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ARE WE HOMING IN ON AXIONS?

I a well motivated scenario:
− physics case is stronger (potential cosmological and astrophysical role)
− SUSY is failing tests at LHC, lack of WIMP detection in underground detectors

I blooming phase:
− new detection concepts
− commissioning of demonstrative small-scale setups

I upgrade to large scale experiments for established techniques
I fA � 107 GeV =⇒ mA � eV “invisible” axion

detection techniques are by no means common in particle physics

T. Tait/University of California, Irvine
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AXION VS WIMP DETECTION

WIMP [1-100 GeV]
− number density is small
− tiny wavelength
− no detector-scale coherence

=⇒ observable: scattering of
individual particles

AXION [mA � eV]
− number density is large (boson)
− long wavelength
− coherence within detector

=⇒ observable: classical, oscillating,
background field
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AXION COUPLINGS
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SENSITIVITY PLOTS:
WE WANT TO MEASURE A MASS AND A COUPLING

Each interaction is modeled through a related coupling

− axion-photon (gaγ )

− axion-electron (gae)

− axion-nulceon (gaN)

(not straightforward to relate one coupling to another)

Gray Rybka - Invisibles Madrid - June 2015 4/25
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HINTS, CONSTRAINTS AND MODELS

DETECTION STRATEGIES FROM ASTROPHYSICS AND
COSMOLOGY

− axions modify stellar evolution/dynamics

− axions modify intergalactic γ-ray transparency
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WHAT WE KNOW ABOUT THE CDM LOCAL DISTRIBUTION

Figure 3: Key predictions from dark-matter-only (DMO) cosmological simulations. a) Pro-
jected density contours of the Aquarius Aq-A-1 DMO cosmological simulation of a halo of Milky
Way mass (M200 ⇠ 1012 M�), run with 4.2 billion dark matter super-particles (Springel et al.,
2008). The size of the Galactic disc out to the Sun position R0 = 8kpc (not modelled in this
simulation) is marked by the red horizontal line. b) The spherically averaged dark matter den-
sity profile from the GHALO suite of Milky Way mass halo simulations (Stadel et al., 2009).
Four di↵erent resolutions (super-particle numbers) are marked, showing excellent numerical con-
vergence. c) The dark matter density Probability Distribution Function (PDF) in the Aquarius
suite, calculated using a kernel average (64 smoothing neighbours) at each super-particle, nor-
malised to a power law model fit over a thick ellipsoidal shell at 6-12 kpc from the halo centre
(Vogelsberger et al., 2009a). Simulations Aq-A-1 through Aq-A-5 (of decreasing numerical reso-
lution, as marked) are over-plotted; only Aq-A-1 and Aq-A-2 resolve the high density tail due to
subhalos. The black dashed line shows the intrinsic scatter due to Poisson noise in the density
estimator. d) The dark matter velocity PDF averaged over 2 kpc boxes at 7-9 kpc from the halo
centre of Aq-A-1.

8

Aquarius simulation http://wwwmpa.mpa-garching.mpg.de/aquarius/
J. I. Read, The local dark matter density, J. of Phys. G 41 vol 6 (2014)

DM can have additional structures on small scales:
− if axions continuously fall into galaxies they would form caustic rings
[Sikivie 2011]
− if axion DM density is dominated by few local streams, its velocity
distribution can be very narrow (orders of magnitude)

Figure 2: A century of measurements of ⇢dm. In all cases, I assume the same matter density
and surface density of ⇢b = 0.0914 M� pc�3 and ⌃b = 55 M� pc�2 (Flynn et al., 2006). Values
derived from a surface density rather than a volume density have a blue filled circle; red data
points indicate the use of a ‘rotation curve’ prior (see §3.5.1). The green data point is derived
from Garbari et al. (2012) assuming a stronger prior on ⌃b = 55 ± 1 M� pc�2 (see §5). All
error bars represent either 1� uncertainties or 68% confidence intervals. Overlaid are: ⇢dm,ext

extrapolated from the rotation curve assuming spherical symmetry (grey band); the launch
dates plus 5 years for the Hipparcos and Gaia astrometric satellite missions; and the start date
plus 5 years of the SDSS and RAVE surveys. Where no error bar was calculated for a given
measurement, there is simply a horizontal line through that data point. All data and references
(including definitions of abbreviations) are given in Table 4.

6
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STANDARD HALO MODEL FOR ρDM AND f (v)

Standard	Halo	Model	for	ρDM	and	f(va)	
Standard	Halo	Model:	Isothermal,	isotropic	Maxwell-Boltzmann		Distribu%on	of	DM		
assuming		ρDM	=0.3	Gev/cm3	

Observed	axion	velocity	va=v-vE,		
where	the	Earth	velocity	vE=	vsun+vorb	

Maxwellian	velocity	distribu%ons		
•  Galaxy	frames	
•  Earth	frame	

I cosmic axion density ρDM ∼ 0.3 GeV/cm3 [ρ̃ = 1] −→ na ∼ 3× 1012 (10−4 eV/ma) a/cm3

I axion velocities are distributed according to a Maxwellian distribution

f (v) = 4π
(
β
π

)3/2
v2 exp(−βv2), with β = 3

2σ2
v

, σv velocity dispersion

I σv ∼ 10−3 → the axion energy distribution is monochromatic 1 part in 106

I + motion of E in the galaxy −→ they can be seen as a wind with v ∼ 10−3 c
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MATCHING TO THE AXION LINEWIDTH
When bosons with ma < 10 eV make up a significant fraction of the DM energy density (hp: all), their

number density is so large that there are many of them per De Broglie wavelength volume. When that

happens, their superposition can be described as a classical field oscillating at a frequency set by their

mass, and a coherence time determined by the inverse energy spread∼ 106 periods of oscillation =⇒
macroscopic spatial coherence

- High T, no preference for Initial Conditions!     At time                        axion field seeks its minimum

Axions are dark matter ... to some extent

time

Coherent oscillations
=

Dark Matter Axions 

✓(t) = ✓0 cos(mat)

Oscillation frequency

Energy density (harm. oscillator)
! = ma

⇢aDM =
1

2
m2

af2
a✓

2
0 =

1

2
(75MeV)4✓20

t ⇠ 1/ma

0 ⇡�⇡ ✓

V (✓)

- Some amount of axion Dark matter is unavoidable!

a0 is a very small number (Ba ∼ 10−21 T) but coherent oscillations allow for detection

COHERENCE TIME

τ∇a = 0.68τa ' 34µs
(

10−4eV
ma

)

CORRELATION LENGTH

λ∇a = 0.74λa ' 10.2 m
(

10−4eV
ma

)

�!a

!a
⇠ 10�6

I relaxation time of the magnetized
materials/lifetime of the involved atomic levels
must not exceed the coherence time

I huge number of channels
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THE RESONANTLY ENHANCED AXION-PHOTON CONVERSION

If axions are almost monochromatic then their conversion to detectable particles (photons)
can be accomplished using high-Q microwave cavities.

FFT

amplifiers

mixer

local 
oscillator

frequency

po
w
er

m

− ωTMonl =

√( εn
r

)2
+
(

lπ
h

)

for a cylindrical cavity in a solenoidal field, the TMonl
are the cavity modes that couple with the axion

− resonant amplification in [ma ± ma/Q]

− data in thin slices of parameter space (tuning rod);
typically Q < Qa ∼ 1/σ2

v ∼ 106
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THE RESONANTLY ENHANCED AXION-PHOTON CONVERSION

PRIMAKOFF EFFECT

In a magnetic field, an axion is equivalent to a photon
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THE RESONANTLY ENHANCED AXION-PHOTON CONVERSION

Signal power in the band [ma ± ma/Q]:
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Figure 14: Conceptual arrangement of an axion haloscope. If ma is within 1/Q of the resonant
frequency of the cavity, the axion will show as a narrow peak in the power spectrum extracted from the
cavity.

the formalism has the strange property of predicting a signal even with vanishing axion interactions.

7.1 Conventional haloscopes

The conventional axion haloscope technique [30] consists of a high-Q microwave cavity inside a homo-
geneous magnetic field of intensity Be to trigger the conversion of DM axions into photons. Figure 14
shows a sketch of the haloscope concept. Being non relativistic, DM axions produce monochromatic
photons of energy equal to ma. For a cavity resonant frequency matching ma, the conversion is en-
hanced by a factor proportional to the quality factor of the cavity Q and the signal power in the band
ma ± ma/Q is (4.51),

Ps = 
Q

ma

g2
a�B

2
e |Gm|2V %a (7.1)

= 7.2 ⇥ 10�23W
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where Gm is the geometric factor of the resonant mode, as defined in Eq. 4.46, and we have used
%a = m2

a|at|2/2 by assuming that �2
v . 1/Q, i.e. the DM bandwidth is smaller than the width of the

cavity resonance and can be taken as a delta function. The general formula (4.52) can be used when
�2

v ⇠ 1/Q or for other bandwidths. This resonant amplification only works for values of ma within a
thin frequency window �⌫/⌫ ⇠ Q�1 around the resonant frequency, see (4.50), but typically the DM
signal frequency bandwidth is even smaller. One usually defines a DM quality factor Qa ⇠ 1/�2

v ⇠ 106

to reflect the ALP DM signal width. The cavity must be tuneable and the data taking is performed by
subsequent measurements with the resonant frequency centred at slightly di↵erent values, scanning the
ALP DM mass in small overlapping steps. For QCD axions, the signal is typically much smaller than
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where Tsys is the e↵ective noise temperature of the detector (typically amplifier + thermal fluctuations).
One hopes that measuring enough time, the signal becomes larger than noise fluctuations. The signal
to noise as a function of the measurement time in a frequency bin �⌫ is given by Dicke’s radiometer
equation

S

N
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r
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�⌫
, (7.5)

where Tsys is the e↵ective noise temperature of the detector (typically amplifier + thermal fluctuations).
Therefore, given a theoretical axion signal Ps, a time �t = (S/N)2(Tsys/Ps)

2�⌫ is needed to achieve a
given detection significance specified by a signal to noise. In order to scan an ALP mass interval, dma

with measurements of width �⌫ = ma/Q, we need a number (Q/Qa)(dma/ma) of �t measurements,
and so the scanning rate is
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A useful figure of merit of these experiments is proportional to the time needed to scan a fixed axion
mass range [547] down to a given S/N level for a given value of the coupling ga�:
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ADMX has been the major experimental e↵ort in this category for many years, drawing on the
experience of a couple of pilot small-scale experiments in the 80s, at BNL [36, 37] and at University
of Florida [40]. ADMX has built the largest and most competitive axion haloscope to date. It uses a
NbTi superconducting solenoid with an inner cylindrical bore of 60 cm ⇥ 110 cm and producing a field
of up to 8 T. The microvawe cavity, shown in Fig. 15, is made by electrodepositing high-purity copper
on a stainless steel body, followed by annealing, and reaches a quality factor of Q ⇠ 105.

For a cylindrical cavity in a solenoidal field, the TM0n0 modes are the ones that couple with the axion,
as they feature an electric field component parallel to the magnetic field. The resonance frequency, and
therefore the wavelength of light that resonates that frequency �a = 2⇡/ma, is in general determined
by the cavity dimensions V ⇠ (�a/2)3. For an empty cylinder the relation is found analytically:

!TM0nl
=

s✓
⇠n
r

◆2

+

✓
l⇡

h
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, (7.8)

where ⇠n is the nth zero of the Bessel function of order zero, and r and h are the radius and height
of the cylinder. The fundamental TM010 mode provides the larger form factor |GTM010 |2 ⇠ 0.69. In
the implementation at ADMX, a set of movable rods inside the cavity slightly distorts the mode while
allowing for the tuning of the resonance frequency in the approximate range of 0.5 to 2 GHz.

In a first phase (1995-2004), the experiment was cooled down to T ⇠ 1.5 K, and HFET amplifiers
with noise temperature TN ⇠ 1.5 K were used, thus having a system noise temperature of Tsys ⇠ 3 K.
In this conditions, ADMX [548] already covered the frequency range of 460 - 890 MHz (1.9 - 3.65
µeV) with sensitivity down to KSVZ models (see Figure 18). This has been the first axion haloscope
search with sensitivity reaching the axion QCD band. Since then the collaboration has been focused
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→measurement time ∆t is such that S > N

− low noise microwave amplifiers

− quantum sensing (below SQL): photon counting
techniques can accelerate searches by orders of
magnitude for ν > 10 GHz for T < 100 mK
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THE RESONANTLY ENHANCED AXION-PHOTON CONVERSION
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ADMX - WASHINGTON

– after > 30 y of R&D,
reached sensitivity to DFSZ models
– 100 mK, SQUID
– thin slice around 2.75µ eV
– no new technology up to 10µ eV

PRL 120, 151301 (2018)

In addition to the uncertainty introduced by the analysis
procedure, there are systematic uncertainties in the product of
the axion-photon coupling constant and dark matter density
from the temperature measurement, noise calibration, Q
measurement, and numerical modeling of the form factor in
Eq. (1) shown in Table I. However, the sensitivity of the
results reported here is restricted primarily by the statistics of
the finite observation time at each frequency.
In the range 645 –680 MHz, no statistically significant

signals consistent with axions were found. There were two
candidates that persisted after the rescan procedure, but a
measurement of the external background radio interference
at the experimental site found the identical external radio
signals at the candidate frequencies. They are, thus,
excluded from our limits. We are, therefore, able to produce
a 90% upper confidence limit on the axion-photon coupling

using all of the data acquired for the Maxwellian and
N-body astrophysical models shown in Fig. 4. We are able
to exclude both DFSZ axions distributed in the isothermal
halo model that make up 100% of dark matter with
a density of 0.45 GeV=cm3 and DFSZ axions with the
N-body inspired line shape and the predicted density of
0.63 GeV=cm3 between the frequencies 645 and 676 MHz.
This result is a factor of 7 improvement in power sensitivity
over previous results and the first time an axion haloscope
has been able to exclude axions with DFSZ couplings.
ADMX has achieved a factor of 7 improvement in its

already world-leading sensitivity to ultralow signal power
levels. It is the only operating experiment able to probe the
DFSZ grand unified theory coupling for the invisible axion
that has long been the goal of the axion search community.
Data from this period of initial operations have now
excluded these models over a range of axion masses. A
much larger range of masses will be probed in future runs;
we expect to operate the apparatus at lower temperature and
with a greater magnetic field, enabling higher scan speeds.
A recent engineering run of the apparatus (with some
electronics removed) achieved cavity temperatures lower
than reported in this Letter, while the magnet in earlier
ADMX runs [24] was operated at 7.6 T compared to the
typical field of 6.8 T for the results reported here. Together,
these improvements could increase the SNR by a factor of 2
or shorten the measurement time by a factor of 4. Coverage
of masses up to 40 μeV (10 GHz) is envisioned by further
augmenting the signal power by combining the outputs of
multiple cotuned cavity resonators inside the current

TABLE I. Primary sources of systematic uncertainty. The form
factor uncertainty varies somewhat with frequency; the value at
65 5 MHz is shown here. The combined effect of systematic
uncertainty on the exclusion bounds is shown as the width of the
lines in Fig. 4.

Source g2γ ρa uncertainty

Temperature sensor calibration 7.1%
System noise calibration 7.5 %
Quality factor measurement 2.2%
Background subtraction 4.6%
Form factor modeling 6.0%
Total 13%
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WHAT ABOUT DIFFERENT MASS RANGES?

In the conventional haloscope the effective volume falls off rapidly with
increasing frequency + lower masses limitations (B field)

some non-conventional axion detection strategies and
complementarity

[different mass ranges, different interactions]

with a focus on
recently proposed haloscopes
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Figure 1: Review of current constraints in the overall (ga�, ma) plane. We introduce the color criteria
for the rest of plots of this review: black/gray for purely laboratory results, bluish colors for helioscope
experiments or bounds depending on stellar physics, and greenish for haloscopes or cosmology-dependent
arguments. Yellow/orange are reserved for hinted regions of the parameter space, like, in this case, the
QCD axion band. In this plot we present only current bounds, for future prospects we refer to following
plots later on. We refer to the text for explanation of each region. Adapted and updated from [191].

interesting regions of parameter space where some of these hints could be due to the same and only
particle. For the sake of generality we will refer to ALPs in this section. When we talk about the axion
we will mean the QCD axion solving the strong CP problem. An comprehensive review on axion and
ALP cosmology to largely complement our discussion can be found in [190].

3.1 Axions and ALPs in cosmology

Axions and ALPs appear in non-renormalisable theories below a certain energy scale, associated with
fa. Above such a scale the axion is typically not an adequate degree of freedom to describe physics,
and in particular the vacuum of a theory. For this reason, it is expected that the axion “appears” after
a phase transition in the early Universe at very high energies/temperatures ⇠ fa. This phase transition
is controlled by an order parameter, typically the VEV of some other field, e.g. the VEV of S in KSVZ .
When this order parameter takes the low temperature value, the PQ symmetry becomes spontaneously
broken and a “flat” direction appears in the potential, the QCD axion. The same scheme applies for

19

− entirely lab experiments
(LSW, POL, 5th force)

− helioscopes, stellar astrophysics
− haloscopes/cosmology

dependent
− QCD axion allowed

from I.G. Irastorza and J. Redondo, arXiv:1801.08127v2 [hep-ph]
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HALOSCOPES: DEMONSTRATORS AND NEW PROPOSALS

Sikivie concept
axion-photon
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In 1983, Sikivie proposed an elegant and ingenious ex-
periment to detect dark-matter axions by their resonant con-
version to RF photons in a microwave cavity permeated by a
strong magnetic field3 (see figure 1). When the cavity is tuned
to the resonant frequency, the conversion power is propor-
tional to B2VQ, where B is the magnetic-field strength, V the
cavity volume, and Q its quality factor, the figure of merit of
how good the cavity is as a microwave resonator. The axion
signal would appear as excess energy in a narrow peak above
background with a width on the order of a part per million.
The expected signal would also be model-dependent, but ex-
ceedingly tiny, measured in yoctowatts (10−24 W), currently
the smallest SI unit of power. In comparison, the last signal
ever received from the 7.5-W transmitter aboard Pioneer 10 in
2002, then 12.1 billion kilometers from Earth, was a prodi-
gious 2.5 × 10−21 W. And unlike with the axion, physicists
knew its frequency!

Fortunately, the photon couplings of quite different
axion models cluster in a tight band. The band indicates the
constraint between the axion’s mass and how strongly it cou-
ples to photons. Historically, the various models have served
as goalposts for experimentalists. As pictured along the cen-
ter of the blue band in figure 2, one prototypical example of
a general class of axions is denoted KSVZ (for Kim-Shifman-
Vainshtein-Zakharov); at the lower edge of the blue band is
the most pessimistic model, the grand-unification-theory-
inspired DFSZ (for Dine-Fischler-Srednicki-Zhitnitskii).

In the late 1980s, pioneering experiments performed in
cavity resonators of just a few liters’ volume—one by a col-
laboration of the University of Rochester, Brookhaven Na-
tional Laboratory, and Fermilab, and the other by the Uni-
versity of Florida—already achieved power sensitivities
within a factor of 100 to 1000 of the model band over a nar-
row range in frequency.4,5

In an actual search, however, signal power is one of only
three factors that an experimenter can control. The ultimate
signal-to-noise ratio, and hence detectability, of any signal is
governed by the Dicke radiometer equation,

where s/n is the signal-to-noise ratio, ∆ν the bandwidth of the
signal, t the integration time, and Ps and Pn the signal and noise
power, respectively, and Tn the system’s total noise tempera-
ture. Consider these practical issues: The size and cost of su-
perconducting magnets limit increasing the signal power, and
the need to scan decades in frequency within a finite number
of years limits the integration time at each frequency. There-
fore, reducing a system’s noise temperature—that is, the sum
of the physical temperature and the equivalent electronic-
noise temperature of the amplifier—is the best strategy. 

Getting colder
By scaling up the cavity volume and, more importantly, 
using ultra-low-noise microwave technology, two second-
generation experiments are now under way to detect galac-
tic-halo axions. The efforts are complementary, even in the
quantum sense: The experiment at Lawrence Livermore Na-
tional Laboratory (LLNL) exploits the character of photon-
as-wave, while the other at Kyoto University has gone the
photon-as-particle route.

In its first phase of operation, now concluded, the Axion
Dark Matter Experiment (ADMX) at LLNL used heterojunc-
tion field-effect transistor (HFET) amplifiers to listen for the
axion–photon conversion in a microwave cavity. The ampli-
fiers represented a major leap in ultra-low-noise amplifier
technology when introduced into common use in the 1970s,
and the ADMX experiment benefited from the long-term 
development program at the National Radio Astronomy 
Observatory, which delivered packaged amplifiers of ever-
improving noise performance for the radio astronomy
community.6 In those devices, electrons from an aluminum-
doped gallium arsenide layer fall into the GaAs two-
dimensional quantum well that serves as the FET channel.
The FET electrons are transported ballistically, with minimal
scattering and thus minimal electronic noise. The amplifiers
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Figure 1. The Axion Dark
Matter Experiment at
Lawrence Livermore National
Laboratory is designed to
detect an axion by its decay
into a single, real
microwave photon in the
presence of a magnetic field
B. The experiment consists
of three basic components:
a powerful 8-tesla supercon-
ducting magnet, a high-Q
and tunable cavity, and an
ultrasensitive microwave
amplifier as the front end of
a radio receiver. The experi-
mental tower is shown here being withdrawn from the mag-
net and cryostat, which extends 4 meters below floor level.
The exposed disks are thermal shields to insulate the cavity
and detector electronics held at 1.5 K. The challenge is to
detect any slight excess in microwave photons in a narrow
peak above thermal and electronic noise during a search.
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In 1983, Sikivie proposed an elegant and ingenious ex-
periment to detect dark-matter axions by their resonant con-
version to RF photons in a microwave cavity permeated by a
strong magnetic field3 (see figure 1). When the cavity is tuned
to the resonant frequency, the conversion power is propor-
tional to B2VQ, where B is the magnetic-field strength, V the
cavity volume, and Q its quality factor, the figure of merit of
how good the cavity is as a microwave resonator. The axion
signal would appear as excess energy in a narrow peak above
background with a width on the order of a part per million.
The expected signal would also be model-dependent, but ex-
ceedingly tiny, measured in yoctowatts (10−24 W), currently
the smallest SI unit of power. In comparison, the last signal
ever received from the 7.5-W transmitter aboard Pioneer 10 in
2002, then 12.1 billion kilometers from Earth, was a prodi-
gious 2.5 × 10−21 W. And unlike with the axion, physicists
knew its frequency!

Fortunately, the photon couplings of quite different
axion models cluster in a tight band. The band indicates the
constraint between the axion’s mass and how strongly it cou-
ples to photons. Historically, the various models have served
as goalposts for experimentalists. As pictured along the cen-
ter of the blue band in figure 2, one prototypical example of
a general class of axions is denoted KSVZ (for Kim-Shifman-
Vainshtein-Zakharov); at the lower edge of the blue band is
the most pessimistic model, the grand-unification-theory-
inspired DFSZ (for Dine-Fischler-Srednicki-Zhitnitskii).

In the late 1980s, pioneering experiments performed in
cavity resonators of just a few liters’ volume—one by a col-
laboration of the University of Rochester, Brookhaven Na-
tional Laboratory, and Fermilab, and the other by the Uni-
versity of Florida—already achieved power sensitivities
within a factor of 100 to 1000 of the model band over a nar-
row range in frequency.4,5

In an actual search, however, signal power is one of only
three factors that an experimenter can control. The ultimate
signal-to-noise ratio, and hence detectability, of any signal is
governed by the Dicke radiometer equation,

where s/n is the signal-to-noise ratio, ∆ν the bandwidth of the
signal, t the integration time, and Ps and Pn the signal and noise
power, respectively, and Tn the system’s total noise tempera-
ture. Consider these practical issues: The size and cost of su-
perconducting magnets limit increasing the signal power, and
the need to scan decades in frequency within a finite number
of years limits the integration time at each frequency. There-
fore, reducing a system’s noise temperature—that is, the sum
of the physical temperature and the equivalent electronic-
noise temperature of the amplifier—is the best strategy. 

Getting colder
By scaling up the cavity volume and, more importantly, 
using ultra-low-noise microwave technology, two second-
generation experiments are now under way to detect galac-
tic-halo axions. The efforts are complementary, even in the
quantum sense: The experiment at Lawrence Livermore Na-
tional Laboratory (LLNL) exploits the character of photon-
as-wave, while the other at Kyoto University has gone the
photon-as-particle route.

In its first phase of operation, now concluded, the Axion
Dark Matter Experiment (ADMX) at LLNL used heterojunc-
tion field-effect transistor (HFET) amplifiers to listen for the
axion–photon conversion in a microwave cavity. The ampli-
fiers represented a major leap in ultra-low-noise amplifier
technology when introduced into common use in the 1970s,
and the ADMX experiment benefited from the long-term 
development program at the National Radio Astronomy 
Observatory, which delivered packaged amplifiers of ever-
improving noise performance for the radio astronomy
community.6 In those devices, electrons from an aluminum-
doped gallium arsenide layer fall into the GaAs two-
dimensional quantum well that serves as the FET channel.
The FET electrons are transported ballistically, with minimal
scattering and thus minimal electronic noise. The amplifiers
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INTRODUCTION Introduction QUAX

QUAX
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 =  ̄(x)(i~�µ@µ � mc) (x) � igpa(x) ̄(x)�5 (x)

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

�µ are the 4 Dirac matrices, �5 = i�0�1�2�3

gp dimensionless pseudo-scalar coupling constant

Non-relativistic limit of the Euler-Lagrange equation:
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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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AXION DETECTION BY RESONANT INTERACTION WITH e− SPIN
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In 1983, Sikivie proposed an elegant and ingenious ex-
periment to detect dark-matter axions by their resonant con-
version to RF photons in a microwave cavity permeated by a
strong magnetic field3 (see figure 1). When the cavity is tuned
to the resonant frequency, the conversion power is propor-
tional to B2VQ, where B is the magnetic-field strength, V the
cavity volume, and Q its quality factor, the figure of merit of
how good the cavity is as a microwave resonator. The axion
signal would appear as excess energy in a narrow peak above
background with a width on the order of a part per million.
The expected signal would also be model-dependent, but ex-
ceedingly tiny, measured in yoctowatts (10−24 W), currently
the smallest SI unit of power. In comparison, the last signal
ever received from the 7.5-W transmitter aboard Pioneer 10 in
2002, then 12.1 billion kilometers from Earth, was a prodi-
gious 2.5 × 10−21 W. And unlike with the axion, physicists
knew its frequency!

Fortunately, the photon couplings of quite different
axion models cluster in a tight band. The band indicates the
constraint between the axion’s mass and how strongly it cou-
ples to photons. Historically, the various models have served
as goalposts for experimentalists. As pictured along the cen-
ter of the blue band in figure 2, one prototypical example of
a general class of axions is denoted KSVZ (for Kim-Shifman-
Vainshtein-Zakharov); at the lower edge of the blue band is
the most pessimistic model, the grand-unification-theory-
inspired DFSZ (for Dine-Fischler-Srednicki-Zhitnitskii).

In the late 1980s, pioneering experiments performed in
cavity resonators of just a few liters’ volume—one by a col-
laboration of the University of Rochester, Brookhaven Na-
tional Laboratory, and Fermilab, and the other by the Uni-
versity of Florida—already achieved power sensitivities
within a factor of 100 to 1000 of the model band over a nar-
row range in frequency.4,5

In an actual search, however, signal power is one of only
three factors that an experimenter can control. The ultimate
signal-to-noise ratio, and hence detectability, of any signal is
governed by the Dicke radiometer equation,

where s/n is the signal-to-noise ratio, ∆ν the bandwidth of the
signal, t the integration time, and Ps and Pn the signal and noise
power, respectively, and Tn the system’s total noise tempera-
ture. Consider these practical issues: The size and cost of su-
perconducting magnets limit increasing the signal power, and
the need to scan decades in frequency within a finite number
of years limits the integration time at each frequency. There-
fore, reducing a system’s noise temperature—that is, the sum
of the physical temperature and the equivalent electronic-
noise temperature of the amplifier—is the best strategy. 

Getting colder
By scaling up the cavity volume and, more importantly, 
using ultra-low-noise microwave technology, two second-
generation experiments are now under way to detect galac-
tic-halo axions. The efforts are complementary, even in the
quantum sense: The experiment at Lawrence Livermore Na-
tional Laboratory (LLNL) exploits the character of photon-
as-wave, while the other at Kyoto University has gone the
photon-as-particle route.

In its first phase of operation, now concluded, the Axion
Dark Matter Experiment (ADMX) at LLNL used heterojunc-
tion field-effect transistor (HFET) amplifiers to listen for the
axion–photon conversion in a microwave cavity. The ampli-
fiers represented a major leap in ultra-low-noise amplifier
technology when introduced into common use in the 1970s,
and the ADMX experiment benefited from the long-term 
development program at the National Radio Astronomy 
Observatory, which delivered packaged amplifiers of ever-
improving noise performance for the radio astronomy
community.6 In those devices, electrons from an aluminum-
doped gallium arsenide layer fall into the GaAs two-
dimensional quantum well that serves as the FET channel.
The FET electrons are transported ballistically, with minimal
scattering and thus minimal electronic noise. The amplifiers
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B. The experiment consists
of three basic components:
a powerful 8-tesla supercon-
ducting magnet, a high-Q
and tunable cavity, and an
ultrasensitive microwave
amplifier as the front end of
a radio receiver. The experi-
mental tower is shown here being withdrawn from the mag-
net and cryostat, which extends 4 meters below floor level.
The exposed disks are thermal shields to insulate the cavity
and detector electronics held at 1.5 K. The challenge is to
detect any slight excess in microwave photons in a narrow
peak above thermal and electronic noise during a search.
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EPR/FMR technique

− By placing a ferrimagnetic sample in a static magnetic field B (⊥ axion wind)
it is possible to tune the Larmor frequency of the electrons to the axion fre-
quency νa (spin σ is along the z axis).
− Ba deposits in the sample the power Pa = Ba

dM
dt Vs = 4πγµBνaB2

aτminnsVs
− Pa gives rise to RF/µwave radiation⇐= axion signal
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RADIATION DAMPING

The dynamics of the magnetic sample is well described by its magnetization
M, whose evolution is given by the Bloch equations. The damping term affects
the maximum allowed coherence hence the integration time of the magnetic
system with respect to the axion driving input Pa.
=⇒ strong coupling regime (hybrid photon-magnon mode)

Sikivie concept
axion-photon
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In 1983, Sikivie proposed an elegant and ingenious ex-
periment to detect dark-matter axions by their resonant con-
version to RF photons in a microwave cavity permeated by a
strong magnetic field3 (see figure 1). When the cavity is tuned
to the resonant frequency, the conversion power is propor-
tional to B2VQ, where B is the magnetic-field strength, V the
cavity volume, and Q its quality factor, the figure of merit of
how good the cavity is as a microwave resonator. The axion
signal would appear as excess energy in a narrow peak above
background with a width on the order of a part per million.
The expected signal would also be model-dependent, but ex-
ceedingly tiny, measured in yoctowatts (10−24 W), currently
the smallest SI unit of power. In comparison, the last signal
ever received from the 7.5-W transmitter aboard Pioneer 10 in
2002, then 12.1 billion kilometers from Earth, was a prodi-
gious 2.5 × 10−21 W. And unlike with the axion, physicists
knew its frequency!

Fortunately, the photon couplings of quite different
axion models cluster in a tight band. The band indicates the
constraint between the axion’s mass and how strongly it cou-
ples to photons. Historically, the various models have served
as goalposts for experimentalists. As pictured along the cen-
ter of the blue band in figure 2, one prototypical example of
a general class of axions is denoted KSVZ (for Kim-Shifman-
Vainshtein-Zakharov); at the lower edge of the blue band is
the most pessimistic model, the grand-unification-theory-
inspired DFSZ (for Dine-Fischler-Srednicki-Zhitnitskii).

In the late 1980s, pioneering experiments performed in
cavity resonators of just a few liters’ volume—one by a col-
laboration of the University of Rochester, Brookhaven Na-
tional Laboratory, and Fermilab, and the other by the Uni-
versity of Florida—already achieved power sensitivities
within a factor of 100 to 1000 of the model band over a nar-
row range in frequency.4,5

In an actual search, however, signal power is one of only
three factors that an experimenter can control. The ultimate
signal-to-noise ratio, and hence detectability, of any signal is
governed by the Dicke radiometer equation,

where s/n is the signal-to-noise ratio, ∆ν the bandwidth of the
signal, t the integration time, and Ps and Pn the signal and noise
power, respectively, and Tn the system’s total noise tempera-
ture. Consider these practical issues: The size and cost of su-
perconducting magnets limit increasing the signal power, and
the need to scan decades in frequency within a finite number
of years limits the integration time at each frequency. There-
fore, reducing a system’s noise temperature—that is, the sum
of the physical temperature and the equivalent electronic-
noise temperature of the amplifier—is the best strategy. 

Getting colder
By scaling up the cavity volume and, more importantly, 
using ultra-low-noise microwave technology, two second-
generation experiments are now under way to detect galac-
tic-halo axions. The efforts are complementary, even in the
quantum sense: The experiment at Lawrence Livermore Na-
tional Laboratory (LLNL) exploits the character of photon-
as-wave, while the other at Kyoto University has gone the
photon-as-particle route.

In its first phase of operation, now concluded, the Axion
Dark Matter Experiment (ADMX) at LLNL used heterojunc-
tion field-effect transistor (HFET) amplifiers to listen for the
axion–photon conversion in a microwave cavity. The ampli-
fiers represented a major leap in ultra-low-noise amplifier
technology when introduced into common use in the 1970s,
and the ADMX experiment benefited from the long-term 
development program at the National Radio Astronomy 
Observatory, which delivered packaged amplifiers of ever-
improving noise performance for the radio astronomy
community.6 In those devices, electrons from an aluminum-
doped gallium arsenide layer fall into the GaAs two-
dimensional quantum well that serves as the FET channel.
The FET electrons are transported ballistically, with minimal
scattering and thus minimal electronic noise. The amplifiers
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Figure 1. The Axion Dark
Matter Experiment at
Lawrence Livermore National
Laboratory is designed to
detect an axion by its decay
into a single, real
microwave photon in the
presence of a magnetic field
B. The experiment consists
of three basic components:
a powerful 8-tesla supercon-
ducting magnet, a high-Q
and tunable cavity, and an
ultrasensitive microwave
amplifier as the front end of
a radio receiver. The experi-
mental tower is shown here being withdrawn from the mag-
net and cryostat, which extends 4 meters below floor level.
The exposed disks are thermal shields to insulate the cavity
and detector electronics held at 1.5 K. The challenge is to
detect any slight excess in microwave photons in a narrow
peak above thermal and electronic noise during a search.
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CHAPTER 4

Characterization of the Hybridized System

In this chapter we characterize the hybridized system in the cavity-QED framework by means of
microwave network analysis, in order to set the optimal experimental conditions for the investigation
of the photoinduced opto-magnetic phenomenon. The characterization is performed in the frequency
domain through measurements of the S-coefficients, which describe the behaviour of the system in
terms of reflection and transmission of microwave signals. The transmission analysis allows to study
the hybridezed modes and to examine the influence of the sample properties on the coupling regime,
and the reflection coefficient allows to set the least perturbative detection condition at which the
radiated power can be measured during the opto-magnetic excitation.

4.1 Experimental Setup
The experimental apparatus for the study of the hybridized system is pictorially shown in figure 4.1(a).

Figure 4.1: (a) Experimental set up. (b) Microwave magnetic field lines of the cavity TE102 mode.

We have analyzed the coupling regimes that take place in a microwave cavity with a 2mm YIG
sphere and of a 1.8mm-diameter, 2.7mm-length YIG cylinder. The sphere is glued to an alumina
(aluminum–oxide) rod that identifies the crystal axis [110] , while the cylinder is sustained by a support
of the same material as illustrated in fig. 4.2.
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EXPERIMENTAL CHALLENGES

6HDUFKLQJ $[LRQV WKURXJK FRXSOLQJ ZLWK VSLQ� WKH 48$; H[SHULPHQW

�QG :RUNVKRS RQ 0LFURZDYH &DYLWLHV DQG 'HWHFWRUV IRU $[LRQ 5HVHDUFK � //1/ QLFROR�FUHVFLQL#SKG�XQLSG�LW

)XWXUH GHYHORSPHQWV

,QFUHDVLQJ WKH SRZHU

,QFUHDVLQJ WKH VLJQDO UDWH⇒ LQFUHDVLQJ WKH YROXPH RI WKH VDPSOH

7KH XVH RI PXOWLSOH <,* VSKHUHV KDV EHHQ WHVWHG DW URRP WHPSHUDWXUH
�� *+] F\OLQGULFDO FDYLW\ �GHVLJQ E\ 'DYLG $OHVLQL�
LQVLGH D VWDWLF PDJQHWLF ILHOG SDUDOOHO WR WKH FDYLW\ D[LV

�� � ��

6HDUFKLQJ $[LRQV WKURXJK FRXSOLQJ ZLWK VSLQ� WKH 48$; H[SHULPHQW

�QG :RUNVKRS RQ 0LFURZDYH &DYLWLHV DQG 'HWHFWRUV IRU $[LRQ 5HVHDUFK � //1/ QLFROR�FUHVFLQL#SKG�XQLSG�LW

([SHULPHQWDO UHVXOWV

([SHULPHQWDO DSSDUDWXV �RXWHU SDUWV�
←6WDWLF PDJQHWLF ILHOG ZLWK HOHFWURPDJQHWV
DQG IXOO DSSDUDWXV� ↓

�� � ��
I magnetized material with spin density 2× 1028 m−3 and FMR linewidth ∼ 150 kHz (τ2 ∼ 2µs)
I necessary magnetized sample volume ∼ 100 cm3 to be hosted in ∼ 50 GHz frequency cavities
I ∼ 106 Q-factor cavity/cavities
I ppm level uniformity and high stability of the 2 T magnetic field
I signal detection beyond SQL with linear amplifiers =⇒ single-photon microwave detectors
I 100 mK working temperature of the complete apparatus
I frequency tunability
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QUAX DEMONSTRATOR

Sikivie concept
axion-photon
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In 1983, Sikivie proposed an elegant and ingenious ex-
periment to detect dark-matter axions by their resonant con-
version to RF photons in a microwave cavity permeated by a
strong magnetic field3 (see figure 1). When the cavity is tuned
to the resonant frequency, the conversion power is propor-
tional to B2VQ, where B is the magnetic-field strength, V the
cavity volume, and Q its quality factor, the figure of merit of
how good the cavity is as a microwave resonator. The axion
signal would appear as excess energy in a narrow peak above
background with a width on the order of a part per million.
The expected signal would also be model-dependent, but ex-
ceedingly tiny, measured in yoctowatts (10−24 W), currently
the smallest SI unit of power. In comparison, the last signal
ever received from the 7.5-W transmitter aboard Pioneer 10 in
2002, then 12.1 billion kilometers from Earth, was a prodi-
gious 2.5 × 10−21 W. And unlike with the axion, physicists
knew its frequency!

Fortunately, the photon couplings of quite different
axion models cluster in a tight band. The band indicates the
constraint between the axion’s mass and how strongly it cou-
ples to photons. Historically, the various models have served
as goalposts for experimentalists. As pictured along the cen-
ter of the blue band in figure 2, one prototypical example of
a general class of axions is denoted KSVZ (for Kim-Shifman-
Vainshtein-Zakharov); at the lower edge of the blue band is
the most pessimistic model, the grand-unification-theory-
inspired DFSZ (for Dine-Fischler-Srednicki-Zhitnitskii).

In the late 1980s, pioneering experiments performed in
cavity resonators of just a few liters’ volume—one by a col-
laboration of the University of Rochester, Brookhaven Na-
tional Laboratory, and Fermilab, and the other by the Uni-
versity of Florida—already achieved power sensitivities
within a factor of 100 to 1000 of the model band over a nar-
row range in frequency.4,5

In an actual search, however, signal power is one of only
three factors that an experimenter can control. The ultimate
signal-to-noise ratio, and hence detectability, of any signal is
governed by the Dicke radiometer equation,

where s/n is the signal-to-noise ratio, ∆ν the bandwidth of the
signal, t the integration time, and Ps and Pn the signal and noise
power, respectively, and Tn the system’s total noise tempera-
ture. Consider these practical issues: The size and cost of su-
perconducting magnets limit increasing the signal power, and
the need to scan decades in frequency within a finite number
of years limits the integration time at each frequency. There-
fore, reducing a system’s noise temperature—that is, the sum
of the physical temperature and the equivalent electronic-
noise temperature of the amplifier—is the best strategy. 

Getting colder
By scaling up the cavity volume and, more importantly, 
using ultra-low-noise microwave technology, two second-
generation experiments are now under way to detect galac-
tic-halo axions. The efforts are complementary, even in the
quantum sense: The experiment at Lawrence Livermore Na-
tional Laboratory (LLNL) exploits the character of photon-
as-wave, while the other at Kyoto University has gone the
photon-as-particle route.

In its first phase of operation, now concluded, the Axion
Dark Matter Experiment (ADMX) at LLNL used heterojunc-
tion field-effect transistor (HFET) amplifiers to listen for the
axion–photon conversion in a microwave cavity. The ampli-
fiers represented a major leap in ultra-low-noise amplifier
technology when introduced into common use in the 1970s,
and the ADMX experiment benefited from the long-term 
development program at the National Radio Astronomy 
Observatory, which delivered packaged amplifiers of ever-
improving noise performance for the radio astronomy
community.6 In those devices, electrons from an aluminum-
doped gallium arsenide layer fall into the GaAs two-
dimensional quantum well that serves as the FET channel.
The FET electrons are transported ballistically, with minimal
scattering and thus minimal electronic noise. The amplifiers
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Figure 1. The Axion Dark
Matter Experiment at
Lawrence Livermore National
Laboratory is designed to
detect an axion by its decay
into a single, real
microwave photon in the
presence of a magnetic field
B. The experiment consists
of three basic components:
a powerful 8-tesla supercon-
ducting magnet, a high-Q
and tunable cavity, and an
ultrasensitive microwave
amplifier as the front end of
a radio receiver. The experi-
mental tower is shown here being withdrawn from the mag-
net and cryostat, which extends 4 meters below floor level.
The exposed disks are thermal shields to insulate the cavity
and detector electronics held at 1.5 K. The challenge is to
detect any slight excess in microwave photons in a narrow
peak above thermal and electronic noise during a search.
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4

scheme of the cavity, material and magnet setup is repre-
sented in the left part of Fig. 4.

In the strong coupling regime the splitted mode frequen-
cies are f+ = 14.061GHz and f� = 13.903GHz, yielding a
splitting g = 158MHz. The coupling g scales exactly withp

nsVs, in fact g =
p

5d , where d ' 71MHz is the mea-
sured splitting due to a single sphere. This means that all
the spins are coherently participating to the material-cavity
mode, and ensures that all the spheres magnetization easy
axes are aligned along B0. We use g to calculate the effective
number of spins in the sample using the relation described
by Eq. (5), we obtain ns = 2.13⇥1028 m�3. The weakly cou-
pled linewidth is 0.7MHz, yielding a critically coupled one
of k+/2p = 1.4MHz, corresponding to the hybrid modes re-
laxation times t� ' t+ = 0.11 µs.

The detection electronics consists in an amplification chain
which has two inputs, called Input Channel 1 and 2, (IC-
1 and IC-2, respectively). Channel 1 measures the signal
power, while Channel 2 has calibration and characterization
purposes. A cryogenic switch is used to select the desired
channel:

IC-1 - The rf power inside the cavity is collected with a
dipole antenna whose coupling to the cavity can be changed
using an external micro-manipulator, allowing us to switch
continuously from sub-critical to over-critical coupling.
For optimal measurement conditions, we tune the an-
tenna to critical coupling by doubling the sub-critical
linewidth of the selected mode;

IC-2 - A 50 W termination RJ , enclosed in a copper block
together with a heater resistance, is used as Johnson noise
source. The emitted power can be used to calibrate the
noise temperature of the system and the total gain, de-
tailed in Section 3.1.

The detection electronics, as shown in Fig. 4, is divided into
a liquid helium temperature part (LTE) and a room tem-
perature part(HTE). The collected power is amplified by a
HEMT cryogenic low-noise amplifier (A1) with gain GA1 '
38dB. To avoid the back-action noise of the amplifier, a
cryogenic isolator with 18 dB of isolation is inserted in the
chain. The HTE consists of a room temperature FET ampli-
fier (A2), with GA2 ' 34dB, followed by an IQ mixer used
to down-convert the signal with a local oscillator (LO).

In principle, it is possible to acquire the signal coming
from both hybrid modes using two mixers working at f+ and
f�. In our simplified scheme we choose to work only with
f+, thus setting the LO frequency to fLO = f+ � 0.5MHz
and its amplitude to 12 dBm. The antenna output at the hy-
brid mode frequency is down-converted in the 0 - 1 MHz
band, allowing us to efficiently digitize the signal. The phase
and quadrature outputs are fed to two low frequency ampli-
fiers (A3I,Q), with a gain of G3 ' 50dB each, and are ac-
quired by a 16 bit ADC sampling at 2 MHz.

T = 4 K

Magnetic field

GaYIG

MW cavity

-2
0
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50⌦

RJ

switch

�+

heater

A1

A2

input

Low frequency
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output

I

Q

A3I

A3Q

A
D
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T

T T

Fig. 4 Left - Simplified scheme (not to scale) of the experimental ap-
paratus showing the high temperature and low temperature electron-
ics (HTE and LTE) and the source oscillator (SO). Right - Electronics
layout. From bottom to top, the blue-dashed line encloses the cryo-
genic part of the apparatus, the crossed rectangles represent the mag-
net, the orange rectangle is the cavity with black spheres inside stand-
ing for the ferrimagnetic material. At the top of the cavity are located
the sub-critical antenna (left) and the variably-coupled antenna (right).
The sub-critical antenna is connected with a room temperature atten-
uator and then to the source oscillator SO, while the other antenna is
connected to one of the switch inputs. The other input is the 50 W re-
sistor RJ , and the gray rectangle is the plate where RJ is placed and
that can be heated with a current generator. The output of the switch is
connected to an isolator and then to the A1 and A2 amplifiers. The rf
coming from A2 is down-converted by mixing it with a local oscillator
LO. The two outputs, phase I and quadrature Q, are fed into the low
frequency amplifiers A3I and A3Q, and eventually to the ADC. The red
T ’s are thermometers.

A weakly coupled dipole antenna is used to inject low
power signals and make transmission measurements of the
system using a source oscillator, SO. All the apparatus de-
vices are referenced to a GPS disciplined, oven controlled,
local oscillator. The cryogenic part of the apparatus is en-
closed in a vacuum vessel immersed in liquid helium, as
shown schematically in Fig. 4. Measurements are performed
at temperatures Tc ⇠ Ta ' 5.0K and Tr ' 5.5K, as read by
the cavity, amplifier and RJ thermometers, respectively.

3.1 Calibration and measurements

For the calibration of the system, the load RJ is heated to a
temperature Tr, as described in Section 3. Using IC-2 it is
possible to measure the Johnson noise of RJ in the tempera-

five 1-mm YIG spheres (Vs =2.6 mm3)
HEMT low noise cryogenic amplifier

7

Fig. 8 Excluded values of the gaee coupling (blue area) compared to
its theoretical prediction for the DFSZ axion model (orange line) and
a DM density of 0.45 GeV/cm3. The green shaded area is excluded
by white dwarf cooling [57–59], while the black dashed line is the
best upper limit obtained with solar axion searches relying on the axio-
electric effect [60–66].

4.1 Improvements and discovery potential

To push the present sensitivity towards smaller values of the
coupling constant gaee, several improvements should be im-
plemented. In fact, using Eq. (4), the power released by a
DFSZ-axion wind in the five GaYIG spheres of our proto-
type is
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corresponding to a rate ra ⇠ 10�10 Hz of 14 GHz photons,
which is clearly not detectable. To have a statistically signif-
icant signal within a reasonable integration time it is manda-
tory to increase the signal rate, for example in the mHz
range, that will give tens counts per day. The present sensi-
tivity to the power deposited in the system by the axion wind
maintains an excess photon rate of order 100photons/s.

Short term improvements that will be installed in the
prototype include a larger volume of narrow-linewidth mag-
netic material, namely 10 YIG spheres of 2 mm diameter,
a lower cavity temperature with dilution refrigeration and
the use of a Josephson Parametric Amplifier (JPA). The in-
creased volume will enhance the axionic signal of a factor
16. As for the noise reduction, a working temperature of
100 mK will reduce the thermal fluctuations and there are
hints suggesting that it can also reduce the YIG linewidth.
Ultra cryogenic temperatures allow us to use JPAs as first-
stage amplifier to drastically increase the sensitivity, since
its noise temperature can be of the order of 100 mK. The up-
graded prototype should be capable of setting a limit on the
effective magnetic field Bm two orders of magnitude better
than the present one.

To achieve the QUAX goal [41], the detector requires an
improvement of three to four more orders of magnitude in
sensitivity, which can be obtained increasing the signal and
reducing the noise. Using a Vs ' 0.1liters and tmin ' 1 µs,
the axionic power deposited in the system is ⇠ 10�27 W.
This power is smaller than the quantum noise, meaning that
a quantum counter, immune to such noise, must be exploited
to push the sensitivity to the axion level [67, 68].

To scan different axion masses we must vary the work-
ing frequency of the haloscope. A large tuning can be achieved
by changing both the cavity mode resonance frequency and
the Larmor frequency (i. e. the static magnetic field B0). A
small frequency tuning is possible by varying only B0: in
this case, a scanning of several MHz is possible without a
significant reduction of the sensitivity.

In the favored case of a signal detection, its nature can be
systematically studied by QUAX. Since the axion signal is
persistent, it will be possible to infer DM properties by using
the directionality of the apparatus. Moreover, this setup is
able to test different axion models, measuring separately the
axion-to-photon and axion-to-electron couplings. In fact the
apparatus has also the features of a Sikivie haloscope [24],
and can be sensitive to the axion-photon coupling by using
a suitable cavity mode.

5 Conclusions

We described the operation of a prototype of the QUAX ex-
periment, a ferromagnetic haloscope sensitive to DM axion
through their interaction with electron spin. Our findings in-
dicate the possibility of performing electron spin resonance
measurements of a sizable quantity of material inside a cav-
ity cooled down to cryogenic temperatures. By using low
noise electronics we search for extra power injected in the
system that could be due to DM axions. We reach a power
sensitivity of 10�22 W that can be translated to an upper limit
on the the coupling constant gaee < 4.9⇥ 10�10 for an ax-
ion mass of 58 µeV, which, to our knowledge, is the first
measurement of the coupling between cosmological axions
and electrons. The sensitivity of our apparatus is presently
limited only by the noise temperature of the system and
thermodynamic fluctuations, as it reached the limit of Dicke
radiometer equation. The overall behavior of the apparatus
was as expected, and thus we are confident that the planned
upgrades will be effective.
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∇a couples to the relativistic fermion spin as an effective magnetic field Ba
that can be searched with magnetic resonance experiments

Sikivie concept
axion-photon
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In 1983, Sikivie proposed an elegant and ingenious ex-
periment to detect dark-matter axions by their resonant con-
version to RF photons in a microwave cavity permeated by a
strong magnetic field3 (see figure 1). When the cavity is tuned
to the resonant frequency, the conversion power is propor-
tional to B2VQ, where B is the magnetic-field strength, V the
cavity volume, and Q its quality factor, the figure of merit of
how good the cavity is as a microwave resonator. The axion
signal would appear as excess energy in a narrow peak above
background with a width on the order of a part per million.
The expected signal would also be model-dependent, but ex-
ceedingly tiny, measured in yoctowatts (10−24 W), currently
the smallest SI unit of power. In comparison, the last signal
ever received from the 7.5-W transmitter aboard Pioneer 10 in
2002, then 12.1 billion kilometers from Earth, was a prodi-
gious 2.5 × 10−21 W. And unlike with the axion, physicists
knew its frequency!

Fortunately, the photon couplings of quite different
axion models cluster in a tight band. The band indicates the
constraint between the axion’s mass and how strongly it cou-
ples to photons. Historically, the various models have served
as goalposts for experimentalists. As pictured along the cen-
ter of the blue band in figure 2, one prototypical example of
a general class of axions is denoted KSVZ (for Kim-Shifman-
Vainshtein-Zakharov); at the lower edge of the blue band is
the most pessimistic model, the grand-unification-theory-
inspired DFSZ (for Dine-Fischler-Srednicki-Zhitnitskii).

In the late 1980s, pioneering experiments performed in
cavity resonators of just a few liters’ volume—one by a col-
laboration of the University of Rochester, Brookhaven Na-
tional Laboratory, and Fermilab, and the other by the Uni-
versity of Florida—already achieved power sensitivities
within a factor of 100 to 1000 of the model band over a nar-
row range in frequency.4,5

In an actual search, however, signal power is one of only
three factors that an experimenter can control. The ultimate
signal-to-noise ratio, and hence detectability, of any signal is
governed by the Dicke radiometer equation,

where s/n is the signal-to-noise ratio, ∆ν the bandwidth of the
signal, t the integration time, and Ps and Pn the signal and noise
power, respectively, and Tn the system’s total noise tempera-
ture. Consider these practical issues: The size and cost of su-
perconducting magnets limit increasing the signal power, and
the need to scan decades in frequency within a finite number
of years limits the integration time at each frequency. There-
fore, reducing a system’s noise temperature—that is, the sum
of the physical temperature and the equivalent electronic-
noise temperature of the amplifier—is the best strategy. 

Getting colder
By scaling up the cavity volume and, more importantly, 
using ultra-low-noise microwave technology, two second-
generation experiments are now under way to detect galac-
tic-halo axions. The efforts are complementary, even in the
quantum sense: The experiment at Lawrence Livermore Na-
tional Laboratory (LLNL) exploits the character of photon-
as-wave, while the other at Kyoto University has gone the
photon-as-particle route.

In its first phase of operation, now concluded, the Axion
Dark Matter Experiment (ADMX) at LLNL used heterojunc-
tion field-effect transistor (HFET) amplifiers to listen for the
axion–photon conversion in a microwave cavity. The ampli-
fiers represented a major leap in ultra-low-noise amplifier
technology when introduced into common use in the 1970s,
and the ADMX experiment benefited from the long-term 
development program at the National Radio Astronomy 
Observatory, which delivered packaged amplifiers of ever-
improving noise performance for the radio astronomy
community.6 In those devices, electrons from an aluminum-
doped gallium arsenide layer fall into the GaAs two-
dimensional quantum well that serves as the FET channel.
The FET electrons are transported ballistically, with minimal
scattering and thus minimal electronic noise. The amplifiers
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Figure 1. The Axion Dark
Matter Experiment at
Lawrence Livermore National
Laboratory is designed to
detect an axion by its decay
into a single, real
microwave photon in the
presence of a magnetic field
B. The experiment consists
of three basic components:
a powerful 8-tesla supercon-
ducting magnet, a high-Q
and tunable cavity, and an
ultrasensitive microwave
amplifier as the front end of
a radio receiver. The experi-
mental tower is shown here being withdrawn from the mag-
net and cryostat, which extends 4 meters below floor level.
The exposed disks are thermal shields to insulate the cavity
and detector electronics held at 1.5 K. The challenge is to
detect any slight excess in microwave photons in a narrow
peak above thermal and electronic noise during a search.
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media: Xe, 3He
− can be completely polarized
− t2 ∼ 1000 s coherence time
− low frequency [no radiation damping!]
− mN/me = 2000 [much smaller ALP masses vs QUAX]

PROSPECTED SENSITIVITY
? phase I [1 cm3 sample]
? three ranges of Be :

(0.1-14) T→ ma ∼neV÷µeV

(10−4 − 0.1)T→ ma ∼peV÷neV and Be < 10−4 (ZULF)
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Figure 24: Left: limits on ga�n and prospects for CASPEr-Electric. Right: Limits on gaN and prospects
of CASPEr “wind” experiments. From [600].

crucial di↵erences due to the fact that the electron mass is much smaller than a nucleon’s. For one,
the Larmor frequencies are larger by a factor of mN/me ⇠ 2000 and therefore much larger ALP masses
are accessible. Indeed, QUAX focuses on the ma ⇠ 200 µeV (ma/2⇡ ⇠ 48 GHz) range where Be ⇠ 1.7
T. Second, electron spin precession has much shorter coherence times because electrons emit dipole
radiation very e�ciently. In order to overcome this di�cultly, QUAX proposes to build a resonant MW
cavity around the sample in the strongly coupled regime to inhibit damping. As a consequence, the
detection scheme greatly changes. The spin-preccesion resonance hybridises with the electromagnetic
mode of the cavity and the e↵ect of ALP DM is to excite this hybrid mode. The signal is picked up
with an electromagnetic antenna, dominated by amplifier and thermal noise familiar from the haloscope
techniques. In order to reach QCD axion sensitivity with CAe ⇠ O(1) like for DFSZ models, they require
sensitivity below the standard quantum noise, i.e. a single photon counter and ultralow temperatures
⇠ 100 mK are required [599]. Such a photon counter could be extremely interesting not only for QUAX
but for every other experiment searching for axion/ALP DM coupled to photons in the multi GHz range
like MADMAX, ORPHEUS and ORGAN. Moreover, it would also allow a considerale improvement of
a LSW experiment along the lines of the proposed STAX [438].

7.5 Atomic transitions

DM axions can produce atomic excitations in a target material to levels with an energy di↵erence equal
to the axion mass. This can happen via the axion couplings to the spin of electrons or the spin of the
nucleus. The use of the Zeeman e↵ect has been proposed [604] to split the ground state of atoms to
e↵ectively create atomic transition of energy levels that are tunable to the axion mass, by changing the
external magnetic field. The excited state is then e�ciently brought to a higher energy level (at visible
or NIR energies) by a properly tuned pump laser that is permanently shining on the target. The photon
produced in the deexcitation of this state is then detected by conventional means.

According to preliminary estimates [604], obtaining relevant count rates requires one to instrument
target materials of ⇠kg mass cooled down to mK temperatures, reaching sensitivity to axion models
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axion DM field ≡ oscillating EDMs

θ(t) ∼ θ0 + θ≈ cos(mAt), θ≈ ∼ 4× 10−19 fixed by ρ̃A
− p and n have EDMs ∝ θ =⇒ their EDMs trace the axion
DM oscillations: dn(t) ' 0.0024× θ≈ cos(ωt) e fm.

DETECTION STRATEGY: a useful analogy

the ferroelectric material displays intrinsic electric fields Eint
at the nucleus position
dn(t) · Eint ⇐⇒ µNB⊥(t)
i.e. the interaction of the induced nEDM with Eint is equiv-
alent to the interaction of the spin with an oscillating B-field
transverse to Be (B⊥(t))
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Figure 23: Left: Schematic of the detection of an oscillating nuclear EDM caused by ALP DM in
the CASPEr-Electric experiment. Adapted from [593]. Right: Schematic of an implementation of the
pick-up coil in a toroidal magnet. The ALP DM field excites an oscillating Ea field along the field lines
of a static toroidal field Be. The oscillating Ea induces an oscillating Ba field along the symmetric axis
read by a pickup coil connected to a SQUID. Adapted from [592].

where v = k/! is the axion DM velocity. As explained in sec. 4.1, the velocity of the ALP field takes
a coherence time (4.10) to change and sweeps values according to a velocity distribution like (4.2) but
the Sun orbital motion around the Galaxy ensures that a non-zero velocity is singled out on average,
v� ⇠ 220 km/s ⇠ 0.7 ⇥ 10�3. This Ba field is therefore smaller than Ea by factor ⇠ �v ⇠ 10�3 in the
DM field. On the other hand, the axion-induced Ea-field can produce a current in a conductor or similar
that induces a new B-field. For instance, in the dish antenna concept, EM waves are radiated o↵ the
disk and they feature B-fields of size |B| = |Ea|. Regardless of its origin, the small oscillating magnetic
field could be measured by a carefully placed pick-up coil and associated amplifying LC circuit. The
amplified signal can then be detected by a sensitive magnetometer like a SQUID. The first proposal
by Sikivie [591] considered measuring the small intrinsic B-field, while further ideas were presented to
measured the secondary B created by Ea [151,592]. The signal strength depends on the magnetic flux
going through the pick-up coil, which, for relevant configurations, and provided the axion wavelength is
much larger than the dimensions of the magnet, is proportional to BeVBe , where VBe is the total volume
of the magnet. This method could achieve competitive sensitivity for very low masses ma . 10�6 eV,
if implemented in magnet volumes of few m3 volumes and few T fields.

Particularly appealing is the implementation of this concept in a toroidal magnet geometry providing
a toroidal23 oscillating Ea because the pickup coil can then be placed in the centre of the toroid, where
the static background magnetic field is practically zero [592]. As proposed in [592], the concept allows
for a non-resonance (i.e. broadband) mode of operation, in which the coil is inductively coupled to the
SQUID without a tunable capacitor, see Fig. 23. This mode of operation has the advantage of probing
large ranges in ma at once (something particularly useful also in the search for hidden photons [151]),
and is more e�cient than the narrowband mode for lower axion masses. When in narrowband mode,
the amplifying resonance is produced externally by the LC circuit and not by mechanical modification
of the cavity, which makes tuning in principle easier than in conventional haloscopes.

Two teams are already developing experimental setups implementing this concept. The DM-
Radio [594] team is setting up a pathfinder experiment at Stanford University with a liter-scale detector,

23In earnest, the solution Ea = �ga�Bea has been obtained for a homogeneous background Be field and not valid for
a toroidal field. It should be however a good approximation in the limit where the radius is much larger than `a.
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=⇒ a resonant increase of the transverse
magnetization when B⊥(t) oscillates at a frequency
matching ωL is expected!

M⊥ ' pnNµN|dn|Eintt
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Figure 23: Left: Schematic of the detection of an oscillating nuclear EDM caused by ALP DM in
the CASPEr-Electric experiment. Adapted from [593]. Right: Schematic of an implementation of the
pick-up coil in a toroidal magnet. The ALP DM field excites an oscillating Ea field along the field lines
of a static toroidal field Be. The oscillating Ea induces an oscillating Ba field along the symmetric axis
read by a pickup coil connected to a SQUID. Adapted from [592].

where v = k/! is the axion DM velocity. As explained in sec. 4.1, the velocity of the ALP field takes
a coherence time (4.10) to change and sweeps values according to a velocity distribution like (4.2) but
the Sun orbital motion around the Galaxy ensures that a non-zero velocity is singled out on average,
v� ⇠ 220 km/s ⇠ 0.7 ⇥ 10�3. This Ba field is therefore smaller than Ea by factor ⇠ �v ⇠ 10�3 in the
DM field. On the other hand, the axion-induced Ea-field can produce a current in a conductor or similar
that induces a new B-field. For instance, in the dish antenna concept, EM waves are radiated o↵ the
disk and they feature B-fields of size |B| = |Ea|. Regardless of its origin, the small oscillating magnetic
field could be measured by a carefully placed pick-up coil and associated amplifying LC circuit. The
amplified signal can then be detected by a sensitive magnetometer like a SQUID. The first proposal
by Sikivie [591] considered measuring the small intrinsic B-field, while further ideas were presented to
measured the secondary B created by Ea [151,592]. The signal strength depends on the magnetic flux
going through the pick-up coil, which, for relevant configurations, and provided the axion wavelength is
much larger than the dimensions of the magnet, is proportional to BeVBe , where VBe is the total volume
of the magnet. This method could achieve competitive sensitivity for very low masses ma . 10�6 eV,
if implemented in magnet volumes of few m3 volumes and few T fields.

Particularly appealing is the implementation of this concept in a toroidal magnet geometry providing
a toroidal23 oscillating Ea because the pickup coil can then be placed in the centre of the toroid, where
the static background magnetic field is practically zero [592]. As proposed in [592], the concept allows
for a non-resonance (i.e. broadband) mode of operation, in which the coil is inductively coupled to the
SQUID without a tunable capacitor, see Fig. 23. This mode of operation has the advantage of probing
large ranges in ma at once (something particularly useful also in the search for hidden photons [151]),
and is more e�cient than the narrowband mode for lower axion masses. When in narrowband mode,
the amplifying resonance is produced externally by the LC circuit and not by mechanical modification
of the cavity, which makes tuning in principle easier than in conventional haloscopes.

Two teams are already developing experimental setups implementing this concept. The DM-
Radio [594] team is setting up a pathfinder experiment at Stanford University with a liter-scale detector,

23In earnest, the solution Ea = �ga�Bea has been obtained for a homogeneous background Be field and not valid for
a toroidal field. It should be however a good approximation in the limit where the radius is much larger than `a.
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axion DM field ≡ oscillating EDMs

θ(t) ∼ θ0 + θ≈ cos(mAt), θ≈ ∼ 4× 10−19 fixed by ρ̃A
− p and n have EDMs ∝ θ =⇒ their EDMs trace the axion
DM oscillations: dn(t) ' 0.0024× θ≈ cos(ωt) e fm.

DETECTION STRATEGY: a useful analogy

the molecules are polarized so as to develop large intrinsic
electric fields Eint at the nucleus position
dn(t) · Eint ⇐⇒ µNB⊥(t)
i.e. the interaction of the induced nEDM with Eint is equiv-
alent to the interaction of the spin with an oscillating B-field
transverse to Be (B⊥(t))
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Figure 24: Left: limits on ga�n and prospects for CASPEr-Electric. Right: Limits on gaN and prospects
of CASPEr “wind” experiments. From [600].

crucial di↵erences due to the fact that the electron mass is much smaller than a nucleon’s. For one,
the Larmor frequencies are larger by a factor of mN/me ⇠ 2000 and therefore much larger ALP masses
are accessible. Indeed, QUAX focuses on the ma ⇠ 200 µeV (ma/2⇡ ⇠ 48 GHz) range where Be ⇠ 1.7
T. Second, electron spin precession has much shorter coherence times because electrons emit dipole
radiation very e�ciently. In order to overcome this di�cultly, QUAX proposes to build a resonant MW
cavity around the sample in the strongly coupled regime to inhibit damping. As a consequence, the
detection scheme greatly changes. The spin-preccesion resonance hybridises with the electromagnetic
mode of the cavity and the e↵ect of ALP DM is to excite this hybrid mode. The signal is picked up
with an electromagnetic antenna, dominated by amplifier and thermal noise familiar from the haloscope
techniques. In order to reach QCD axion sensitivity with CAe ⇠ O(1) like for DFSZ models, they require
sensitivity below the standard quantum noise, i.e. a single photon counter and ultralow temperatures
⇠ 100 mK are required [599]. Such a photon counter could be extremely interesting not only for QUAX
but for every other experiment searching for axion/ALP DM coupled to photons in the multi GHz range
like MADMAX, ORPHEUS and ORGAN. Moreover, it would also allow a considerale improvement of
a LSW experiment along the lines of the proposed STAX [438].

7.5 Atomic transitions

DM axions can produce atomic excitations in a target material to levels with an energy di↵erence equal
to the axion mass. This can happen via the axion couplings to the spin of electrons or the spin of the
nucleus. The use of the Zeeman e↵ect has been proposed [604] to split the ground state of atoms to
e↵ectively create atomic transition of energy levels that are tunable to the axion mass, by changing the
external magnetic field. The excited state is then e�ciently brought to a higher energy level (at visible
or NIR energies) by a properly tuned pump laser that is permanently shining on the target. The photon
produced in the deexcitation of this state is then detected by conventional means.

According to preliminary estimates [604], obtaining relevant count rates requires one to instrument
target materials of ⇠kg mass cooled down to mK temperatures, reaching sensitivity to axion models
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SEARCHING THE AXION AT HIGHER MASSES
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dish antenna concept: photons are emitted by reflective/refractive
surfaces in a magnetic field Be and the DM halo field Ba

Ea =
gaγBe a(t)

ε
ALP field in a medium with dielectric constant ε

→ to satisfy the continuity conditions at a boundary, the pure ALP-like
wave goes with photon-like waves

Pdish

Phaloscope
∝ m2

aA
Q

a dish with a magnetized area ofA ∼ 1 m2 competes
with an Q ∼ Qa ∼ 106 haloscope at ma ∼ 200µeV
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SEARCHING THE AXION AT HIGHER MASSES

axion-photon

BRASS

MADMAX

Magnetized Disc and Mirror
Axion Experiment

In MADMAX a boost factor N2
d is considered

Nd number of dielectric disks

by adjusting the distances between the layers, the frequency dependence
of the boosted sensitivity can be adjusted to different bandwidths
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AXION DETECTION WITH ATOMIC TRANSITIONSwww.nature.com/scientificreports/
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ADMX searches have excluded the mass range 1.9 < ma < 3.69 µeV18,19. The experiment HAYSTAC (formally 
ADMX-High Frequency)20, designed specifically to search for axions in the 20–100 µeV range (5–25 GHz), has 
recently reached cosmologically relevant sensitivity at 24 µeV (~5.8 GHz).

The axion-electron coupling, explicitly predicted by DFSZ models11–13, can be considered to envisage another 
class of haloscopes, thereby providing the opportunity to discriminate among axion models in case of detection. 
Complementary approaches may prove crucial to determine the fractional amount of axions as DM constituent. 
For instance, inhomogeneous filled cavities, in which the effective axion field is converted to magnetization oscil-
lations of a ferrimagnet, are under study21. In this case, single photon detection is required, and it can be realized 
by e.g. superconducting circuit devices acting as quantum bits properly coupled to the cavity photons22,23, but as 
yet their dark count rate still exceeds the axion interaction rate.

Approaches described so far are affected by an extremely poor sensitivity for axion masses above 0.2 meV 
(~50 GHz), where the effective detector volume is a critical issue. Extension to the mass range up to 1 meV 
(250 GHz) may be rather accomplished in suitable condensed matter experiments, in which the space parameters 
hardly accessible to cavity technology could be tackled with the upconversion scheme investigated in this work, 
whereby cosmological axions cause transitions between Zeeman split levels of suitable atomic species.

As target atoms we consider rare-earth (RE) elements inserted as dopants in crystalline matrices, where they 
exist as trivalent ions, substitutional for one of the atoms of the host with the same valence state and similar ionic 
radius. Among RE ions, those with an odd number of 4f electrons are called Kramers ions24, and have electronic 
doublet levels with magnetic moments of the order of 1–10 Bohr magnetons µB. Therefore, using Kramers dou-
blets, axion-induced spin transitions can take place in the GHz range with application of moderate magnetic 
fields. For instance, in Er3+, the calculated splitting spans from 20 to 120 GHz with applied magnetic fields in 
the interval 0.4 to 2.5 T25, which translates to a large tunability in the favoured cosmological axion mass window.

In the direct axion-electron coupling26,27 the interaction energy is µ∇
→

⋅ →g e a( /2 )ae , where the term ∇
→g e a( /2 )ae  

plays the role of an effective oscillating field, µ→ is the electron magnetic moment with electric charge e and gae is 
the coupling constant17. Resonant condition is met when the Zeeman splitting energy is mac2. As schematized in 
Fig. 1(a), the axion excitation is upconverted by a pump laser to photons in visible or infrared ranges, where single 
photon detection with ultra-low dark count rate has been already demonstrated28–30.

The proposed detection scheme is based on electronic transitions between states within a f4  configuration of 
the trivalent RE, with positions of the discrete energy levels minimally perturbed by the crystal-field due to the 
screening action of the 5s and 5p orbitals24. It is immediately evident that a first requirement for the feasibility of 
such a scheme is related to the the linewidth of the transition driven by the laser, which must be narrower than the 
energy difference between the atomic levels | 〉0  and | 〉i .

Detectability of axions in this scheme can be at first discussed by considering only the thermal excitation of the 
atomic level as fundamental noise limit. Backgrounds of different nature are left for experimental investigations 
in the second part of the work.

We consider one mole of target atoms in the ground state | 〉0  and, using Eq. 8 of ref.31, we establish the transi-
tion rate to the level | 〉i  by axion absorption on resonance:

ρ
µ

τ τ
= . ×

⎛
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⎜⎜⎜ .
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Figure 1. (a) Detection scheme: axion induced transitions take place between the Zeeman split ground state 
levels, then a laser pumps the excited atoms to a fluorescent level. (b) Laser-induced fluorescence experimental 
setup. During the tests the crystal is immersed LHe and superfluid He. Fluorescence is collected orthogonally 
to the laser propagation direction by means of a mirror (M) that couples light to a 10 cm-long quartz guide. 
Optical filters (F) are set in front of the InGaAs photodiode (PD) or photomultiplier tube (PMT) to remove 
stray light. (c) Portion of the energy level diagram of YLiF4:Er3+ and transitions that are relevant for the present 
work58. Downward arrows indicate fluorescence transitions when ground state absorption takes place at about 
809 nm laser pump wavelength.

I axion-induced transitions take place between Zeeman-split
ground state levels in rare-earth doped materials

I transitions involve electrons in the 4f shell (as if they were free atoms. . . )
I a tunable laser pumps the excited atoms to a fluorescent level
I crystal immersed in LHe and superfluid He
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AXION DETECTION IN RE-DOPED MATERIALS
For one mole of target atoms (RE-dopant) in the ground state |0〉, the transition rate to the level |i〉 by axion absorption on resonance
(P. Sikivie PRL (2016))

NARi = 8.5× 10−3
(

ρa

0.4 GeV/cm3

)( Ea

330µeV

)2
g2

i

(
v2

10−6c2

)(min(t, τ, τ∇a)

10−6 s

)
Hz

where Ri is the transition rate of a single target atom, NA is the Avogadro number, Ea = hνa is the axion energy

→ spectroscopic properties at “high” RE concentration (0.1 %, i.e. > 1019 axion target electrons/cm3)
in ∼ 1 l- active volume

the linewidth of the transition driven by the laser
must be narrower than the energy difference
between the atomic levels |0〉 and |i〉 4I15/2, 5/2

4I9/2, 9/2

1  

4  

3  2  

1  

2  

3  

4  

809.029 nm

808.996 nm

808.990 nm
808.955 nm

B = 0  B = 370 mT  

(a)

(c)

(b)

B = 0  
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AXION DETECTION IN RE-DOPED MATERIALS: WORKING T

Thermal occupation of the Zeeman upper level needs to be suppressed

fundamental noise limit→ thermal excitation of the
Zeeman excited level

NARt = n̄/τ

n̄ = NA exp (−Ea/kT) average number of excited ions in
the energy level Ea
SNR= 3, statistically significant number of counts
within tm = 1 h
→ thermal excitation rate Rt = 6× 10−3 Hz

τ = 1 ms level lifetime→ n̄ 6 5 · 10−6

Axions with mass greater than 80 GHz can be searched,
provided T 6 57 mK.

=⇒ ultra-cryogenic (T ∼ 100 mK) optical apparatus
Laser-related backgrounds (∼ 10 W/cm2)?

4I9/2, 9/2

4I15/2, 15/2

]17 cm-1

0
200
400
600
800

1000

0 5 10 15 20 25 30 35

LIF
 (m

V)

I (W/cm2)

The pump laser does not affect the thermal population
of the Zeeman excited level [up to a ∼W/cm2 intensity]
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AXION DETECTION STRATEGIES: THERE’S MUCH MORE!

I DM HALOSCOPES: interaction of axions forming DM Galactic halo with SM elementary particles
(photons, nuclei, and electrons)

− ADMX, HAYSTAC (ADMX-HF)
− QUAX
− CASPEr-wind
− CASPEr-Electric (EDM induced on nuclear spin)
− ATOMIC TRANSITIONS

I HELIOSCOPES: axion production in the Sun
− CAST, Baby-IAXO
− TASTE, SUMICO

I PURE LABORATORY EXPERIMENTS
− LSW (Light Shining through Wall), PVLAS (vacuum polarization)
− axion-mediated 5th force measurements
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Figure 18: Exclusion regions from haloscope searches (in green) expressed in terms of |Ca�|
p
%̃a. We

display Ca� in the sense of Ca� = ga�fA(2⇡/↵) from (2.42) by rescaling sensitivities on ga� by the
known relation between fA, mA. Some of the regions tentatively within reach of future experiments are
indicated as semi-transparent green areas. Some of those regions are dependent, to di↵erent extents, on
successful completion of R&D on novel detection concepts, as explained in the text. Regions explored
and projected by helioscopes are also shown (in blue). As usual the yellow band and orange line
represent the QCD axion models and the benchmark KSVZ model respectively. The sketch on top
shows the mass ranges for which total DM density can be obtained in di↵erent models, as explained in
section 3.1.1.

in this case) to appropriately shape the modes to maximize Gm. In this respect it is similar to a category
of e↵orts in the community that try to overcome the problem of e↵ectively coupling a large cavity to
the ALP DM field for V � �3

a. It is worth noting that the basic idea was already anticipated in an
early work by D. Morris and presented in an unpublished preprint [578].

The fundamental issue with a large V cavity is that the ALP DM field tends to couple to a high
harmonic, which does not couple e↵ectively to a homogeneous excitation. This situation is nicely
explained already in a 1D cavity of length z 2 (0, L) and TE mode functions E / x̂ sin(knz) with
kn = ⇡n/L, n 2 1, 2, ... The ALP DM field resonates with a mode when the condition ma = ⇡n/L

70

from I.G. Irastorza and J. Redondo, arXiv:1801.08127v2 [hep-ph]



INTRODUCTION DETECTION STRATEGIES CONVENTIONAL HALOSCOPE R&D AXION−fermion R&D AXION-PHOTON ATOMIC TRANSITIONS

AXION-ELECTRON COUPLING
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Figure 2: Review of current constraints on an ALP coupled to electrons in the mass-coupling plane, (ma,
gae). Yellow regions contain DFSZ models respecting unitarity constraints on the SM Yukawa couplings
and Hadronic axion models –like KSVZ – where the electron coupling arises from the 2-photon-loop
and is proportional to E/N . The gae coupling is bounded from stellar physics, solar physics and
searches for solar axions via gae-channel in underground experiments. See text for details. The hint of
gae = 1.6+0.29

�0.34 ⇥ 10�13 [79] from stellar physics (see section 3.2) is also shown.

an ALP. Deviations from flatness are related with explicit violations of the global shift symmetry, most
importantly the axion/ALP mass, which is responsible for ALPs becoming DM. We assume that these
deviations are irrelevant at the scale fa by considering ma ⌧ fa. In the QCD axion case this is even
more so because the axion potential arises from the G eGA interaction and QCD instantons, which are
extremely suppressed at high temperatures. Thus, at the phase transition, the ALP field is e↵ectively
massless and will take di↵erent vacuum expectation values VEVs in regions of the Universe that are
causally disconnected, i.e. of size comparable with the causal horizon ⇠ t (cosmic time). One speaks of
di↵erent “patches” of the scale of the horizon, but of course they are smoothly patched together. At the
phase transition, ALP interactions with the thermal bath are not expected to be small, at least with
the particles closely related to them. Therefore some thermal ALP population is expected on top of this
smooth field. The wavelength related to the VEV is of horizon size, ⇠ t, while the typical wavelength
for thermal fluctuations is ⇠ t(T/mP) ⌧ 1 with T temperature and mP = 1/

p
GN = 1.22 ⇥ 1019

GeV the Planck mass. Usually one has T ⇠ fa ⌧ mP so there is a huge separation of scales between
the long-wavelength ALPs and their thermal counterpart. If the ALP is a periodic field, like in the
cases where it corresponds to the phase of a new scalar field (PQWW , KSVZ , DFSZ ...) or fermion

20

from I.G. Irastorza and J. Redondo, arXiv:1801.08127v2 [hep-ph]
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ENERGY LEVEL DIAGRAM OF RE3+ IN LaCl3
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Fig. 11.29 Energy level diagrams of trivalent rare earth ions of RE3+ in LaCl3 (“Dieke-diagram”) [11.37]
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Fig. 11.29 Energy level diagrams of trivalent rare earth ions of RE3+ in LaCl3 (“Dieke-diagram”) [11.37]
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– further splitting by spin-orbit interaction 103 cm−1

– crystal field (Stark splitting)
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ENERGY SPLITTINGS IN RE-DOPED MATERIALS
1.2. Line broadening and vibronic side bands 19

Figure 1.2: Scheme of the energy levels splitting due to the different types of interactions. [9].

to the energy level splitting is summarized.
The influence of crystal-field and, more generally, the coupling with the crystal envi-

ronment, is much stronger for the 5d energy levels than for the 4f ones. As a consequence,
the crystal field interaction cannot be treated as a perturbation term and the previuos es-
timations can be applied only to 4fn levels. In spite of this, from experimentally estimated
parameters by Dorenbos [10] it is possible to predict the 5d energy levels for the twelve
Lantanides in hundreds of different host materials with an accuracy of ± 600 cm�1.

1.2. Line broadening and vibronic side bands

The several factors that determine the linewidth and the line profile of absorption and
fluorescence of optically active centers can be divided into two types: homogeneous and
inhomogeneous. The former broadens the line of each atom in the same way and the
line profile is generally close to a Lorentzian function, whereas the latter distributes the
resonance frequencies of the atom over a given band and the line profile is close to a
Gaussian function [2, 11].

Highly disordered crystalline structure can be an important inhomogeneous factor,
especially at low temperature: each rare earth ion experiences a quite different local en-
vironment which influences the energy of the ion level. As a consequence, inhomogeneous
linewidth as large as 100 cm�1 may be occur. For the same reason, the narrowest lines

104 cm−1 = 1.24 eV
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