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What	is	an	axion?	(in	70	words	or	less)

§ Strong	CP	problem
• CP	violation	expected	in	QCD,	but	not	observed	experimentally	(q,	nEDM)

§ Axion
• Pseudo	Goldstone-Boson	results	if	this	new	global	symmetry	(PQ	solution)	

is	spontaneously	broken	at	yet	unknown	scale	fa

§ Axion-like	particles	(ALPs)
• Predicted	by	various	extensions	to	the	Standard	Model,	notably	string	theory

§ Properties	of	this	potential	DM	candidate
• Extremely	weakly-coupled	fundamental	pseudoscalar
• Generic	coupling	to	two	photons
• Mass	unknown		ma gaγ,	Astrophysics:	gaγ < 10-10 GeV-1

à Dark	matter	candidate

58 CHAPTER 4. THE SOLAR AXION

γ∗

γ a γ

γ∗

a

e, Zee, Ze B⃗

Figure 4.1: Left: Feynman diagram of the Primakoff effect in the Sun. A photon is converted into an axion in the
electric field, which originates from the charged particles in the plasma. Right: In a laboratory magnetic field, the axion
can couple to a virtual photon provided by the transverse magnetic field resulting in a real photon. This is the so-called
inverse Primakoff effect.

where the axion and photon energies are taken to be equal and the momentum transfer is given by
q⃗ = p⃗γ − p⃗a. The cut-off of the long-range Coulomb potential in vacuum for massive axions is
given by the minimum required momentum transfer
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The cut-off of the long-range coulomb potential in a plasma is due to screening effects resulting in
an additional factor of the differential cross section such that
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Here, the screening effects are described by the Debye-Hückel scale given by [105]
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where T⊙ denotes the temperature in the plasma (solar core), α is the fine-structure constant and
nj represents the number density of charged particles carrying the charge Zje. Near the center of
the Sun, the Debye-Hückel scale κ is roughly 9 keV and the ratio (κ/T ) ≈ 7 is approximately
constant throughout the Sun. Raffelt [66, 105] calculated the total scattering cross section taking
into account this modification. Assuming a non-relativistic medium and neglecting recoil effects,
he derived an expression for the transition rate Γγ→a by summing over all target species of the
medium
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Axion	motivation

Axion

Most	compelling	
solution	to	the	

Strong	CP	problem
of	the	SM

Axion-like	particles	
(ALPs)	predicted	by	

many	extensions	of	the	
SM	(e.g.	string	theory)

Axions,	like	WIMPs,	
may	solve	the	DM	
problem	for	free
(i.e.	not	an	ad	hoc
solution	to	DM)

Relevant	axion/ALP	
parameter	space	at	
reach	of	current	and	

near-future	
experiments

Still little	
experimental	effort	
devoted	to	axions
when	compared	to	

WIMPs

Astrophysical	hints for	axion/ALPs?
– Transparency of	the	Universe	to	UHE	gammas		
– Anomalous	cooling	of	different	types	of	star				
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Helioscopes technique:
§ Does	not	require	axions to	be	dominant	DM	component
§ Large	complementarity	with	other	strategies
§ Technology	mature	enough	for	a	large	scale	experiment	(IAXO)

IAXO	in	the	axion landscape

Laser/Lab	axion experiments:
Search	for	ALPs	in	Light-shining-
through-Wall	experiments	(ALPS,	
OSQAR,	PVLAS,	ARIADNE…)

Axion haloscopes:
Search	for	relic	dark	matter	axions
(ADMX,	HAYSTAC,	CAPP,	Casper,	
MADMAX,…)

Axion helioscopes:
Search	for	solar	axions and	ALPs
(Sumico,	NuSTAR,	CAST,	IAXO)
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IAXO	– Physics

Sikivie PRL	51:1415	(1983)

Van	Bibber	et	al.	Phys.Rev.	D	39:2089	(1989)

§ First	axion helioscope proposed	by	P.	Sikivie
• Blackbody	photons	(keV)	in	solar	core	can	be	converted	into	axions in	the	

presence	of	strong	electromagentic fields	in	the	plasma

• Reconversions	of	axions into	x-ray	photons	possible	in	strong	laboratory	
magnetic	field

§ Idea	refined	by	K.	van	Bibber	by	using	buffer	gas	to	restore	
coherence	over	long	magnetic	field
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Redondo	JCAP	1312	008	(2013)

∝ ga𝜸2
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IAXO	– Physics CAST	Collaboration	
Nature	Phys. 13	584	(2017)

3rd generation	helioscope:	CAST
§ Most	sensitive	axion helioscope to	date
§ No	axions detected	yet
§ Best	experimental	limit	on	axion-photon	coupling	

over	broad	axion mass	range
gaγ <	0.66	× 10-10 GeV-1 (95%	C.L.)

§ Latest	results	enabled	by	IAXO-pathfinder:
NuSTAR-like	x-ray	optic	coupled	to	low-
background	Micromegas

Next	generation	helioscope:	IAXO
§ Excellent	prospects	to	improve	over	CAST	by	1−1.5	orders	of	magnitude	in	

sensitivity	to	gaγ (	>	4	orders	of	magnitude	in	signal-to-noise)
§ Plan	to	achieve	this	goal	with

- Purpose-designed	magnet
- Custom-built	optics
- Very	low	background	detectors
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IAXO	– Conceptual	design

2014 JINST 9 T05002

Figure 2. Schematic view of IAXO. Shown are the cryostat, eight x-ray optics and detectors, the flexible
lines guiding services into the magnet, cryogenics and powering services units, inclination system and the
rotating disk for horizontal movement. The dimensions of the system can be appreciated by a comparison to
the human figure positioned by the rotating table.

field and A the aperture covered by the x-ray optics. Currently, the MFOM of the CAST magnet
is 21 T2m4. As discussed in [32], an MFOM of 300 relative to CAST is necessary for IAXO to
aim at sensitivities to gag of at least one order of magnitude beyond the current CAST bounds.
Accordingly, we have adopted the latter value as the primary design criterion for the definition of
the toroidal magnet system, together with other practical constraints such as the maximum realistic
size and number of the x-ray optics (section 3) and the fact that the design should rely on known
and well proven engineering solutions and manufacturing techniques.

To determine the MFOM, the magnet straight section length L is set to 20 m and the integrationR
B2(x,y)dxdy is performed over the open area covered by the x-ray optics. Hence, to perform

the integration, the optics’ positioning must be determined. Upon placing the optics as close as
possible to the inner radius of the toroid Rin, the optimized angular alignment of the optics is
determined by the result of the integration. Two principal options for the angular alignment are
considered: one is to align each of the optics between each pair of racetrack coils, whereas the
other is to place the optics behind the racetrack coils. Figure 3 provides a general illustration of
the two alignment options for an 8-coils toroid. In practice, the two options represent two different
approaches: the first, referred to as the “area dominated” option, takes advantage of the entire large
aperture of each of the optics and the second “field dominated” option assumes that placing the
coils behind the optics, and by that including areas with higher magnetic field in the integration,
will increase fM.

– 4 –

§ Large	toroidal 8-coil	magnet	L	≃ 20m
§ 8	bores:	600mm	diameter	each
§ 8	x-ray	telescopes	+	8	detection	systems
§ Rotating	platform	with	services

Conceptual	Design	of	the	Interantional
Axion	Observatory
Armengaud et	al.	JINST	9	T05002	(2014)
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IAXO	– Conceptual	design
IAXO	magnet

• Superconducting	“detector”	magnet
• Toroidal geometry	(8	coils)
• Based	on	ATLAS	toroid	technical	solutions
• 8	bores|20m	long|60cm	⌀ per	bore|5.4/2.5	T

2014 JINST 9 T05002

Figure 6. Mid-plane cut of the cryostat with an exposed cold mass, showing the cold mass and its supports,
surrounded by a thermal shield, and the vacuum vessel. The open bores will simplify the use of experimental
instrumentation.

and a central cylinder designed to support the magnetic force load. The coils are embedded in
Al5083 alloy casings, which are attached to the support cylinder at their inner edge. The casings
are designed to minimize coil deflection due to the magnetic forces.

To increase the stiffness of the cold mass structure and maintain the toroidal shape under
gravitational and magnetic loads, and to support the warm bores, eight Al5083 keystone boxes and
16 keystone plates are connected in between each pair of coils, as shown in figure 6. The keystone
boxes are attached to the support cylinder at the center of mass of the whole system (i.e. including
the optics and detectors) and the keystone plates are attached at half-length between the keystone
boxes and the coils ends.

A coil, shown in figure 4, comprises two double pancake windings separated by a 1 mm layer
of insulation. The coils are impregnated for proper bonding and pre-stressed within their individual
casing to minimize shear stress and prevent cracks and gaps appearing due to thermal shrinkage on
cool-down and magnetic forces.

2.5 Cryostat and its movement system

The design of the cryostat is based on a rigid central part, placed at the center of mass of the whole
system and serves as a fixed support point of the cold mass, with two large cylinders and two end
plates enclosing it to seal the vacuum vessel. In addition, eight cylindrical open bores are placed
in between the end plates. The vessel is optimized to sustain the atmospheric pressure difference

– 10 –
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IAXO	– Conceptual	design
IAXO	telescopes

• Slumped	glass	technology	with	MLs
• Cost-effective	to	

cover	large	areas
• Based	on	NuSTAR

technology
• Focal	length	≃ 5m
• 8	optics	with	123	

layers	each

IAXO	magnet
• Superconducting	“detector”	magnet
• Toroidal geometry	(8	coils)
• Based	on	ATLAS	toroid	technical	solutions
• 8	bores|20m	long|60cm	⌀ per	bore|5.4/2.5	T
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IAXO	– Conceptual	design
IAXO	telescopes

• Slumped	glass	technology	with	MLs
• Cost-effective	to	

cover	large	areas
• Based	on	NuSTAR

technology
• Focal	length	≃ 5m
• 8	optics	with	123	

layers	each

IAXO	detectors
• Micromegas gaseous	detectors
• Radiopure components+	shielding
• Event	topology	in	gas	for	

discrimination
• Bgrd ≤10-7/(keV×cm2×s)	

through	fabrication,	
radiopurity,shielding
and	simulations

IAXO	magnet
• Superconducting	“detector”	magnet
• Toroidal geometry	(8	coils)
• Based	on	ATLAS	toroid	technical	solutions
• 8	bores|20m	long|60cm	⌀ per	bore|5.4/2.5	T

Other	detector	technologies
• InGRID low-threshold	detector
• Magnetic	Metallic	Calorimeter	(MMC)	for	

better	energy	resolution	and	threshold

2014 JINST 9 T05002

Figure 6. Mid-plane cut of the cryostat with an exposed cold mass, showing the cold mass and its supports,
surrounded by a thermal shield, and the vacuum vessel. The open bores will simplify the use of experimental
instrumentation.

and a central cylinder designed to support the magnetic force load. The coils are embedded in
Al5083 alloy casings, which are attached to the support cylinder at their inner edge. The casings
are designed to minimize coil deflection due to the magnetic forces.

To increase the stiffness of the cold mass structure and maintain the toroidal shape under
gravitational and magnetic loads, and to support the warm bores, eight Al5083 keystone boxes and
16 keystone plates are connected in between each pair of coils, as shown in figure 6. The keystone
boxes are attached to the support cylinder at the center of mass of the whole system (i.e. including
the optics and detectors) and the keystone plates are attached at half-length between the keystone
boxes and the coils ends.

A coil, shown in figure 4, comprises two double pancake windings separated by a 1 mm layer
of insulation. The coils are impregnated for proper bonding and pre-stressed within their individual
casing to minimize shear stress and prevent cracks and gaps appearing due to thermal shrinkage on
cool-down and magnetic forces.

2.5 Cryostat and its movement system

The design of the cryostat is based on a rigid central part, placed at the center of mass of the whole
system and serves as a fixed support point of the cold mass, with two large cylinders and two end
plates enclosing it to seal the vacuum vessel. In addition, eight cylindrical open bores are placed
in between the end plates. The vessel is optimized to sustain the atmospheric pressure difference

– 10 –



LLNL-PRES-736273
12

IAXO	– Pathfinder

5.1 Evolution of the spot position

The exact knowledge of the position of the spot is crucial for the data analysis of the experiment,
as it defines the area where the expected signal from the axions is to be focused. For this reason, an
Amptek Cool-X x-ray generator was installed on the opposite side of the bore, with a mechanism
that can move the source in, placing it on the optical axis of the system, and out of the field of view
of the optics (referred to as "x-ray finger"). Once an operational vacuum level was achieved, it was
turned on to illuminate the x-ray optic and a long integration was acquired. Figure 12 compares the
detector data (left panel) with the ray-tracing results (center panel) and then overlays an intensity
contour map generated from the ray-tracing results on top the data (right panel). There is excellent
agreement.

Figure 12. Cool-X x-ray source illumination of the new x-ray telescope. Left: image measured by the
Micromegas detector. Middle: simulation, assuming the Cool-X x-ray emission comes from a uniform
6 mm diameter spot. Contour levels are 6%, 30%, 50% and 80% of maximum intensity. Right: Data of the
Micromegas detector, now with the simulation contours over-plotted.

The spot position can be periodically monitored performing spot-calibrations with the Cool-X
which emits mainly 8 keV photons and breehmstrahlung x-rays ("x-ray finger"). The generator
does not produce a constant flux of x-rays but is thermally cycled between 2 to 5 minutes; the flux
can vary throughout the cycle and from cycle to cycle. Figure 13 shows the rate recorded by the
Micromegas located at the oposite side of the bore, looking for axions during the sunset, compared
to the rate of the sunrise detector, sitting at the back of the x-ray generator. The cycles of the
generator are evident as well as the 3 orders-magnitude of difference in the recorded rates.

The source being located at a finite distance to the optics, the spot to be formed on the detector
plane has a larger diameter than the expected signal (see Section3.3). A spot-calibration can be
seen in Figure 14. An intensity map through the x-ray optic is shown on the left, while on the right,
the energy spectrum acquired in such a calibration is plotted. The higher end of the spectrum is
suppressed due to the efficiency loss of the x-ray optic.

Reference runs with the x-ray finger were performed just after the alignment of the system,
before and after the SR detector shielding was in place. The low count rate from the source at such
distance enforces runs of approximately 8 h in order to collect significant statistics. For this reason,
spot-calibration runs cannot be taken very often so as not to disturb the normal data-taking program
of the experiment. Two more spot-calibration runs were performed, one after the installation of the
Sunset Micromegas detectors and their shielding at the other end of the magnet and one after
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§ Small	x-ray optics
• Fabricated purposely using thermally-formed

glass substrates (NuSTAR-like)
§ Micromegas low background detector

• Applied lessons learned from R&D: compactness,	
better shielding,	radiopurity,…

§ Data	acquisition during CAST	2014/15	run
• Background level ~	0.003	counts/hour

Sensitivity increase
for CAST

and simultaneously

Testbench for IAXO
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Mini-IAXO/Baby-IAXO

Property Value
Free bore [m] 0.6
Magnetic length [m] 10
Field in bore [T] 2.5
Stored energy [MJ] 27
Peak field [T] 4.1

§ Original	TDR	baseline
• Single	prototype magnet coil (IAXO-T0)
• Prototype x-ray optics (IAXO-X0)
• Prototype low-bgrd	detector	(IAXO-D0)

§ Extention of	the TDR	(mini-IAXO)
• Higher-risk magnet design
• 1	bore:	full	diameter,	half of	full	length
• Full-scale optics and	detector

> Testbench for optics/detectors
> Relevant physics at	intermediate

level (FOM:	10	× CAST)
> Helps increase interest in	science

community and	facilitates funding
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IAXO	– Sensitivity	prospects

IAXO+:		enhanced scenario
with x4	higher MFOM	with
respect to	LoI

IAXO	phase II:	exposure
rearranged to optimize
sensitivity to DSFZ	models

ALP 
CDM

IAXO	sensitivity	region	
(for	axion–photon	
coupling)	includes:
§ Large	part	of	region	

relevant	for	QCD	axions
§ Share	of	region	relevant	

for	cold	and	hot	dark	
matter

§ Parameter	space	relevant	
for	ALPs	&	inflation

§ Some	unexplained	
astrophysical	
observations:
- Transparency	of	the	

Universe	to	UHE	
gammas

- Anomalous	cooling	of	
stars
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IAXO	– Sensitivity	prospects

Additional	IAXO	physics	cases
§ Relic	axions:

IAXO	magnet	with	microwave
cavities/RF	antennas	installed

§ Search	for	other	exotic	
particles	such	as	
paraphotons,	chameleons	…

§ …	and	others

IAXO	sensitivity	region	
for	axion–electron	coupling	
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IAXO	– Status	and	Conclusions
§ IAXO is	a	new	generation	axion helioscope aiming	to

- improve	CAST	sensitivity	to	axion-photon	coupling	by	over	1	order	of	magnitude
- address	additional	physics	cases including	axion-electron	coupling,	relic	axions,	…

§ Status
- Conceptual	Design	completed	(2013)
- Letter		of		Intent		submitted		to		the		CERN		SPSC	(2013):		received	positive		

recommendations	acknowledging	physics	case	+	encouraging	to	proceed	to	TDR
- Transition	phase	towards	TDR	(2014-16):	IAXO		pathfinder	system	at	CAST,	

coordinated	funding	applications,	…

§ Most	recent	developments
- Mini-IAXO	concept:	

Intermediate	experiment	+	enhancement	of	final	FOM	for	IAXO
- Formal	founding	of	IAXO	collaboration	at	recent	meeting	(DESY	July	3/4,	2017):

> Initial	set	of	17	institutions	from	all	over	the	world
> Bylaws	document	(setting	up	collaboration	rules)	approved
> Mini-IAXO	to	be	most	likely	located	at	DESY
> http://iaxo.web.cern.ch and	https://indico.cern.ch/event/622974/


