component

I no resonance occurs when the AC field is
parallel to B0
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THE EXPERIMENTAL TECHNIQUE: EPR/ESR – FMR

The Larmor precession frequency for electron spin is fL = ωL/2π =
ge

4πme
B, where

γ =
ge

4πme
=28 GHz/T→ X-band microwaves (∼ 9 GHz, λ = 3 cm) determine a

resonance at about 300 mT).

12 GHz

16 GHz

7 GHz

8 GHz

free field cavity

In a ferromagnet the magnetization is largely due to the spin moments of the electrons,

thus resonant frequencies for FMR are similar to those for EPR.
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A CRUCIAL ISSUE: THE RADIATION DAMPING MECHANISM

The dynamics of the magnetic sample is well described by its magnetization M, whose
evolution is given by the Bloch equations with dissipations and radiation damping:

dMx

dt
= γ(M× B)x −

Mx

τ2
− MxMz

M0τr

dMy

dt
= γ(M× B)y −

My

τ2
− MyMz

M0τr

dMz

dt
= γ(M× B)z −

M0 −Mz

τ1
−

M2
x + M2

y

M0τr
, (1)

τr = radiation damping time

τ1 = longitudinal (or spin-lattice) relaxation time

τ2 = transverse (or spin-spin) relaxation time

The damping term related to τr affects the maximum allowed coherence hence the
integration time of the magnetic system with respect to the axion driving input
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SOLUTION TO THE RADIATION DAMPING LIMITATION

In a free field environment and for f & GHz,
radiation damping is dominated by the magnetic
dipole emission from the magnetized sample of
volume Vs

τr = 4π
c3

ω3
L

1
γµ0M0Vs

SOLUTION: the magnetic
detecting material is embedded
inside a microwave cavity in the
strong coupling regime

=⇒ the limited phase space of the
resonator inhibits the damping
mechanism τmin = min (τa, τ2, τc),
where τc is the cavity decay time
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RADIATION DAMPING IN CAVITIES
A fourth equation is added to the Bloch equations to account for the cavity dynamics.
N. Bloembergen and R. V. Pound, Phys. Rev. 95, 8 (1954)

dMx

dt
= γMyB0 −

Mx

τ2

dMy

dt
= γ(MzKI −MxB0)− My

τ2

dMz

dt
= −γK′IMy −

M0 −Mz

τ1

L
dI
dt

= K
dMx

dt
− RI − 1

C

∫ t
Idt + Vrf

RLC cavity parameters

mode of frequency ωc = (LC)−1/2

I = B1/K′ is the equivalent current generating B1 field

K is the coupling between the magnetization and the equivalent current

K and K′ are geometrical factors

The radiation damping term is present in the solution of the transverse field as it
contributes to the frequency separation of the cavity and kittel modes ∆ω.
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RADIATION DAMPING IN CAVITIES

In the solutions we find the dynamics of two coupled oscillators with the complex
frequency of the two modes described by

ωL ±
1
2

[
4
τc

(
1
τ2

+
1
τr

)
−
(

1
τc

+
1
τ2

)2
]1/2

+
i
2

(
1
τc

+
1
τ2

)
= ω± +

i
2τ±

In contrast with the free space case, the radiation damping characteristic time is given
by τr = (2πµ0M0Qγζ)−1, with ζ filling factor

For τr � τc we have two modes (mode hybridization) at
frequencies

ω± = ωL ±
1
2

[
4
τc

(
1
τ2

+
1
τr

)
−
(

1
τc

+
1
τ2

)2
]1/2

and with the same decay time, independent of the size and
filling factor:

τ± = τ̄ =

(
1
τc

+
1
τ2

)−1
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THE STRONG COUPLING REGIME: HYBRIDIZATION

0.2

1.0

0.4

0.6

0.8

(a) (b)

z

x

S21(ω) ' 1

i(ω − ωc)− kc
2 +

|gm|2
i(ω−ωm)−km/2

,

kc = 1/τc = cavity linewidth

km = 1/τ2 = linewidth of the ferromagnetic resonance

kh = 1
2 (kc + km) linewidth of a single hybridized mode

−→ no excess noise with YIG!
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THE PHOTON COUNTER

In the presence of the axion wind the average amount of power absorbed by the
magnetized material is:

Pin = µ0H · dM
dt

= Ba
dMa

dt
Vs = γµBnSωaB2

aτminVs

Pout =
Pin

2
= 8× 10−26

(
ma

2 · 10−4 eV

)3 ( Vs

1 liter

)(
nS

1028/m3

)(
τmin

10−6 s

)
W

In terms of fundamental detection limits (no technical noise) the best detector for such an
exceedingly small signal is a single-photon detector.
Lamoreaux S. K. et al Phys. Rev. D 88 035020 (2013)

=⇒ Ra = Pout
~ωa

= expected rate of emitted photons in a photon counter =

= 2.6× 10−3
(

ma
2·10−4 eV

)2 ( Vs
1 liter

)(
nS

1028/m3

)(
τmin

10−6 s

)
Hz
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SNR OF THE IDEAL PHOTON COUNTER

At T 6= 0 the single-photon detector is subject to noise from fluctuations in the number
of detected thermal photons. Noise is determined by the thermal photon rate Rth = n̄τc

SNR =
ηRatm√

η(Ra + Rt)tm
=

ηRa√
(Ra + Rt)

√
ηtm

=⇒ SNR = 3 for T = 13 mK and tm = 104 s

http://arxiv.org/abs/1606.02201

Single photon detector in the microwave range yet not developed.
Capparelli L.M. et al Phys. Dark Universe 12 37 (2016)

P. Spagnolo                                                                                                                                                         Pisa, July 9 2015

 STAX 
An improved detection scheme 

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

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

𝑁ௗ =
𝛽௘௙௙
√2𝜋

න expቆ−
𝑥ଶ

2 ቇ
ஶ

ா೅ ఋா⁄
𝑑𝑥, 

where 𝛽௘௙௙ ≈ 𝜏௘௙௙ିଵ  is the effective detection bandwidth, and ET is the discrimination threshold energy. The latter is 
determined by the detector bias or by the readout electronics. Similarly, the probability to detect a real photonic 
event, i.e., the quantum efficiency () of the sensor is given by  

𝜂 =
1

√2𝜋
න exp ቆ−

𝑥ଶ

2 ቇ
ஶ

(ா೅ି௛ఔ) ఋா⁄
𝑑𝑥, 

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

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

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

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

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

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

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

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

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

 

"  

TES devices will be implemented with superconducting nanostructures at NEST-CNR, Istituto Nanoscienze  
in Pisa. We will use α-W films with Tc ~15 mK for the realization of the sensor core. In parallel, we will 
develop the optimization of superconductor/normal metal bilayers made of Ti/Cu, Ti/Au, Ti/ Pd, and/or Al/
Cu in order to tailor the critical temperature of the resulting superconducting film below 20 mK. 

Tunnel junctions realized through standard thermal oxidation of Al thin films will be exploited for additional 
spectroscopic characterization of the metallic layers. The TES will be implemented in a cryogen-free dilution 
refrigerator. The latter is equipped with several metallic shields residing at different temperatures,  
from 300 K down to below 10 mK. 

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

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

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



INTRODUCTION QUAX AXIOMA RE-XTALS

GAS SYSTEM – ULTRACOLD MOLECULAR OXYGEN 16O2

DM axions may induce dipolar transitions between Zeeman states
in an atomic system, which differ by ma
(P. Sikivie, Phys. Rev. Lett. 113 201301 (2014))

I axion transition a→ b

I Zeeman effect for N = 1 rotational levels in
the GS of 16O2

I mole-sized population of 16O2molecules in a

Earth, in terms of spectroscopy aswell [21]. In particular, it has already been used for spectroscopic tests of
fundamental physics, such as the symmetrization postulate on spin-0 nuclei [22, 23], and aswell employed in a
number of high-sensitivity laser-based detection schemes includingmagnetic rotation spectroscopy [24],
polarization-dependent cavity ring-down spectroscopy [25], and resonance-enhancedmulti-photon ionization
(REMPI) spectroscopy [26]. Second, 16O2 is a prototypical paramagneticmolecule with a highmagnetic
moment (2μB). Third, it has already been cooled down to fewKelvin in BGC experiments [27].

The paper is organized as follows. In section 2, we focus on the choice of the 16O2 transition that ismost
eligible for the axion detection; crucial issues of the gas sample preparation in a BGCmachine are also addressed
froma theoretical viewpoint. Then, section 3 deals with the REMPI spectroscopic detection of the axion-
induced absorption events. Following this discussion, section 4 gives the details of the experimental apparatus.
Finally, in section 5, we conclude.

2. Sample preparation

Let us start by considering the X 0g
3 V4 ��( ) ground state of 16O2.Only rotational levels of odd rotational

angular-momentumquantumnumberN are populated in 16O2 because of restrictions imposed by the I=0
bosonic nature of the oxygen nuclei. Each rotational level is split into three spinrotational components that are
additionally labeled by the total angular-momentumquantumnumber J (J can take the valuesN−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 externalmagnetic field, B, each spinrotational component is further split
into 2J+1magnetic sublevels; these are labeled by themagnetic quantumnumberMJ

(M J J J, 1 ,...,J � � � � ), namely the projection of J onto the direction of B. In this coupling scheme, selection
rules forM1 transitions require: J 0, 1% � o (J 0 0� j ), M 0, 1J% � o , and b aQ Q� , where aQ (πb) denotes
the parity of the transition’s lower (upper) level. Next, we adopt the notationW(r,B) to represent the energy of
the r≡ (N, J,MJ)magnetic sublevel as a function ofB. The energy-level diagramdisplayed infigure 1 illustrates
the Zeeman effect in the X 0g

3 V4 ��( ) state up to amagnetic field intensity ofB=20 T by [25].
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 themaximum
axionmass range that can be explored according to the following reasoning. In order to realize amole-sized
population of 16O2molecules in level a, while keeping level b depopulated, the energy differenceWba(B)≡W(b,
B)−W(a,B)must satisfy the condition Q B T N W B k T, exp 0.1baA Bw � �( ) [ ( ) ( )] with kB being the
Boltzmann constant,NA theAvogadro number, andT the gas temperature [1]. Now, as explained later, the
minimumT valuewhich provides a helium-3 vapour pressure that is capable to effectively coolNA oxygen

Figure 1. Illustration of the Zeeman effect for theN=1 rotational levels in the X 0g
3 V4 ��( ) ground state of 16O2 (the J = 2

component is omitted for a clear view). The axion transition is indicated by the red arrow.
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the parity of the transition’s lower (upper) level. Next, we adopt the notationW(r,B) to represent the energy of
the r≡ (N, J,MJ)magnetic sublevel as a function ofB. The energy-level diagramdisplayed infigure 1 illustrates
the Zeeman effect in the X 0g

3 V4 ��( ) state up to amagnetic field intensity ofB=20 T by [25].
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 themaximum
axionmass range that can be explored according to the following reasoning. In order to realize amole-sized
population of 16O2molecules in level a, while keeping level b depopulated, the energy differenceWba(B)≡W(b,
B)−W(a,B)must satisfy the condition Q B T N W B k T, exp 0.1baA Bw � �( ) [ ( ) ( )] with kB being the
Boltzmann constant,NA theAvogadro number, andT the gas temperature [1]. Now, as explained later, the
minimumT valuewhich provides a helium-3 vapour pressure that is capable to effectively coolNA oxygen
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I BGC (buffer gas cooling). 16O2 cooled by collisions
with a helium-3 thermal bath at temperature
THe ' 280 mK =⇒ Wba(Bmin) = 11 cm−1 (1.4 eV)

I magnetic field region:
Wba saturates for B > Bmax = 18 T
1.4 eV< ma <1.9 eV

I detection: REMPI (resonance-enhanced multi-photon
ionization spectroscopy)

the C 2g
3 V1 �( ) component, the conditionW W B w w12 T 11 cm max ,ba ba

min 1
laser rot

int� � � ��( ) ( ) can be
easily satisfied. Thismeans that a and b levels of the axion transition are fully resolved by (2+1)REMPI
spectroscopy.

4. Experimental apparatus and results

A schematic representation of the experimental apparatus is shown infigure 3.Machined fromCryo-G10, the
BGC cell is thermally anchored to themixing chamber of a dilution refrigerator by high-purity copper braids
[35]. Thermal conductivity along the cell length is provided by copper wires running vertically along the outer
Cryo-G10walls. A holewith a diameter of d=15 cm ismade in one of thewalls to let the 16O2molecules escape
from the cell into a second chamberwhose internal surface is covered by a layer of activated charcoal. At
cryogenic temperatures, this acts as a pumpwith a speed of a few thousands dm 3 s−1, creating a high-vacuum
region. The (2+1)REMPI interrogation then takes place in the bore of 57 cmdiameter superconductingmagnet
(coaxial to the BGC cell)which creates a homogeneousmagnetic field of up to 18 T along a traveling distance
h=12 cm. Two facing high-reflectivity (Rm=99.995%)mirrors are used to accomplishmultiple reflections of
the laser beam so as to draw a pattern of a large number of spots,Nrefl, through the trapezoidal section of the
(truncated-cone-shaped)molecular beam. In this way, the laser radiation interacts with a fraction

N w h d h tanrefl
2 2� Q R� �( ) ( ) of themolecular flux, wherew denotes the laser beamwaist and θ=60° is

themolecular beamdivergence. Then, forw=1 mmandNrefl=13 500, 1� � is found. At the end of the
magnet, amicro-channel plate is then employed to collect the (2+1)REMPI ionization products. Capillary
filling is used to inject both themolecular oxygen and theHe-3 buffer gas, coming from room-temperature
bottles, into the 280 mKBGC cell. For an efficient cooling process, the oxygenmolecules should enter the cell
with a temperature of 60 K, which ensures an appreciable vapor density (8 1017q cm−3). The same type of
consideration applies to the helium-3 buffer gas; here, as alreadymentioned, an inlet temperature of 280 mK
gives rise to a vapor pressure of 3 1016q cm−3. These injection temperatures can be obtained by choosing, for
each of the two gas lines, themost appropriate thermal-exchange configuration (both in terms of geometry and
materials) through all the stages of the refrigerator aswell as on the BGC cell walls. Thewhole is housed in a
cylindrical vacuum chamber equippedwith a number of optical windows for laser spectroscopy. As
demonstrated in [26], for the case illustrated infigure 2, an effective (2+1)REMPI-detection can be
accomplishedwith laser pulses offluence 1mJ 100 m ;2Q N_ [ ( ) ] conservatively, this can be assumed as a
threshold value, F 30thr � mJmm−2. This can be obtainedwith a commercial Nd:YAG[4ω0]-pumped LiCaAlF:
Ce3+ laser with the following characteristics: repetition rate RR 150 Hz� (the condition RR v hm� must be
satisfied), pulse length 10 ns� , linewidth 0.05 nm� , pulse energy 140 mJ� [36]. This corresponds to an initial
laserfluence of F 30in � mJmm−2. It is worth pointing out that, after N 13 500refl � reflections, the laser
fluence drops to the value F F F0.5m

N
fin in in

refl*� � that is significantly below Fthr. To overcome this drawback,

Figure 3. Schematic layout of the experimental apparatus. The 280 mK 16O2 beam emerging from the BGC source is subjected to
REMPI spectroscopy. Any ionization product, only possible as a consequence of axion-driven a l b absorption events, is eventually
detected by amicro-channel plate. The actual signal depends on the specificmolecular transition used, themolecule’s polarization
direction (determined by themagnetic field), and themomentumdistribution of the axions (varyingwith time of day and of year) [1].
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ionization spectroscopy)
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(2+1)REMPI
2 ph to intermediate state
+1 ph to ionize

detect an axion absorption occurrence before collisions with surrounding particlesmay cause decay from level b.
As alreadymentioned,molecular oxygen is well-suited to the (2+1)REMPI interrogation scheme. In general,
thismethod involves a resonant single ormultiple photon absorption to an electronically excited intermediate
state followed by another photonwhich ionizes themolecule; the ionization product is then detectedwith
almost 100% efficiency usually by amicro-channel plate (MCP). Specifically, the (2+1) symbolmeans that two
photonsmust be absorbed to excite themolecule in the intermediate state and one photon to ionize the
molecule.With reference tofigure 2, in the 16O2 case, (2+1)REMPI spectroscopy can be carried out exploiting
the C 2g

3 V1 �( ) component as the intermediate state by using laser pulses tunable around 287 nm [32, 33].
Anomalously, the rotational levels belonging to this component are characterized by far long lifetimes (in other
words, they aremuch less predissociative than usual), thus favorably exhibiting enough narrow line widths (<
6 cm−1) [34]. Therefore, callingwlaser the laser linewidth andwrot

int thewidth of the narrowest rotational level in

Figure 2.Energy-level diagram involved in the (2+1)REMPI spectroscopic detection. The oxygenmolecules promoted by the axion
field into the (N=1, J=1,MJ=−1) level are subsequently ionized by using laser pulses tunable around 287 nm (violet arrows).
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GAS SYSTEM: ULTRACOLD MOLECULAR OXYGEN 16O2

In 1 s, the number of oxygen molecules that have been exposed to the axion field is

Nmolec =
nmax

4
π(d/2)2vm,

where vm =
√

(8 kB T)/πm
and nmax ' (1/30) nHe = 1015 cm−3 max molecular density that can be cooled to THe

=⇒ the axion-induced absorption event number

N = Nmolec
h̄

vm
RabF(ndays · 24 · 3600)

In the worst caseRab = 1 Hz/NA → N ' 1 for an acquisition time of 10 days

. . . is it possible to increase the density?



INTRODUCTION QUAX AXIOMA RE-XTALS

SOLID NEON MATRIX

Alkali atom or molecular oxygen embedded in a condensed phase according to the
matrix-isolation spectroscopy technique (MIS).

I 80 mK in B up to 18 T
I copper cell 1× 3× 3 cm3

I inject noble gas N and atomic/molecular
species D (1:100 to 1:1000)

 
 

FIG. 1 

 

 

Neon-Molecular Oxygen 

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

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

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

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

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

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

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

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

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

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

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

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

After a few hours of deposition, a 1-mm-thick noble gas matrix, incorporating

species D is grown on each side of the walls.
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SOLID NEON MATRIX: DOPANT SPECIES

Number of axion-induced
absorption events:

N · NA = Rab nNe Vc d (3600 s)nh

some reasonable values:
Rab = 1 Hz;
nNe = 4.6 · 1022 cm−3 neon density;
Vc ∼ 1 cm3 crystal volume;
d = 1% doping ratio;
nh acquisition time [hours]=4

=⇒ N · NA = 10
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RE-DOPED CRYSTALS

basic idea: diminish w-value in an all-optical scheme based on the IRQC concept

N. Bloembergen, Phys. Rev. Lett. 2, 84 (1959)VOLUME 2 y
NUMBER 3 PHYSICAL REVIEW LETTERS FEBRUARY 1, 1959

case P(z) =z '+z ' and (6) becomes

((gp +k ) QP I&& (jap k =0.
The same approximation would have been ob-
tained (in the limit u, k/tc«1) for an arbitrary f„
as may be seen by expanding the denominator of
(4) in powers of v, . The four solutions of (9) are

(u =+{-'[&o '+k'+ {((u '+k')'+4u, '(u 'k') 'P'
The solution z4, obtained by taking minus signs
in both choices, is negative imaginary, showing
the existence and rate of growth of self-excited
waves, This solution is valid only when s,k/v«1
which. implies uo»g„as becomes evident from
the approximate expression

(u, = - iu, (opk/((op'+ k')~'

A more detailed study of (6) shows that for large
values of k one obtains damped waves.
The author is indebted to Dr. B. D. Fried for

many valuable discussions of these matters.

~0. Buneman, Phys. Rev. Lett. 1, 8 (1958).
M. Rosenbluth: Recent Theoretical Developments

in Plasma Stability, paper presented Nov. 1958 at the
San Diego Meeting of the Fluid Dynamics Division of
the American Physical Society.
3N. G. Van Kampen, Physics 22, 641 (1957). This

reference contains a comprehensive review of previous
literature.

SOLID STATE INFRARED
QUANTUM COUNTERS*

N. Bloembergen
Harvard University,

Cambridge, Massachusetts,
(Received December 29, 1958)

Since maser operation is based on stimulated
emission of radiation, masers have an inherent
limiting noise temperature of hv/k due to spon-
taneous emission. '~' Weber' has called atten-
tion to the fact that it is possible to construct
quantum- mechanical amplifiers without sponta-
neous emission noise. In fact, this is the usual
state of affairs for x-ray or y-counters. This
note describes how a solid counter for infrared
or millimeter wave quanta might be constructed
in principle.
Consider a crystal containing ions which,

among others, have the energy levels shown in
Fig. l. Salts of the rare earths and other tran-
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FIG. 1. Infrared quantum counter. Several ions of
transition group elements have appropriate energy lev-
el diagrams: hv2&=1 —5000 cm, hv32=10 —5&& 10
cm

sition group ions, which may be embedded as
impurities in host lattices, offer examples of
this situation. '~ ~ The distance between the
ground level and level E, is such that k py2&)kT.
If, for example, hv»-100 cm ' and T-2'K, only
the ground state is populated. Intense light at
the optical frequency v» is not absorbed, because
level E, is empty. Whenever an incident infra-
red quantum h p» is absorbed, the light will in-
duce a second transition to E„provided its in-
tensity produces transitions at a faster rate than
the radiationless decay or spontaneous emission
from level E, back to the ground state.
Spontaneous emission from E, to E, will pro-

duce resonance radiation. The system will be
repumped, and several quanta hv» may be re-
emitted for each incident quantum hv2y It will
be difficult to detect these quanta h v» in the
presence of the intense pumping flux, although
one may use discrimination in polarization and
direction of propagation. %hen radiation due to
spontaneous emission from level E, to E, is able
to leave the crystal, quanta hv» may be counted
directly. If this radiation is self-absorbed, a
fourth level will provide an effective discrimina-
tion in frequency. The fluorescent quanta hv, 4
may be counted with a photomultiplier and a
suitable filter.
A variation of this scheme is that E, is an

occupied deep impurity level, E, is an empty
impurity level, and E, represents the conduction
band. The incident quantum hv» triggers a
photoconductive avalanche in the semiconductor
near absolute zero of temperature.
It is illuminating to point out the relationship

with optical pumping methods proposed by

84

I pump laser resonant with transition
2→ 3

I material transparent to the pump
until an IR photon is absorbed
(1→ 2)

I level 3 is fluorescent =⇒ detection
can be accomplished via
conventional detectors (PMT or PD)

I such energy level scheme can be
realized in wide bandgap materials
doped with trivalent rare-earth ions

the whole field of upconversion can be traced back to this idea
(with applications in lasing, laser cooling, up-conversion based weak infrared photon detection, infrared imaging

and so on)
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CONCLUSIONS

QUAX I preliminary R&D study results
I a hybrid system has been tested as an axion-matched detector
I in the hybrid system we found no excess noise (at 290 K and

77 K) http://arxiv.org/abs/1606.02201
I spin flips possibly to be detected by a microwave photon

counter

AXIOMA I results for a gas system New J. Phys. 17 (2015) 113025
I to increase the event rate we are investigating MIS and
I upconversion in RE-doped crystals

Appl. Phys. Lett. 107 (2015) 93501
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EXPERIMENTAL PARAMETERS

axion mass 10−4 eV6 ma 6 10−3 eV

equivalent RF magnetic field 10−22 Tesla6 B 6 10−21 Tesla

frequency 20 GHz6 f 6 200 GHz

magnetizing field νL = γeB0, with γe = 28 GHz/Tesla
→ 0.7 T6 B 6 7 T

detector bandwidth 6 100 kHz
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