
Axions	from	the	Sun?	

Exploring	the	low-energy	frontier	with	the	
International	Axion	Observatory	IAXO

Figure 11. Schematic view of IAXO. Shown are the cryostat, eight telescopes+detector lines, the
flexible lines guiding services into the magnet, cryogenics and powering services units, inclination
system and the rotating platform for horizontal movement. The dimensions of the system can be
appreciated by a comparison to the human figure positioned by the rotating table [29].

The necessary magnet services for vacuum, helium supply, current and controls are rotating
along with the magnet.

Each of the eight magnet bores is equipped with x-ray telescopes that rely on the high
x-ray reflectivity on multi-layer surfaces at grazing angles. By means of nesting, that is,
placing concentric co-focal x-ray mirrors inside one another, large surface of high-throughput
optics can be built. The IAXO collaboration envisions using optics similar to those used
on NASA’s NuSTAR [? ], an x-ray astrophysics satellite with two focusing telescopes that
operate in the 3 - 79 keV band. The NuSTAR’s optics, shown in Figure 12, consists of
thousands of thermally-formed glass substrates deposited with multilayer coatings to enhance
the reflectivity above 10 keV. For IAXO, the mirror arrangement and coatings are designed
to match the solar axion spectrum. The conceptual design of the IAXO telescopes [180] can
be seen on the right of Figure 12. As proven in [28, 29, 180], this technology can equip the
aperture area of IAXO magnet bores with focalization e�ciency of around 0.6 and focal spot
areas of about 0.2 cm2.

At the focal plane in each of the optics, IAXO will have low-background x-ray detectors.
The baseline technology for these detectors are small gaseous chambers read by pixelated
planes of micro-mesh gas structure (Micromegas) [181]. These detectors have been success-
fully used and developed in CAST and other low background applications [182]. The latest
CAST detectors have achieved background levels below 10�6 counts keV�1 cm�2 s�1 with
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Is	the	Standard	Model	complete?
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Is	the	Standard	Model	complete?

For	sure:	it	is	not!

Electro-weak	scale	is	not	stable	– Why	is	mH so	small?

What	gives	mass	to	neutrinos?

What	creates	the	baryon	asymmetry	of	the	Universe?

What	conserves	CP	in	the	strong	interaction?

What	is	the	Dark	Matter?

What	is	Dark	Energy?

Do	we	understand	stars	and	radiation	in	the	Universe?

Need	multiple	approaches!

Colliders at	high	energy

Accelerators with high	intensity

Ultraprecision experiments in	atomic +	nuclear physics

Exploit strong	astrophysical particle/photon sources

Exploit	strong	magnetic	fields

! = 1
$ %

1T			� 300	MV/m
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Vision:	Axions	from	the	sun?

Neutrino	image	of	the	Sun
[Superkamiokande]

2025:	Axion	image	of	the	sun???
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• Five	reasons	to	like	Axions

• Axions	and	ALPS:	What	are	they?

• Axions	and	ALPS:	How	to	find	them?

• International	Axion	Observatory	IAXO

Outline
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Five	reasons	to	like	Axions	and	ALPS

Electric Dipole Moments (EDM)

+
–

~d

Spin ~s

permanent separation of
positive and negative charge
fundamental property of
particles
(like magnetic moment, mass,
charge)
existence of EDM only possible
via violation of time reversal T
and parity P symmetry
has nothing do due with electric
dipole moments observed in
some molecules (e.g. water
molecule)

3 / 27

QCD	allows	for:

induces	non-zero	neutron	EDM:	

measurement	

Citation: C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016) and 2017 update

p → µ−η > 8 × 103 90% 297

p → e−K0
S > 900 90% 337

p → µ−K0
S > 4 × 103 90% 326

p → e−K0
L > 9 × 103 90% 337

p → µ−K0
L > 7 × 103 90% 326

p → e−γγ > 2 × 104 90% 469

p → µ−γγ > 2 × 104 90% 463

p → e−ω > 200 90% 143
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Mass m = 1.0086649159 ± 0.0000000005 u
Mass m = 939.565413 ± 0.000006 MeV [a]

(mn − mn )/ mn = (9 ± 6) × 10−5

mn − mp = 1.2933321 ± 0.0000005 MeV
= 0.00138844919(45) u

Mean life τ = 880.2 ± 1.0 s (S = 1.9)
cτ = 2.6387 × 108 km

Magnetic moment µ = −1.9130427 ± 0.0000005 µN

Electric dipole moment d < 0.30 × 10−25 e cm, CL = 90%
Mean-square charge radius

!
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= −0.1161 ± 0.0022
fm2 (S = 1.3)

Magnetic radius
#

!
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= 0.864+0.009
−0.008 fm

Electric polarizability α = (11.8 ± 1.1) × 10−4 fm3

Magnetic polarizability β = (3.7 ± 1.2) × 10−4 fm3

Charge q = (−0.2 ± 0.8) × 10−21 e

Mean nn-oscillation time > 2.7 × 108 s, CL = 90% (free n)
Mean nn-oscillation time > 1.3×108 s, CL = 90% [g ] (bound n)
Mean nn′-oscillation time > 414 s, CL = 90% [h]

pe− νe decay parameterspe− νe decay parameterspe− νe decay parameterspe− νe decay parameters [i ]

λ ≡ gA / gV = −1.2723 ± 0.0023 (S = 2.2)
A = −0.1184 ± 0.0010 (S = 2.4)
B = 0.9807 ± 0.0030
C = −0.2377 ± 0.0026
a = −0.103 ± 0.004
φAV = (180.017 ± 0.026)◦ [j ]

D = (−1.2 ± 2.0) × 10−4 [k]

R = 0.004 ± 0.013 [k]
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extreme	fine	tuning	!?!?

Axions...

1. … may solve	the	strong	CP	problem
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Five	reasons	to	like	Axions	and	ALPS

[Redondo]

Despite	their	small	mass,	axions	are	viabale
Dark	Matter	candidate
Non-thermal	production	à non	relativistic
Abundance	depends	on	details	of	early	universe	physics	!

Axions...

1. … may solve	the	strong	CP	problem

2. … may be	the	Dark	Matter
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Five	reasons	to	like	Axions	and	ALPS

Axions...

1. … may solve	the	strong	CP	problem

2. … may be	the	Dark	Matter

3. … may explain	TeV transparency

[Horns,	Meyer;	Troitsky;	…]
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Five	reasons	to	like	Axions	and	ALPS

Axions	and/or ALPS

1. … may solve	the	strong	CP	problem

2. … may be	the	Dark	Matter

3. … may explain	TeV transparency

4. … may explain	anomalous	star	cooling
some	stars	appear	to	cool	down	faster	than
expected	from	standard	stellar	evolution

4 hints

Strong CP problem /  PQ solution

dn /
✓
✓SM +

hAi
fA

◆
n

Gµ⌫
eGµ⌫

o

✓

✓SM +
A

fA

◆

V (A) ⇠ 1

2
�

✓
✓SM +

A

fA

◆2

The QCD Axion cancels the effect of any constant  

⌦h2
c ' 0.12

r
ma

meV

✓
ai

3⇥ 1012 GeV
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cold DM in oscillations [cosmology dependent]

-ray transparency / photon regeneration�

Too many gamma-rays from far away sources?

low estimate of opacity vs ALP-mediated regeneration 

Trostski 2017

potential min.
hAi/fA = �✓SM

✓SM

Dark matter / vacuum realignment 

pick up a vacuum when quasi-degenerate ups! not the lowest ... oscillate!

Anomalous Star cooling / ALP emission

Theory fits better some observations with ALPs

ALP bremstrahlung

e

Giannotti 2016
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Five	reasons	to	like	Axions	and	ALPS

Axions...

1. … may solve	the	strong	CP	problem

2. … may be	the	Dark	Matter

3. … may explain	TeV transparency

4. … may explain	anomalous	star	cooling

5. … are well-motivated	by	string	theory

10



The	(QCD)	Axion

11

R.	Peccei &	H.	Quinn	(1977)

F.	Wilczek (1978)

S.	Weinberg	(1978)

ℒ'( = − *+
8- .̅	5

678578 ℒ'( = − *+
8-

F(G)
HI

	5678578

a(x):	Axion	field
fa :	“Peccei-Quinn	scale”

- a(x)	arises	as	from	spontaneously	broken	U(1)	
at	(large)	scale	fa

- a(x)	acquires	a	mass	(potential)	a(x)	is	driven	to	
minimum	(CP-conserving)

- a(x)	has	a	generic	coupling	to	gluons	



The	Axion	mass

E	~	fa (large)
- spontaneously	broken	U(1)
- Axion	=	Nambu-Goldstone

Boson	(massless)

E	~	ΛQCD
- QCD	instanton	effects	break	

U(1)	explicitely
- “tilted	mexican hat”
- Axion	=	Pseudo-Nambu-

Goldstone Boson	(massive)
- drives	Potential	to	Θ =	0
- CP	symmetry	restored	

after	Raffelt
12

1 Introduction

Axions and axion-like particles (ALPs), as well as other more generic categories of particles
(weakly interacting sub-eV particles, WISPs) at the low-mass frontier [1–3] are attiring a
strong interest as a portal for new physics, candidates to the dark Universe, or as solutions
of poorly understood astrophysical phenomena. The detection of these particles in terrestrial
experiments is currently pursued by a number of experimental techniques [4]. In this exper-
imental landscape, The International Axion Observatory (IAXO) stands out as one of the
most ambitious projects under consideration. It is our purpose here to review the theoretical,
cosmological and astrophysical motivation to carry out the primary goal of IAXO, i.e. the
search for solar axions with sensitivity much beyond previous similar searches and well into
unexplored axion and ALP parameter space. We will focus on more recent developments af-
fecting regions of parameter space at reach of IAXO, as well as those highlighting its novelty
and complementarity within the larger set of axion experimental e↵orts.

Axions appear in extensions of the Standard Model (SM) featuring the Peccei-Quinn
(PQ) mechanism [5, 6] to solve the strong-CP problem [7]. This mechanism postulates a
new U(1) global symmetry (the PQ symmetry) that is spontaneously broken at a high scale
fa. The axion is the field a that appears as the pseudo-Nambu-Goldstone boson of the new
symmetry. The PQ mechanism fixes some of the properties of the axion [8, 9], like a small
axion mass ma ' 6meV(109GeV/fa), acquired via mixing with the pseudoscalar mesons.
Model independently, axions interact with hadrons and photons via the same mixing. All
the axion couplings are suppressed by the PQ symmetry scale fa, which is not determined
by theory. More concrete axion properties depend on the specific implementation of the PQ
symmetry and its relation with the SM fields. If the fermions of the SM do not have PQ
charge, axions do not couple with them at tree level. These are called “hadronic axions”,
of which the Kim-Shifman-Vainshtein-Zakharov (KSVZ) [10, 11] model is an often quoted
example. Other models, like the Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) [12, 13], feature
tree-level coupling with SM fermions, e.g., the axion electron coupling gae.

The coupling with photons is the most relevant for experiments:

La� ⌘ �ga�
4

aFµ⌫F̃µ⌫ = ga� E ·B a , (1.1)

where F is the electromagnetic field-strength tensor and F̃ its dual, while E and B are the
electric and magnetic fields, and

ga� =
↵

2⇡fa
C� , (1.2)

being C� a model parameter of order unity, for DFSZ C� ' 0.75, whereas for KSVZ C� '
�1.92, if the new heavy quarks are taken without electric charge.

For those models that feature coupling to electrons at tree level, gae = Caeme/fa where
me is the electron mass and Cae is again a coe�cient of order 1 given by specifics of the
model. For instance in the DSFZ model Cae =

1
3 cos

2 � where tan� is the ratio of the v.e.vs
of the two Higgses present in the theory. When Cae is zero at tree-level, a non-zero value is
generated by radiative corrections, but being loop-suppressed is typically irrelevant.

In more general ALP models the couplings and the mass ma (or fa) are regarded as
independent parameters. ALPs can arise in many extensions of the SM featuring global
symmetries that are spontaneously broken at some high energy. In particular, a plenitude

– 2 –



The	QCD-Axion
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Axionlike Particles	(ALPS)

14

Axion	ma ~	1/fa

ALPS			ma and	fa independent

ALPS	may	arise	“generically”	from	
“any”	broken	U(1)	symmetry…

There may be more than one ALP	



The	Axion/ALP	mass	predictions

15

• A	difficult	job…
• Mass constraints depend on	requirements on	the considered Axion/ALP	

(e.g.	explain QCD,	DM,	anomalies)
• Mass constraints depend on	model assumptions

(e.g.	early universe conditions/assumptions pre/post inflation for DM)
Examples:

 K
SV

Z

Q
C

D
 a

xi
on

IAXO

ALPS-II

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

CAST HB

10-14

10 -13

10 -12

10 -11

10 -10

10 -9

m   [eV]φ

CMB τ

E
B

L
X

-r
ay

T
el

es
co

p
es

Fig. 5: The predicted relation between the ALP (inflaton) mass mφ and the coupling to
photons gφγγ for cγ = 0.01, 0.1, and 1 shown as red lines. The dark shaded regions are
excluded by various experiments and astrophysical/cosmological observaitons. The dashed
lines represent the projected sensitivity of the next generation axion search experiments,
ALPS-II [51] and IAXO [31, 32]. For comparison, the predicted range for the QCD axion
is shown as thin soild line and the light shaded (yellow) region. (Figure arranged from
Ref. [50].) The shaded circle represents a sweet spot region where the ALP miracle takes
place.

If the inflaton has a coupling to photons as Eq. (26), the (averaged) perturbative decay
rate is given by

Γ0(φ→ γγ) =
α2c2γ
64π3

m3
eff

f 2
, (31)

which decreases faster than the Hubble parameter. Therefore, even if the ALP decayed at
the rate given above (without any thermal effects), it could not complete the reheating. In
fact, soon after a small fraction of the inflaton decays into photons, the produced photons
quickly form thermal plasma, and its back reaction to the inflaton decay becomes relevant.

Due to the finite temperature effects, there are roughly two changes. Firstly, there
appears a thermal blocking effect. In thermal plasma produced by the inflaton decay, photons
acquire a thermal mass m(th)

γ of order eT , where e is the electromagnetic gauge coupling.
If the thermal mass of photons exceeds the effective inflaton mass, the inflaton decay is

11

[Daido,Takahashi,Yin 2017	]

(2D effective theory)
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Axion dark matter predictions

• Potentially large uncertainty for models with NDW = 1. 

• Higher mass ranges for models with NDW > 1 agree with those indicated by 
stellar cooling anomalies (see talk by Maurizio Gianotti).
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[Ringwald,	Saikawa 2016	]

QCD	+	DM DM	+	InflationDFSZ Axions: Tree-level interactions 
with electrons. 

Two DFSZ models, 
depending on which Higgs 
gives mass to charged 
leptons.

𝐶𝑒 =
Cos2𝛽
3

; 𝐶aγ=
8
3
− 1.92

𝐶𝑒 =
Sin2𝛽
3

; 𝐶aγ =
2
3
− 1.92

DFSZ 1:

DFSZ 2:

SN87A

IAXO Detection Potential: DFSZ

M.G., I. Irastorza, J. Redondo, A. Ringwald, K. Saikawad, In preparation

QCD	+	Stellar	anomaly

[Giannotti	et	al	2017]



Axion	phenomenology

1 Introduction

Axions and axion-like particles (ALPs), as well as other more generic categories of particles
(weakly interacting sub-eV particles, WISPs) at the low-mass frontier [1–3] are attiring a
strong interest as a portal for new physics, candidates to the dark Universe, or as solutions
of poorly understood astrophysical phenomena. The detection of these particles in terrestrial
experiments is currently pursued by a number of experimental techniques [4]. In this exper-
imental landscape, The International Axion Observatory (IAXO) stands out as one of the
most ambitious projects under consideration. It is our purpose here to review the theoretical,
cosmological and astrophysical motivation to carry out the primary goal of IAXO, i.e. the
search for solar axions with sensitivity much beyond previous similar searches and well into
unexplored axion and ALP parameter space. We will focus on more recent developments af-
fecting regions of parameter space at reach of IAXO, as well as those highlighting its novelty
and complementarity within the larger set of axion experimental e↵orts.

Axions appear in extensions of the Standard Model (SM) featuring the Peccei-Quinn
(PQ) mechanism [5, 6] to solve the strong-CP problem [7]. This mechanism postulates a
new U(1) global symmetry (the PQ symmetry) that is spontaneously broken at a high scale
fa. The axion is the field a that appears as the pseudo-Nambu-Goldstone boson of the new
symmetry. The PQ mechanism fixes some of the properties of the axion [8, 9], like a small
axion mass ma ' 6meV(109GeV/fa), acquired via mixing with the pseudoscalar mesons.
Model independently, axions interact with hadrons and photons via the same mixing. All
the axion couplings are suppressed by the PQ symmetry scale fa, which is not determined
by theory. More concrete axion properties depend on the specific implementation of the PQ
symmetry and its relation with the SM fields. If the fermions of the SM do not have PQ
charge, axions do not couple with them at tree level. These are called “hadronic axions”,
of which the Kim-Shifman-Vainshtein-Zakharov (KSVZ) [10, 11] model is an often quoted
example. Other models, like the Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) [12, 13], feature
tree-level coupling with SM fermions, e.g., the axion electron coupling gae.

The coupling with photons is the most relevant for experiments:

La� ⌘ �ga�
4

aFµ⌫F̃µ⌫ = ga� E ·B a , (1.1)

where F is the electromagnetic field-strength tensor and F̃ its dual, while E and B are the
electric and magnetic fields, and

ga� =
↵

2⇡fa
C� , (1.2)

being C� a model parameter of order unity, for DFSZ C� ' 0.75, whereas for KSVZ C� '
�1.92, if the new heavy quarks are taken without electric charge.

For those models that feature coupling to electrons at tree level, gae = Caeme/fa where
me is the electron mass and Cae is again a coe�cient of order 1 given by specifics of the
model. For instance in the DSFZ model Cae =

1
3 cos

2 � where tan� is the ratio of the v.e.vs
of the two Higgses present in the theory. When Cae is zero at tree-level, a non-zero value is
generated by radiative corrections, but being loop-suppressed is typically irrelevant.

In more general ALP models the couplings and the mass ma (or fa) are regarded as
independent parameters. ALPs can arise in many extensions of the SM featuring global
symmetries that are spontaneously broken at some high energy. In particular, a plenitude
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CJ ~ 0.75 (-1.92) for DFSZ (KSVZ)

Almost	all	axion	experiments	exploit	the	(effective)	axion-photon	coupling

- QCD	axion	via	its	gluon	coupling	and	mixing	with	π0
- Primakoff(-like)	effect

- QCD	axion:	axion	mass	~	axion-photon	coupling

- ALPS:	any	combination	of	mass	and	photon-coupling

Axions – A Dark Matter Candidate

What are Axions? & Where do they come from?

PQ mechanism is elegant solution for the strong CP problem
Non-observation of CP violation in strong interaction
Smallness of electric dipole moment of neutron
(d < 0.29 × 10−25 e cm)

Pseudo-Goldstone-Boson arising from PQ mechanism

Candidate for all or parts of Cold Dark Matter

Coupling to ordinary matter

Very small coupling constants

Mixing with π0 leads to coupling
to two photons

Production in the Sun’s core via
Primakoff effect

Primakoff effect

Z, e− Z, e−

γ∗

γ

a
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QCD	axion range

ALP	mass
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Axion	phenomenology:	the gaJ vs.	ma plane

[Lindner] 17



Excluded	by	astronomy	(ass.	ALP	DM)
Excluded	by	astrophysics	/	cosmology

QCD	axion range
Excluded	by	WISP	experiments
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Axion	phenomenology:	the gaJ vs.	ma plane

18[Lindner]



Excluded	by	astronomy	(ass.	ALP	DM)
Excluded	by	astrophysics	/	cosmology
Axions or	ALPs	being	cold	dark	matter

QCD	axion range
Excluded	by	WISP	experiments

ALP	mass
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Axion	phenomenology:	the gaJ vs.	ma plane
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Excluded	by	astronomy	(ass.	ALP	DM)
Excluded	by	astrophysics	/	cosmology
Axions or	ALPs	being	cold	dark	matter
WISP	hints	from	astrophysics		

QCD	axion range
Excluded	by	WISP	experiments

ALP	mass
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Astrophysics	hints

Axion	phenomenology:	the gaJ vs.	ma plane
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Three ways to explore the axion-photon	coupling

21

“Light	shining	through	wall”	
Axion	source:	laser	+	B-field

“Helioscopes”	
Axion	source:	Sun

“Haloscopes”
Axion	source:	Dark	Matter	Halo

MAGNET COIL

MAGNET COIL

B field
A

L

Solar 

axion 

flux

γ

X-ray detectors

Shielding

X-ray op!cs

Movable pla"orm

Figure 1. Conceptual arrangement of an enhanced axion helioscope with x-ray focalization. Solar axions
are converted into photons by the transverse magnetic field inside the bore of a powerful magnet. The
resulting quasi-parallel beam of photons of cross sectional area A is concentrated by an appropriate x-ray
optics into a small spot area a in a low background detector. The envisaged implementation in IAXO (see
figure 2, includes eight such magnet bores, with their respective optics and detectors.

x-ray detectors. The magnet will be built into a structure with elevation and azimuth drives that will
allow solar tracking for ⇠12 hours each day. All the enabling technologies for IAXO exist, there
is no need for development. IAXO will also benefit from the invaluable expertise and knowledge
gained from the successful operation of CAST for more than a decade.

We refer to [32] for a description of the first motivation and the figure-of-merit study that
supports the IAXO concept. A detailed study of the physics potential of IAXO will be included
in a paper currently under preparation, although it can also be found in the Letter of Intent re-
cently submitted to CERN [33]. In the following sections we describe the different parts of IAXO,
focusing on the enabling technologies of the experiment. The toroidal superconducting magnet
is described in section 2. The IAXO x-ray focusing optics are described in section 3. The Mi-
cromegas low-background detectors are described in section 4. In section 5.2 the main features of
the experiment’s tracking platform, as well as potential additional equipment are briefly described.
Finally, we conclude with section 6.

2. The IAXO superconducting magnet

The outcome of the figure of merit (FOM) analysis [32] indicates the importance and need for a
new magnet to achieve a significant step forward in the sensitivity to the axion-photon coupling.
The design of the new magnet is performed with the magnet’s FOM (MFOM) in mind already
from the initial design stages. Since practically and cost-wise the currently available detector (i.e.
large scale) magnet technology is limited to using NbTi superconductor technology which allows
peak magnetic field of up to 5-6 T, the magnet’s aperture is the only MFOM parameter that can be
considerably enlarged. Consequently, the design of the magnet has started with the focus on this
parameter. The preliminary optimization study has shown that the toroidal geometry is preferred
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We propose a new strategy to search for dark matter axions in the mass range of 40–400µeV
by introducing dielectric haloscopes, which consist of dielectric disks placed in a magnetic field.
The changing dielectric media cause discontinuities in the axion-induced electric field, leading to
the generation of propagating electromagnetic waves to satisfy the continuity requirements at the
interfaces. Large-area disks with adjustable distances boost the microwave signal (10–100GHz) to
an observable level and allow one to scan over a broad axion mass range. A sensitivity to QCD
axion models is conceivable with 80 disks of 1m2 area contained in a 10Tesla field.

INTRODUCTION

The nature of dark matter (DM) is one of the most en-
during cosmological mysteries. One prime candidate, the
axion, arises from the Peccei–Quinn (PQ) solution to the
strong CP problem, the absence of CP violation in quan-
tum chromodynamics (QCD). The CP violating QCD
phase ✓ is e↵ectively replaced by the axion field whose
potential is minimal at ✓ = 0 [1–3]. Thus ✓ dynamically
relaxes towards zero regardless of its initial conditions,
satisfying the neutron electric dipole moment constraints
✓ . 10�11 [4].

Tiny relic oscillations with a frequency given by the
axion mass ma around ✓ = 0 persist, acting as cold
DM [5–9]. If DM is purely axionic, its local galac-
tic density ⇢a = (fama)2✓2

0

/2 ⇠ 300 MeV/cm3 implies
✓ ⇠ ✓

0

cos(mat) at the Earth, with ✓

0

⇠ 4⇥10�19. While
these oscillations could be detected, the main challenge
is to scan over a huge frequency range as ma is unknown.

However, cosmology can guide our search. Causality
implies that at some early time ✓ is uncorrelated between
patches of causal horizon size. We consider two cosmo-
logical scenarios depending on whether cosmic inflation
happens after (A) or before (B) that time.

In Scenario A, one patch is inflated to encompass our
observable universe while smoothing ✓ to a single initial
value ✓

I

. The cosmic axion abundance depends on both
✓

I

and ma, so the DM density can be matched for any
ma allowed by astrophysical bounds [10] for a suitable ✓

I

.

In Scenario B, the axion abundance is given by the
average over random initial conditions and the decay of
accompanying cosmic strings and domain walls. Freed
from the uncertainty in the initial conditions, Scenario B
provides a concrete prediction ma ⇠ 100 µeV [11, 12],
although with some theoretical uncertainty [13].

Searches based on cavity resonators in strong mag-
netic fields (Sikivie’s haloscopes [14]) such as ADMX [15],
ADMX HF [16] or CULTASK [17] are optimal for ma .

Mirror Dielectric  Disks Receiver 

Be 

FIG. 1. A dielectric haloscope consisting of a mirror and
several dielectric disks placed in an external magnetic field
Be and a receiver in the field-free region. A parabolic mirror
(not shown) could be used to concentrate the emitted power
into the receiver. Internal reflections are not shown.

10µeV. Much lower values of ma can be explored by nu-
clear magnetic resonance techniques like CASPER [18]
or with LC circuits [19, 20].
The mass range favoured in Scenario B is untouched

by current experiments, and for cavity haloscopes will
remain so for the foreseeable future. While fifth-force ex-
periments [21] could search this region, they would not
directly reveal the nature of DM. We present here a new
concept to cover this important gap, capable of discov-
ering ⇠ 100µeV mass axions. It consists of a series of
parallel dielectric disks with a mirror on one side, all
within a magnetic field parallel to the surfaces as shown
in Fig. 1—a dielectric haloscope.
For large ma the greatest hindrance for conventional

haloscopes is that the signal is proportional to the cavity
volume V . With dimensions on the order of the axion
Compton wavelength1 �a = 2⇡/ma, V / �

3

a which de-

1 We use natural units with ~ = c = 1 and the Lorentz-Heaviside
convention ↵ = e2/4⇡.
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Axions	from the sunAn improved limit on the axion-photon coupling from the CAST experiment 9
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Figure 2. Left: Solar axion surface luminosity depending on energy and the radius r
on the solar disk. The flux is given in units of axions cm−2 s−1 keV−1 per unit surface
area on the solar disk. Also shown is the radial distribution of the axion energy loss
rate of the Sun (dLa/dR) as well as the energy distribution of the solar axion flux
(dΦa/dE). Right: Differential solar axion spectrum, derived by integrating the model
shown on the left up to different values of r in units of the solar radius R⊙. The peak
of the spectrum moves towards lower energies if integration radius moves towards the
outer rim of the solar disk.

in the recoil-free approximation where the energy of the photon and axion are identical,
equation (5) also gives us the inverse mfp for the reverse process of an axion with energy

E to be converted to a photon, i.e., of axion absorption. As an example we consider an

axion with energy 4 keV, near the average of the expected spectrum, and note that the

temperature at the solar center is T ≈ 1.3 keV whereas the screening scale is κs ≈ 9 keV.

The axion mfp is then found to be λa ≈ g−2
10 6 × 1024 cm ≈ g−2

10 8 × 1013 R⊙, or about

10−3 of the radius of the visible universe.
Therefore, in the absence of other interactions, the axion-photon coupling would

have to be more than 107 times larger than the CAST limit for axions to be re-absorbed

within the Sun. However, even in this extreme case axions are not harmless for the solar

structure because they would then carry the bulk of the energy flux within the Sun that

otherwise is carried by photons. Low-mass particles that are trapped in the Sun should

interact so strongly that their mfp is smaller than that of photons [62]. Note that the
photon mfp for the conditions near the solar center is less than 1 mm. Only particles

with a mfp not much larger than this will leave the solar structure unaffected. They

will cause a gross acceleration of the rate of energy transfer in the Sun and other stars if

their mfp is much larger than this. These requirements are so extreme that for anything

like axions the possibility of re-absorption is not a serious possibility.

2.4. Is the CAST limit consistent with standard solar models?

Our final limit, equation (21), on the axion-photon coupling implies that the solar

axion flux is bounded by La ∼< 1.3 × 10−3 L⊙. Self-consistent solar models including

axion losses were constructed in [63]. In particular, it was found that helioseismological

[CAST	coll.,	JCAP	0704:010,2007]
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• Solar	axions	produced	(mainly)	in	the	core	of	the	sun
• Energy	<E>	~	4.2	keV
• rather	robust	prediction			



Helioscopes – Axions	from the sun – axion-electron-coupling

[Redondo,	JCAP	1312	(2013)	008]

Axions with masses in the multi-meV mass range can play a noticeable role in stellar
evolution, in particular in the cooling of compact objects such as red-giant cores [27, 28],
white dwarfs [29–32], supernova cores [34–37] and neutron stars [38, 39]. In fact, the most
restrictive limits on the axion couplings to nucleons, photons and electrons come from the
reasonable agreement of astronomical observations with standard stellar-cooling mechanisms:
photon surface cooling and neutrino emission from dense cores. Axion emission can speed
up enormously stellar cooling and spoil badly this agreement — hence the strong and robust
bounds — but it can also be used to reduce slight discrepancies between observations and
predictions. Such are the cases for white dwarfs [32, 40, 41] and red-giant stars in the
globular cluster M5 [28], where small discrepancies can be mitigated by introducing axions
with a Yukawa coupling to electrons gae ∼ 10−13, a natural value for meV-mass axions. Let
us recall that in all mentioned cases, the preference for anomalous cooling is statistically not
very significant and might be due to unaccounted systematics or neglected standard effects.
Clearly, the situation will benefit from direct experimental verification and here, the Sun and
IAXO might be our best allies.

A prime theoretical input for helioscopes is the solar axion flux. The solar interior
is a well-understood weakly coupled plasma which permits relatively precise calculations
of axion production reactions. The most important parameters that determine the axion
flux are the axion-two-photon coupling and the axion-electron coupling. The first drives
the Primakoff production of axions in photon collisions with charged particles of the solar
plasma, γ + q → a + q, and has been thoroughly studied [71–73]. The Primakoff flux is
dominant in hadronic axion models such as the KSVZ [6, 7] where the axion-electron coupling
is absent at tree level. In generic models, the axion-electron coupling can appear at tree level,
and in grand unified theories (GUTs) is unavoidable. The axion-electron coupling drives a
number of reactions of comparable importance that completely overshadow the Primakoff
flux in non-hadronic axion models. The most important are the ABC reactions: Atomic
axio-recombination [74–76] and Atomic axio-deexcitation, axio-Bremsstrahlung in electron-
Ion [72, 77, 78] or electron-electron collisions [72], Compton scattering [79–81], see figure 1
for a sample of Feynman diagrams.

Compton

γ

e

axio− deexcitation

I∗
I

a

axiorecombination

e

I I−

a

Primakoff

γ

e, I

a

e

I
e− I bremsstrahlung

e

e− e bremsstrahlung

a

e

a a

Figure 1. ABC reactions responsible for the solar axion flux in non-hadronic axion models.

The axion flux from ABC processes has received less attention than the Primakoff. After
its identification by Krauss, Moody and Wilczek [78] it became clear that electron-Ion (mostly

– 2 –
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If	direct	axion-electron	coupling	exists,	
large	flux	with	characteristic	features



Helioscopes
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Figure 1. Conceptual arrangement of an enhanced axion helioscope with x-ray focalization. Solar axions
are converted into photons by the transverse magnetic field inside the bore of a powerful magnet. The
resulting quasi-parallel beam of photons of cross sectional area A is concentrated by an appropriate x-ray
optics into a small spot area a in a low background detector. The envisaged implementation in IAXO (see
figure 2, includes eight such magnet bores, with their respective optics and detectors.

x-ray detectors. The magnet will be built into a structure with elevation and azimuth drives that will
allow solar tracking for ⇠12 hours each day. All the enabling technologies for IAXO exist, there
is no need for development. IAXO will also benefit from the invaluable expertise and knowledge
gained from the successful operation of CAST for more than a decade.

We refer to [32] for a description of the first motivation and the figure-of-merit study that
supports the IAXO concept. A detailed study of the physics potential of IAXO will be included
in a paper currently under preparation, although it can also be found in the Letter of Intent re-
cently submitted to CERN [33]. In the following sections we describe the different parts of IAXO,
focusing on the enabling technologies of the experiment. The toroidal superconducting magnet
is described in section 2. The IAXO x-ray focusing optics are described in section 3. The Mi-
cromegas low-background detectors are described in section 4. In section 5.2 the main features of
the experiment’s tracking platform, as well as potential additional equipment are briefly described.
Finally, we conclude with section 6.

2. The IAXO superconducting magnet

The outcome of the figure of merit (FOM) analysis [32] indicates the importance and need for a
new magnet to achieve a significant step forward in the sensitivity to the axion-photon coupling.
The design of the new magnet is performed with the magnet’s FOM (MFOM) in mind already
from the initial design stages. Since practically and cost-wise the currently available detector (i.e.
large scale) magnet technology is limited to using NbTi superconductor technology which allows
peak magnetic field of up to 5-6 T, the magnet’s aperture is the only MFOM parameter that can be
considerably enlarged. Consequently, the design of the magnet has started with the focus on this
parameter. The preliminary optimization study has shown that the toroidal geometry is preferred

– 4 –

[Sikivie]
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Helioscopes:	sensitivity
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Figure 1. Conceptual arrangement of an enhanced axion helioscope with x-ray focalization. Solar axions
are converted into photons by the transverse magnetic field inside the bore of a powerful magnet. The
resulting quasi-parallel beam of photons of cross sectional area A is concentrated by an appropriate x-ray
optics into a small spot area a in a low background detector. The envisaged implementation in IAXO (see
figure 2, includes eight such magnet bores, with their respective optics and detectors.

x-ray detectors. The magnet will be built into a structure with elevation and azimuth drives that will
allow solar tracking for ⇠12 hours each day. All the enabling technologies for IAXO exist, there
is no need for development. IAXO will also benefit from the invaluable expertise and knowledge
gained from the successful operation of CAST for more than a decade.

We refer to [32] for a description of the first motivation and the figure-of-merit study that
supports the IAXO concept. A detailed study of the physics potential of IAXO will be included
in a paper currently under preparation, although it can also be found in the Letter of Intent re-
cently submitted to CERN [33]. In the following sections we describe the different parts of IAXO,
focusing on the enabling technologies of the experiment. The toroidal superconducting magnet
is described in section 2. The IAXO x-ray focusing optics are described in section 3. The Mi-
cromegas low-background detectors are described in section 4. In section 5.2 the main features of
the experiment’s tracking platform, as well as potential additional equipment are briefly described.
Finally, we conclude with section 6.

2. The IAXO superconducting magnet

The outcome of the figure of merit (FOM) analysis [32] indicates the importance and need for a
new magnet to achieve a significant step forward in the sensitivity to the axion-photon coupling.
The design of the new magnet is performed with the magnet’s FOM (MFOM) in mind already
from the initial design stages. Since practically and cost-wise the currently available detector (i.e.
large scale) magnet technology is limited to using NbTi superconductor technology which allows
peak magnetic field of up to 5-6 T, the magnet’s aperture is the only MFOM parameter that can be
considerably enlarged. Consequently, the design of the magnet has started with the focus on this
parameter. The preliminary optimization study has shown that the toroidal geometry is preferred

– 4 –

~	gaJ2 ~	gaJ2			B2 L2		Abore ~	εoptics ~	εdetector
~	Aspot ~	B	/	A25
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Bkg:



IAXO	parameters
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Parameter CAST IAXO	nominal IAXO+
B	[T] 9 2,5 2,5
L	[m] 9,3 20 25
Abore [m2] 0.003 2.3 4.0
f*Magnet ~	B2L2A 1 300 1200
b	[keV-1 cm-2 s-1 ] 10-6 1-5 x	10-8 10-9

εdetector 0,7 0,7 0,8
εoptics 0,3 0,5 0,7
Abore /Aspot 200 14500 33000
εsolar tracking 0,12 0,5 0,5
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The	IAXO	project

• 2011:	First	studies	concluded	(JCAP	1106:013,2011)
• 2013:	Conceptual	Design	finished	(arXiv:1401.3233).

• Most	activity	carried	out	up	to	now	ancillary	to	other	group’s	projects	(e.g.	CAST)

• August	2013:	Letter	of	Intent	submitted	to	the	CERN	SPSC	
• LoI:	[CERN-SPSC-2013-022]
• Presentation	in	the	open	session	in	October	2013:

• January	2014:	Positive	recommendations	from	CERN	SPSC.
• 2014-16:	Transition	phase:	In	order	to	continue	with	TDR	&	preparatory	activities,	
formal	endorsement	&	resources	needed.

• Some	IAXO	preparatory	activity	already	going	on	as	part	of	CAST	near	term	program:	IAXO	pathfinder	system	
(Micromegas	+	telescope)	installed	in	CAST	in	2014

• Preparation	of	a	MoU	to	carry	out	TDR	work.

• July	2017:	Formation	of	IAXO	collaboration

29



The	IAXO	project
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IAXO	magnet (CDR	design)

Magnet	optimization	figure	of	merit:

B: superconducting	NbTi at	4.5K	à Bpeak 6	T	,	Buser =	2.5	T

L: as	long	as	reasonably	possible	(rotatable):	L	=	22	m

A: driven	by	optics,	D=60	cm	per	bore,	n=8

Baseline	design	inspired	by	ATLAS	toroid,	large	“user	volume”	at	
reasonable	cost

Not	ideal	in	terms	of	magnet	cost,	amount	of	SC	cable	à
new	alternative

Conceptual design
Parameters and lay-out optimization

B2 [magnetic field]
� more than saturation field of iron at 1.7 T
� cost efficient superconducting magnet technology 
� > NbTi at 4.5 K using normal He cooling, Bpeak < 6 T 
� > 2.5 T user field with 5.4 T peak field 

L2 [length of the magnet]
� as long as possible but 
� reasonable system length that can be rotated?
� > some 20 to 25 m: 22 m

A (or n x π/4 D2) [area filled with magnetic field] 
� one large area i.e. using a dipole magnet
� or n times a bore in between toroid coils
� i.e. 8 coils, or 10, 12, 14, 16 max, cost issue!
� smallest reasonable number taken: > 8 units
� limit system diameter and go for maximum          

practical size for optics: > 600 mm bore 

3

Conceptual design
Parameters and lay-out optimization

B2 [magnetic field]
� more than saturation field of iron at 1.7 T
� cost efficient superconducting magnet technology 
� > NbTi at 4.5 K using normal He cooling, Bpeak < 6 T 
� > 2.5 T user field with 5.4 T peak field 

L2 [length of the magnet]
� as long as possible but 
� reasonable system length that can be rotated?
� > some 20 to 25 m: 22 m

A (or n x π/4 D2) [area filled with magnetic field] 
� one large area i.e. using a dipole magnet
� or n times a bore in between toroid coils
� i.e. 8 coils, or 10, 12, 14, 16 max, cost issue!
� smallest reasonable number taken: > 8 units
� limit system diameter and go for maximum          

practical size for optics: > 600 mm bore 

3
31

Conceptual design 
Structural analysis of bore tubes

� ANSYS FEM analysis 
of the bore tubes in the 
case of a fast dump.

17



IAXO	magnet (CDR	design)
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Design status
Magnet Conceptual Design Report completed

26



IAXO	magnet (beyond baseline)
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• Single	bore	winding	yields	potentially	higher	FOM	at	
given	amount	of	SC	cable

• Modularity
• But:	more	R&D	needed
• MiniIAXO as	scale-up	demonstrator	with	physics	
potential:

• Test	magnet	design	at	relevant	scale	(only	1	bore	full	diameter)
• Test	bench	for	optics	+	detector
• Able	to	do	relevant	physics	(at	intermediate	level)

TODO:	wait	for	Hermans/Igors talks…



IAXO	magnet (beyond baseline)
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3.4  Toroid Coil Variants
Pros and cons… 

27

Flat Racetrack Coils - Toroid design (CDR Default)
• Straightforward coil winding and support structure
• Proven technology for his size of magnets
• But: Somewhat inefficient in terms of NbTi usage

CCT Dipoles - Toroid design
• More efficient in terms of field configuration --> Reduced 

stored energy, amount of NbTi
• But: More complicated conductor layout

Saddle coils Octupole or Toroid design
• Field configuration efficiency similar to CCT
• Very homogeneous field inside bore
• Still more complicated conductor layout compared to 

conceptual toroidal design
[H.	ten	Kate]



BabyIAXO
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Parameter MiniIAXO
B	[T] 2,5
L	[m] 10
Abore [m2] 0,28	(1	bore)
f*Magnet ~	
B2L2A

10

4.8  Baby-IAXO 
Just another view……to please the eye and imagination

35

[H.	ten	Kate]



IAXO	optics

36

Overall	FOM	~	S/√B
B	scales	with	sensitive	area	à focus	sensitive	area	to	smallest	achievable	size	à small	focal	length
S	scales	with	efficiency	of	optics	à high	efficiency	at	small	angles	à large	focal	length

Focal length

nested	parabolic/hyperbolic	shells
grazing	incidence	reflection

Figure 12. DAF versus photon energy E for a single telescope, and for the different focal lengths considered,
from f = 4 m (lowest curve) up to f = 10 m (highest curve). The significant structure now present is due to
absorption edges in detector and coating materials and the shape of the solar axion spectrum.

Figure 13. Value of the focal spot size
p

a (red squares and dashed line, right axis) and the figure of merit fO

(blue circles and solid line, left axis) versus focal length f . The optimal figure of merit is found for f = 5 m.

the figure of merit fDO as defined in [32]):

fO ⌘
Z 10 keV

E=1 keV

✓
DAF(E)p

a

◆
dE. (3.5)

The only quantity left to compute is the spot-size, a. The point-spread-function (PSF) of any
x-ray telescope has a complex shape, and the spot-size is computed by first taking the integral of
the PSF to compute the encircled energy function (EEF), a measure of how much focused x-ray

– 23 –

optimum	at	~	5m

Demagnification	~	14400
Efficiency	~	0.7		
à improves	sensitivity	by	factor	84	w.r.t.	no	optics



IAXO	optics

Figure 9. An edge-on view of one IAXO optic, including the hexagonal “spider” structure that will be used
to mount the optic into the magnet bores. The thousands of individual mirror segments are visible.

3.4 The IAXO x-ray telescopes

Figure 10. An isomorphic side-view of the telescopes and the spider mounting structures.

– 20 –

Figure 9. An edge-on view of one IAXO optic, including the hexagonal “spider” structure that will be used
to mount the optic into the magnet bores. The thousands of individual mirror segments are visible.

3.4 The IAXO x-ray telescopes

Figure 10. An isomorphic side-view of the telescopes and the spider mounting structures.
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Challenges:	
- precision	vs.	cost
- optimize	coating	à efficiency
- off	axis	efficiency	(sun	is	not	a	point	source)

Figure 11. Effective area (right axis) and throughput/efficiency (left axis) versus photon energy for a single
telescope for different focal lengths considered, from f = 4 m (lowest curve) up to f = 10 m (highest curve).
Effective area grows as the focal length is increased.

3.4.1 Design and optimization of the IAXO x-ray telescopes

The optical prescription and reflective coatings were identified by a systematic search of a multi-
dimensional parameter space that accounted for the detector efficiency, axion spectrum, optics
properties and recipe of the reflective coatings. The total optics and detector figure of merit, fDO

was then computed. The optical prescription and multilayer recipes presented below produced the
highest fDO. It is important to note that the telescope optimization must account for the axion
spectrum and detector efficiency and cannot be performed independently. If this process does not
include these energy dependent terms, fDO will not achieve the highest possible value.

Telescope prescriptions were generated for designs that had a fixed maximum radius of 300
mm and a minimum radius of 50 mm, with the focal length varied between 4 and 10 m, in incre-
ments of 1 m. As the focal length is increased and the graze angle, a , decreases and the number of
nested layers increases. For example, the f = 4 m design has 110 nested layers, while the f = 10 m
design has more than 230 layers.

Traditionally, x-ray telescopes have relied on single layer coatings of metals like Au or Ir to
achieve high throughput in the 1�10 keV band. More recently, missions designed for hard x-
ray observations, like NuSTAR and ASTRO-H, have employed multilayer coatings to achieve high
reflectivity up to ⇠80 keV. We explored combinations of both for IAXO. Although it is theoretically
possible to optimize the coating for each layer of the telescope, this would impose a high penalty
in resources when depositing multilayers on the substrates. Instead, we divided the layers into
ten sub-groups, with each sub-group of layers receiving the same multilayer coating. A similar
strategy was successfully implemented for NuSTAR [57], and this approach allowed the multilayer
deposition tools to be used efficiently.

Material types investigated were single layers of W and W/B4C multilayers. Other types/
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Telescopes 8
N, Layers (or shells) per telescope 123
Segments per telescope 2172
Geometric area of glass per telescope 0.38 m2

Focal length 5.0 m
Inner radius 50 mm
Outer Radius 300 mm
Minimum graze angle 2.63 mrad
Maximum graze angle 15.0 mrad
Coatings W/B4C multilayers
Pass band 1�10 keV
IAXO Nominal, 50% EEF (HPD) 0.29 mrad
IAXO Enhanced, 50% EEF (HPD) 0.23 mrad
IAXO Nominal, 80% EEF 0.58 mrad
IAXO Enhanced, 90% EEF 0.58 mrad
FOV 2.9 mrad

Table 2. Main design parameters of the IAXO x-ray telescopes.

4. Ultra-low background x-ray detectors for IAXO

The baseline technology for the low background x-ray detectors for IAXO are small Time Projec-
tion Chambers (TPCs), with a thin window for the entrance of x-rays and a pixelated Micromegas
readout, manufactured with the microbulk technique. This kind of detector has already been used
in CAST, and has been the object of intense development in recent years, mainly within the T-REX
R&D project [59, 60, 61], funded by the European Research Council (ERC). The CAST microbulk
detectors have achieved record levels of background and, as described below, they offer the best
prospects to meet the requirements for IAXO.

4.1 State of the art

The detection concept is sketched on the left of figure 14. The x-rays coming from the magnet enter
the detector through a thin window (e.g. aluminized mylar), which is also the cathode of the TPC.
This window holds the detector gas, so it must be sufficiently gas-tight and withstand the pressure
difference, while being sufficiently transparent to the x-rays so as not to affect the efficiency of the
detector. The drift distance z of the TPC is adjusted so that the conversion volume contains enough
gas to efficiently stop x-rays of the required energies. The design choice in CAST detectors has
been z = 3 cm at 1.5 bar of an argon gas mixture (usually Ar�2.3% isobutane). The primary charge
created by the interaction of x-rays drifts towards the anode of the TPC, where it is amplified by a
Micromegas structure.

Micromegas readouts [62, 63] make use of a metallic micromesh suspended over a (usually
pixellated) anode plane by means of insulator pillars, defining an amplification gap of the order of
50 to 150 µm. Primary electrons go through the micromesh holes and trigger an avalanche inside
the gap, inducing detectable signals both in the anode pixels and in the mesh. It is known [64] that
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IAXO	detectors
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Name	of	the	game:	
• high	efficiency for	single	soft	X-ray	photons	
• at	lowest	possible	background

In	addition:	
• low	threshold	(<	1	keV)
• good	energy	resolution

Multitude	of	technologies
• gaseous	(Micromegas,	InGrid)
• semiconductors	(SDD,	…)
• cryogenic (MMC,	TES,	...)

Severeal technologies already studied in	CAST



IAXO	detectors
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Background	goal:	o(1)	background events/keV	during 5	years of operation

sensitive	signal area o(1	cm2),	solar	observation time	o(108)	seconds

à ultimate background level goal:	10-8 keV-1cm-2s-1

Market	leader:	Microbulk Micromegas

• design	for	radiopurity
• passive	shielding
• active	shielding
• offline	discrimination

Underground

Shielding upgrades

IAXO 
goal

01/2015

Background improvements

• Radiopurity
Non-radiopure components replaced

• Readout patterned with high granularity
Identify signals & reject background
Offline rejection algorithms

• Shielding
Active shielding: muon vetos

Æ scintillators covering the maximum
solid angle

Passive shielding: external gamma coverage
Æ detector chamber and tubes made
out of electroformed copper
Æ pure lead shielding around the detector

10

Background evolution at CAST

Background achieved in CAST

(0.83 ±0.03) x 10-6 counts keV-1 cm-2 s-1

Background in LSC (underground)

~ 10-7 counts keV-1 cm-2 s-1

IAXO goal

10-7-10-8 counts keV-1 cm-2 s-1

7th General IAXO Collaboration Meeting – Elisa Ruiz Chóliz – IAXO-MM group – Universidad de Zaragoza – 4/07/2017

[E.Ruiz-Chóliz]



IAXO	detector baseline:	small Micromegas	detector
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[Irastorza et	al,	Zaragoza
Ferrer-Ribas et	al,	Saclay]



IAXO	detectors:	InGrid/GridPix
Micromegas	on	a	pixel	readout	chip	(Timepix/Timepix3)
Low	energy	threshold	(~200	eV)
Topological	(charged)	background	rejection
Robust	energy	measurement	(counting)
Already	being	used	in	CAST
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Applications I –
GridPix at CAST since 2014

02.11.2016 GridPix Detectors - Developments and Applications 6

Requirements for an X-ray detector at CAST:
• High detection efficiency Æ Ar:iC4H10 mixture @ 1 bar
• Background rate as low as possible
Æ Radiopure materials, lead shielding, focusing by X-ray telescope
Æ Event shape based background discrimation

• Entrance window transparent for low energy X-rays (< 1 keV) Æ thin window
• Vacuum tightness  (in the detector: 1 bar; in the beam pipe: 10-6 mbar) Æ tight window
Æ Compromise: 2 µm Mylar with 40 nm Al (300 nm SiN windows under development)

• Sensitivity for X-ray photons < 1 keV shown at an 
variable X-ray generator
Highly ionizing track X-ray photon (5.9 keV)

277 eV
1.5 keV

3 keV
4.5 keV

5.9 keV
8 keV

Applications I –
GridPix at CAST since 2014

02.11.2016 GridPix Detectors - Developments and Applications 6

Requirements for an X-ray detector at CAST:
• High detection efficiency Æ Ar:iC4H10 mixture @ 1 bar
• Background rate as low as possible
Æ Radiopure materials, lead shielding, focusing by X-ray telescope
Æ Event shape based background discrimation

• Entrance window transparent for low energy X-rays (< 1 keV) Æ thin window
• Vacuum tightness  (in the detector: 1 bar; in the beam pipe: 10-6 mbar) Æ tight window
Æ Compromise: 2 µm Mylar with 40 nm Al (300 nm SiN windows under development)

• Sensitivity for X-ray photons < 1 keV shown at an 
variable X-ray generator
Highly ionizing track X-ray photon (5.9 keV)

277 eV
1.5 keV

3 keV
4.5 keV

5.9 keV
8 keV

[Krieger,	Schmidt	et	al,	Bonn]



IAXO	detectors:	ultimate E	resolution - MMCs
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Metallic	Micro	Calorimeter	(MMC)
Extremely	low	threshold	&	eV	energy	resolution!	
To	be	operated	at	mK temperatures
Background	to	be	studied

[L.	Gastaldo,	HD]



IAXO	detectors:	X-ray windows
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J. Kaminski

7th IAXO Meeting, 2017
11

Si
3
N

4
 Windows

Window at 1.5 bar overpressure

Window at 0 bar overpressure● Material budget of window as low as 
possible to increase to detection efficiency of 
low energetic X-rays
● Withstand 1.05 bar pressure difference
● Low leakage rate to sustain a vacuum of      
   <10-5 mbar on other side

=>  collaboration with NORCADA:
300 nm thin Si

3
N

4
 windows with strongback

300	nm	Silicon-Nitride	window
at	1.5	bar	overpressure

J. Kaminski

7th IAXO Meeting, 2017
11

Si
3
N

4
 Windows

Window at 1.5 bar overpressure

Window at 0 bar overpressure● Material budget of window as low as 
possible to increase to detection efficiency of 
low energetic X-rays
● Withstand 1.05 bar pressure difference
● Low leakage rate to sustain a vacuum of      
   <10-5 mbar on other side

=>  collaboration with NORCADA:
300 nm thin Si

3
N

4
 windows with strongback

[Krieger	et	al,	Bonn	&
NORCADA	Inc.]



IAXO	site – why not	here?

Uwe Schneekloth | IAXO@DESY, May 2016|  Page 23 

IAXO @ DESY – New Site ??? 
>  Presently assembly area building 1 

>  DESY wall 

>  Nice trees 

>  Close to cryo lines 

§  120m to FLASH hall 

§  150m to cryo plant 

my	former	office	"

IAXO???

44



IAXO	site – why not	here?

Uwe Schneekloth | IAXO@DESY, May 2016|  Page 25 

IAXO @ DESY – New Site w/o Dome ? 
Advantages  

>  Approval easier 

>  Less space requirements 

>  PR visit point 

Concern 

>  Temperature stability of detectors 

>  However, air-conditioning of dome 
very demanding and expensive 
(very large volume)  

>  Could built small housing for 
detector (much smaller volume) 

Requires assembly hall, with 
temporary heavy load crane 
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Hot	news:	IAXO	collaboration founded today
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1. Barry University
2. Irfu/CEA Saclay
3. University of Cape Town
4. Institut de Ciències del Cosmos of the Universitat de 

Barcelona
5. Lawrence Livermore National Laboratory
6. Petersburg Nuclear Physics Institute named by B. P. 

Konstantinov of National Research Centre <Kurchatov
Institute> 

7. Heidelberg University
8. Universidad de Zaragoza
9. MIT’s Laboratory of Nuclear Science
10. Institute for Nuclear Research of the Russian Academy of 

Sciences, Moscow
11. Rudjer Bošković Institute, Zagreb
12. Physikalisches Institut der Universitaet Bonn
13. Instituto de Microelectronica de Barcelona, Centro Nacional 

de Microelectronica, CSIC, Spain
14. JGU Mainz

Institutions	ready	to	sign	the	bylaws

Also (to be confirmed):
CERN, 
DESY, 
DTU Denmark, 
U South Carolina, 
University Columbia

19	initial	member	institutes
8	countries
3	regions



Summary	&	Conclusions
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• Axions	are	a	trending	topic	in	particle	physics,	astrophysics,	cosmology!	

• Need	several	next-generation	experiments	to	cover	complete	parameter	space

• IAXO	unique	to	cover	the	1	… 1000	meV region	for	the	QCD	axion

• IAXO	sensitive	to	clarify	astrophysical	anomalies

• Technology	quite	advanced,	scale-up	approach	(BabyIAXO)	enables	us	to	start	“now”!
Full	IAXO	by	2025?

• DESY	appears	as	a	very	suitable	site!		


