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• Perspectives	and	Conclusions

Giovanni	Carugno	
INFN	&	UNIPD

Che	tu	sappia	prendere	la	parte	di	mondo	che	ti	appartiene
Piero	Dal	Piaz

Fest for	Gianni	&	DalPiaz2 9	Ottobre	Ferrara	



Low	energy	@Weak	cross	section	scale:
Tentative	List

• Dark	matter :	Cosmological Axion Detection &	Light	WIMPS

• Two neutrinos emissions from	Atoms

• Neutrino	scattering via	Coherent Z0 channel

• Neutrino	Torque	on	Spin

• Laser	Induced Electron	Capture Enhancement	

• Nuclear and	Electron	Spin	driven laser	precession

• Artificial Atoms for	T	violation experiment



Low Energy	Threshold Detectors:
from	50	µeV to	eV

A) Strong	coupling regime	between Electron	Spin	and	E.M.	Cavity {	QUAX	}
From	Field	Amplitude to	Energy	measurement

Single	Photon Microwave Detector

B)		Infrared Quantum	Counter (Bloembergen Idea)	{	AXIOMA-g	}
Zeeman Magnetic Type M1	Transition Detection
Rare	Earth	or	Transition Metals doped crystal

Fluorescence Photon Detection

C)		Matrix	Isolation Spectroscopy {	AXIOMA-e	}
Solid	Neon/Methane/Para-Hydrogen Matrix	Doped Crystals
(host atoms retain almost the	structure of	free	atoms)

Single	Electron	Detection



Searching	for	Galactic Axions
QUAX		Status

QUest for	AXions

Giovanni	Carugno		
on	behalf of	the	QUAX	Collaboration

Overview
• Axion-electron	coupling:	DFSZ	models	(in	KSVZ	models	1/𝛼 suppression)
• Detection	principle:	electron	spin	resonance	(ESR)
• Experimental	challenges:	current	R&D	@	INFN	
• Current	sensitivity	of	the	QUAX	prototype	
• Axion-Photon	coupling	sensitivity	with	QUAX	set	up



Interaction	of	DFSZ	axion and	electron	spin
• The	interaction	of	the	DFSZ	axion with	a	spin	½	particle	

• DFSZ	axion coupling	with	non	relativistic	(v/c	<<	1	)	electron:	equation	of	motion	reduces	to	
the	Schroedinger equation

The	interaction	term	has	the	form	of	a	spin	- magnetic	field	interaction	with									
playing	the	role	of	an	oscillating	effective	magnetic	field
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-- Frequency of	the	effective	magnetic	field		proportional	to	axion energy
-- Amplitude of	the	effective	magnetic	field	proportional	to	axion	density
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• Cold	Dark	Matter	of	the	Universe	may	consists	of	axions and	they	can	be	searched	for



The	Axion Wind
• Due	to	the	motion	of	the	solar	system	in	the	galaxy,	the	axion DM	cloud	acts	as	an	
effective	RF	magnetic	field	on	electron	spin
• RF	field	excites	magnetic	transition	in	a	magnetized	sample	(Larmor frequency)		
with	a	static	magnetic	field	B0 and	can	produces	a	detectable	signal
• The	interaction	with	axion field	produces	a	variation	of	magnetization	which	is	in	
principle	measurable	

Idea	is	not	new	and	comes	from	several	works:
• L.M.	Krauss,	J.	Moody,	F.	Wilczeck,	D.E.	Morris,	”Spin	coupled	axion detections”,	HUTP-85/A006	(1985)
• R.	Barbieri,	M.	Cerdonio,	G.	Fiorentini,	S.	Vitale,	Phys.	Lett.	B	226,	357	(1989)	
• F.	Caspers,	Y.	Semertzidis,	“Ferri-magnetic	resonance,	magnetostatic waves	and	open	resonators	for	axion detection”,	Workshop	on	Cosmic			

Axions,	World	Scientific	Pub.	Co.,	Singapore,	p.	173	(1990)
• A.I.	Kakhizde,	I.	V.	Kolokolov,	Sov.	Phys.	JETP	72	598	(1991)

g =	28	GHz	/	T
Δ



The	Axion effective	magnetic	field

Coherence	time

Correlation	length

• R.	Barbieri	et	al.,	Searching	for	galactic	axions through	magnetized	media:	The	QUAX	proposal	
[Phys.	Dark	Univ.	15,	135	- 141	(2017)]

The	effective	magnetic	
field	associated	with	the	
axion wind Ba =
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na – axion density ～ 0.4	Gev/cm3

vE – Earth	velocity	 ～220	km/s	
axion velocity	dispersion		～270	km/s

Using		from	standard	model	of	Galactic	Halo:



Polarized	Matter:	directional	DM	search
Due	to	Earth	rotation,		the	direction	of	
the	static	magnetic	field	B0
changes		with	respect	to	the	direction	
of	the	axion wind	(Vega	in	Cygnus)

Strong	modulation	(up	to	100%)!	
Not	due	to	seasonal	or	Earth	rotation	Doppler	
effect	(few	%)	but	to	relative	direction	change	
of		magnetic	field	respect	to	axion wind

e.g.	QUAX	located	@Legnaro (PD)
B0 in	the	local	horizontal	plane	and	oriented	N-S	(the	local	
meridian)
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Detection	strategy:	Electron	Spin	Resonance	
Electron	spin	resonance	(ESR)	arises	when	energy	levels	of	a	quantized	system	of	electronic	moments	are	
Zeeman	split	(the	magnetic	system	is	placed	in	a	uniform	magnetic	field	B0)	and	the	system	absorbs/emits	EM	
radiation	(in	the	microwave	range)	at	the	Larmor frequency	nL of	the	ferromagnetic	resonance.

1.7	T		->	νL =	48	GHz
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TEM102	Resonant	Cavity
B0	along	z	axis	(normal	to	the	figure)An	experimental	geometry	with	crossed	field	is	needed:

• B0 along	the	z	direction,	defines	the	Larmor resonance
• RF	field	B1 in	the	x-y	plane	excites	the	Magnetization	modes

The	system	macroscopic	dynamics	is	given	by	Bloch	equations
which	describe	the	evolution	of	each	component	of	the	magnetization	
vector	M.		No	radiation	damping	in	a	resonant	cavity	and	in	strong	
coupling	regime	of	Kittel/cavity	modes.

L =	g B0

g =	28	GHz	/	T

ν



Axion driving	of	magnetization

The	axion wind	mimics	the	transverse	rf magnetic	field	inducing	a	time	dependent	
magnetization	of	the	uniform	or	Kittel	mode	of	the	magnetized	sample

τmin is	the	shortest	coherence	time	among:
• axion wind	coherence	τ∇a
• magnetic	material	relaxation	time	τ2
• radiation	damping	τr

ns – material	spin	density
B – Bohr	magneton

at	resonance

A	volume	Vs of	magnetized	material	will	absorb	energy	from	Ba	at	a	rate

this	power	will	excite	magnetization/cavity	modes	and	could	be	possibly	detected

µ

µ







Work	in	progress
We	are	working	on	almost	all	these	points	to	address	the	feasibility	of	the	experiment

Cryogenic	
system	#1	in	
Legnaro	

External	
magnetic	
source

Cryogenic	system	#2	in	
Legnaro
Superconducting	magnet

Cryogenic	system	in	Frascati Superconducting	magnet

All	present	systems	works	with	LHe

A	dilution	refrigerator	is	on	the	way

During	R&D	we	are	working	in	the	10	–
15	GHz	range





Microwave	Cavity:	Geometry
Basic	geometry:	cylindrical	cavity	working	in	the	TMXX0 mode
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• Simple	design
• RF	field	uniform	along	the	longitudinal	coordinate
• Resonance	frequency	fixed	by	the	radius	of	the	cell

TM110 DC	Bext
RF	Bcav

H E

To	increase	the	volume	of	the	cavity	(for	YIG	
or	other	material	insertion)	we	have	to	
increase	the	cavity	length.	This	does	not	
change	the	resonance	frequency.

This	increases	the	number	of	nearest	modes	
(hybridization	can	couple	different	modes?)

Cylindrical	geometry	produces	mode	
degeneracy	for	the	chosen	mode

Solved	by	employing	structure	cuts



High	Q	cavity	in	external	field

Cylindrical	cavity	with	
conical	endcaps

TM010
MODE



Microwave	Cavity:	Measurements

T	=	300K
fc =	13.964	GHz
Q0 =	5.0*10^3

T	=	4.2K
fc =	13.960	GHz
Q0 =	5.0*10^5

Short	Niobium	cavity	with	cut	along	
the	side	wall

T	=	300K
fc =	13.957	GHz
Q0 =	4.2*10^3

T	=	4.2K
fc =	13.934	GHz
Q0 =	6.9*10^5

Niobium	cavity

• Measurements	of	the	effect	of	the	external	
magnetic	field	are	going	on

• We	have	to	check	the	inside	magnetic	field

Cavity	design	for	14	GHz	
resonance	frequency

Diameter	=	26.1	mm
Length	=	50.3	mm

Copper	cavity

T	=	300	K
fc =	13.999	GHz
Q0 =	1.8*10^4

T	=	4.2	K
fc =	14.045	GHz
Q0 =	5.4*10^4

Courtesy	S.	Gallo



Microwave	Receivers:	HEMT,	JPA,	SPD
• All	our	tests	for	the	moment	are	conducted	with	a	

low	noise	linear	amplifier
@	14	GHz
@	5	K

Tn =	4	K

HEMT
High	Electron	
Mobility	
Transistor

Amplifier	noise	Temperature	@	5	K

Mounted	amplifier	has	a	Tn about	two	times	
bigger	than	specification

Amplifier Circulator



Josephson Parametric Amplifier

CAVIT
Y

Tnoise=	400	milliKelvin

QCI	Yale	Spin	off	Company

Working	temperature	20	mK

A	JPA	has	been	bought	with	the	help	of	LNL	Director	and	will	be	soon	installed	in	LNL	dilution	
refrigerator	(from	AURIGA	experiment)	now	under	commissioning



Single	Photon Microwave Detector
• The	request	for	the	final	apparatus	is	to	use	a	microwave	quantum	counter.	World	wide	

researches	are	under	way	in	this	direction	outside	our	collaboration.	Contact	have	been	
established	with	a	group	in	Chalmers	University	that	are	interested	in	collaborating	with	us.

First	results	@	14	GHz	with	lifetime	in	excess	10^3	s









B1.	Up	Conversion	Scheme (IRQC)
changing strategy for	large	axion masses meV



Axion Detection via	Zeeman Up-Conversion	Atomic Transitions



AXION	DETECTION		IN	RE-DOPED	CRYSTALS

ppm purity level in	RE	crystals HARD	TO	ACHIEVE	to	remove Fe	&	Ni		



AXION	DETECTION	IN	RE-DOPED	CRYSTALS:	TEMPERATURE	BEHAVIOUR



SUPERFLUORESCENCE	PHENOMENA	@	1	KELVIN	TEMPERATURE

Single	Pulse Emission

Pulses over	Time

Phenomena Under	Investigation

Quantum	Macroscopic State

Article on	the	way













TO	BE	DONE:	DEMIURGOS

DONE:	AXIOMA



Experimental	Apparatus	@	LNL







Estimated Energy	Threshold tens of	eV:	W Neon	Value		(MCP	Low Dark	Count Rate		<	10-2	Hz	)

Electron	Tunnel	through Neon-Vacuum Barrier

Crystal	Volume	:	25	mm	Diameter ,	2	mm	Height

Solid	Neon:	Cosmic	Ray	Detection	Set	up



Psolid neon/vacuum@4Kelvin<	10-7 mbar ,	V0 tunneling =	+1.1	V	,					

Electron	Mobility 2000	cm2/Vs	@	4	Kelvin	,	Hopping Ionic Conduction

Single	Electron	Sensitivity via	MCP	,	Deep UV		Scintillation Present

MCP	Signals :	
Around 100	electrons signal

Electron	in	vacuum could be
Transported far	away from	Solid	

Silicon Detector	Trigger	

ρneon ≈1,2
gr
cm3

Sensitivity at Weak Cross	Section Level
for	a	few Kg	Target	material

Solid	Neon:	Cosmic	Ray	Detection





Light	Yield more	than 104 photons/MeV (	to	be	confirmed)







Crystal	size:	2	mm	height 25	mm	diameter



No	clear explanation



Conclusions:	Piero Legacy	

• I	wish	to	thank	all	the	people	of	QUAX	and	AXIOMA	experiments

• Physics	need	new	Instruments/sensors	to	look	ahead:	
Otherwise	same	fishes	with	the	same	baits

• PIERO	SUPPORT:	fundamental	to	open	“	MY	”	Legnaro Lab.	Activities

• PIERO	MODEL:	try	to	involve	people	and	making	integration	effective	at	all	
scales

• PIERO	AS	A	PHYSICIST:	Open	mind:	Is	it	possible	to	check?	Then	try	it!

• We	take	a	lot	of	fun	putting	our	hands	and	mind	into	unexplored	fields	
thanks	mainly	to	INFN	

46





Low Energy	Threshold Cryogenic
Detectors

-A)	Single	Electron	Detection promoted without and	with	laser	and	Electric Field	with	a	Kg	
mass	detector	via	Bridgeman’s growing technique

-B)	Fluorescence Recycling Phenomena in	doped cryogenic crystals
-doping	atoms:	Rare	earth,	molecular nitrogen or	Alkaline atoms

-C)	Inverse	Bremsstrahlung	electron	acceleration under	Laser	Field	combination of	electron	
and	light	multiplication present in	high		density media

Future	efforts on	Cryogenics Noble
Gases Matrix	Isolation detectors:	
Undoped &	Doped crystals

3	main	approaches	proposed:

Comment on		Oxide ,	Fluoride &	Cloride doped Crystals



Sappi	prendere	la	tua	parte	di	mondo	che	ti	
appartiene
Piero	Dal	Piaz	1990

- Laser	Based coherent scintillators

- Superfluorescent phenomena and	two neutrinos emission

- Dirac-Volkov	equation and	Electron	Capture possible experiment

- Inverse	brehmstralung in	high	dense	media	and	some	neutrino	surprise (	at lesat for	me)	



Novel	Detectors	Ideas
Working	in	Progress

Giovanni	Carugno	
INFN	&	UNIPD

- Brief	Overview:	Theory	vs	Experiments
- Detection	Strategies
- Axion-Photon	coupling	experiments:	Haloscope,	Helioscopes,	Light	Shining	Wall
- Axion-Electron	coupling	experiments:	Haloscope
- Fifth	Force	type	of	Experiment

Sappi	prendere	la	tua	parte	di	mondo	che	ti	appartiene
Piero	Dal	Piaz	1990



New	Class	of	Laser-Based Detectors

Low Threshold Detectors:	from	1	meV to	100	meV
• detection based on	laser	driven transitions in	active media
Zeeman Magnetic type M1	Transition Detection:	

A)	Infrared Quantum	Counter (Bloembergen Idea)
Rare	Earth	or	Transition Metals doped crystals

Fluorescence Photon Detection

B)	Matrix	Isolation Spectroscopy (New	approach)
Solid	Neon/Methane/Para-Hydrogen Matrix	Crystal
doped with	Alkaline Atoms
(host atoms retain almost the	structure of	free	atoms)

Single	Electron	Detection

C)	Laser	Based Scintillators



Qloaded vs	Temperature	and	Field
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Axion Detection	through	Zeeman	Transition

Exploit	the	axion-electron	coupling

(only	DFSZ	axion)
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B2.	Up	Conversion	of	Zeeman Transition

Doped Paramagnetic Optical	Crystals



B2.	Up	Conversion	of	Zeeman Transition

Doped Paramagnetic Optical	Crystals



B4.First	Measurements
Laser	Induced IR	Fluorescence



B5. Zeeman Up	Converted Transitions



B6.	Laser	Induced Background	Study

No	Measured Background	at T	=	1.8	Kelvin		



4	kelvin	Argon	Crystal	Rubidium doped @1%

Instead of	1	line	5	s-5	p

We observed 3	lines

To	be	understood







Rare	Earth	Doped Crystals:	Zeeman Spectroscopy Counter
















