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AXIONS in one slide
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Axion Searches

Laboratory searches ( ):
PVLAS, ALPS, CROWS, OSQAR.
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AXION RESEARCH AT LNF




CryOgenic Laboratory for Detectors
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KLASH (CSN2)

KLoe magnet for Axion SearcH Nb-Island Device
(In collaboration with TERA CSN5)
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QUAX: Quest for Axions

. é Phys. Dark Univ. 15 (2017) 135 h
Quax Experimental Scheme .
Use Electron Spin Resonance to absorb energy from Axion Wind and
re-emit it as e.m. radiation. * %
Axion Wind ® X
- - e = o= N - . x
5¢ h2 2 gph ------------ - ® X
A= VI — ¢-Valfo = ... - e x
ot - 9m '_Zm ------------ - et x
- > TR, x
/ 2 \ ____________ - ° X
Mg C mae \ -~ _ - x
By = = 1.7 - Auxion energy by changing - | ’ . )
"}/h QOOMGV v =e/me . x
AU ) . o
4 N
w m™m
_a — 4 8 o GH Z Cryostat Amplifier
o 200ueV < )
AU

h
/ )\a - > Ldetector
mug




QUAX R&D
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QUAX R&D
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QUAX R&D: High-Q RF-Cavities operating in B field

Copper cavity ~ Bulk Nb cavity (H, 0.6T)
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QUAX R&D: Type Il SC and Photonic Band Gap RF-Cavities

Sapphire cylinders

EDISON SPA (Milan) developed the reactive liquid

infiltration technique to produce bulk MgB, Uniform Grid with QTM0|0=6X | 06 .
G.Giunghi, Supercond. Sci. Tech. 20 (2007) L16-L19 6. mm spacing




First Operation of a Ferromagnetic Axion Haloscope at m, = 58ueV

Low frequency

input
heater A2

i 3

: L

§ GAYIG @

i o
§ MW@nvity
Magnetic field

5001

QUAX demonstrator succesfully put in operation!

Experimental Setup _
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(diameter =1 mm)
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Trin [MS]

Frequency [GHZ]
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EPJC (2018) 78:703

QUAX (this work)
B,<2.6x10°'7T
SRS olariaxionye B Be Sl e Pl B SR e
searches
White-dwarf cooling

DFSZ model

5.852 5.8525 5.853 5.8535 5.854 5.8545

Axion mass [eV]

5.855
%107

= Next improvements (sensitivity gain 10?):

l.
2.
3.
4.

Larger sample volume
Longer relaxation time
Ultra cryogenic temperature

Quantum limited amplifier (JPA).
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Following absorption of a photon, the
voltage at the terminals of the
Josephson junction passes from a null

value to a few hundred microvolts,
until the junction is reset.

R
Small AT
1 ph. U
1 Big AR
Workig Point |

SIMP: Towards the Detection of Single Microwave Photons (10-100 GHz)

»
»

ATES detector is based on the steep
transition to the resistive state of a
superconducting film. Stability is

kuaranteed by thermo-electric effect.

7.~ 100 mK T

/




CBJJ

Al-AlOx-Al 1000 pum? junction

(a) (b)

(c) theory
45
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CBJJ at LNF

Setup of Cryogen-Free Dilution

Refrigerator
Model CF-CS110 Leiden Cryogenics
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Measurement of switching currents
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App.Phys.Lett. 103 041107 (2013)

2000 V | l ‘ 4
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Ti/Au, Tc~ 100 mK, 800 meV photons, resolution 100 meV.

STAX R&D
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Lower temperature

Reduce volume /

Tune transition temperature by proximity effect

\_ i Y,

4 TiAu bilayer )
V. ~ 300 x 80 x 35 nm?
vy ~ 107* mJ/K*/nm?
T. ~ 40 mK
op ~ 20 peV ~5 Glegj




FUTURE PROJECT




KLASH - KLoe magnet for Axions SearcH

Proposal of a large Haloscope

Search of galactic axions in the mass range 0.3-1 peV
Large volume RF Cavity (33 m?)

Moderate magnetic field (0.6 T)

Copper rf cavity Q~600,000

T45K

0 BV Q (rad Tims) (10"

The KLASH I
ADMX 4
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Bo

L b 4
L b 4
® b 4
L b 4
L b 4
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g ) X
° X
) X
) X
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X
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) X

Amplifier
L Cryostat
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INFN

Istituto Nazionale di Fisica Nucleare}

sok ret plant

Laboratori Nazionali di Frascati
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The KLOE Magnet
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LINDE TCF 50 liquid He liquefaction/refrigeration plant

Running at DAFNE since 1996.
Perfectly working.
Located outside the DAFNE main ring.

4.5K refrigeration capacity

4.5K liquefaction capacity .14 g/s
/0K refrigeration capacity 800 W
KLOE 4.5K refrig. load 55W
KLOE 4.5K liquef. load 0.6 g/s
KLOE 70K refrig. load 530 W
cavity 4.5K refrig. availability 44 W
cavity 70K refrig. availability 270 W

M. Modena LNF-97/046 (IR)
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The KLASH Project

Cryostat Total Weight

RF Cavity diameter (mm) 3720
RF Cavity length (mm) 3008
RF Cavity Volume (m?3) ~33

/ Cryostat outer wall 300K

70K screen

/'

SC magnet

1e+003 2€+003 (mm)

RF simulations

Copper RF cavity Signal amplification by MSA

26
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Frequency (Axion-Mass) Tuning

Simulation with tuning rods of
F frete fu/md different radii (100-300 mm). -

2. 3B4BE+DBS
. 2. 1461E+005 ST i L —R=300 mm sl
A5

2. BA30E+0BS AT
4{0’;’0‘3
1. BBORE+0B5 AT
1. 7169E+005 A
. < T
B
1.5738E+005 i
1. 4307E+005
1.2877E+085
1. 144BE+005

%10%
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N
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-
-
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R

-
o
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>

2

1.0015E+205
8. 5845E+0Y4
7.1537E+00Y4

5. 7230E+204
Y4, 2922E+00Y4
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1. 4308E+00Y4
1.1898E-001

Quality factor
N
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[e ] ©
o o

w
o

~
o

60 : : ' : ' : ‘ : : '
0 02 04 06 08 1 12 0 02 04 06 08 1 12

tuner position [m] tuner position [m]

Tuning from 70 to |10 MHz (0.3 to 0.45 peV) with 2 rods of 300 mm radius and Q
about 500,000.

0 1.5e+003 3e+003 (mm)
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E Field [¥/m]

3.3215E+@85

3. 1001E+85

2. 8786E+85

2.B572E+85
2, 4358E+@5
2. 2143E+85
1.9929E+85
1.7715E+@5
1.556BE+@5
1.3286E+85
1.1872E+85
§.8573E+04
6. 6430E+@Y4
4. 4287E+8Y4
2. Z143E+84
-5.8322E-12

Gain in the effective mode volume

E Field [¥/m]
2. 1458E+85
2.0020E+85
1.8598E+@5
1.716BE+@5

1.5730E+@5

1. 4308E+35

1.2870E+85
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1.0018E+@5
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4. 2981E+84

2. S60BE+aY

1. 4300E+@Y4
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Simulations S.Tocci

70 MHz y

> 102 MHz > 130 MHz 28



| (GeV™)

Ay:é

Axion Coupling IG

o
) S
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9
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L
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_________|3years datataking

Radius [m] 1.9 >12->09
Frequencies [MHz] 70 = 250

Q (70-170MHz) 550,000 - 375,000
Power [W] (KSVZ) 1.3%x1022 > 4.3x|023
Rate [kHz] (KSVZ) 2.8 2 0.38
Integration time (min) 10> I5

Ty [K] 4.8

R=1.9m R=1.2m R=0.9m

8 |® afin|
10" 10° 10° 107 10° 10° 10* 10° 102 10" 1 10 10?
Axion Mass m, (eV)
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Laboratori Nazionali di Frascati

INFN-18-09-LNF
September 18, 2018

The KLASH - Letter of Intent

D.Alesini', D.Babusci’, F.Bossi', P.Ciambrone', G.Corcella', D.Di Gioacchino', P.Falferi?, C.Gatti',
A.Ghigo', G.Lamanna®, C.Ligi", G.Maccarrone’, A.Mirizzi*, D.Montanino®, D.Moricciani’,

AMostacci®, E.Nardi', A.Paoloni’, L.Pellegrino’, A.Rettaroli’, R.Ricci', L.Sabbatini",S.Tocci'". @
(o)
" Laboratori Nazionali di Frascati - INFN Q\{g'
2 TIFPA e FBK &) QQ‘

3 Universita di Pisa e INFN Sezione Pisa 4‘&0 \e\,o

* Universita “Aldo Moro” e INFN Sezione Bari b S

® Universita del Salento e INFN Sezione Lecce (\é@ &

® Universita “La Sapienza” e INFN Sezione Roma1 ,L\\) § 08
s 06’\
e
1 -10 -9 .‘ ? 'b<
10 10° 10 107 10°  10° 10* 10° 10% 10" 1 10 10? \e *e
Axion Mass m, (eV)
Estimated construction cost about -2 M€ 30
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Several “COLD LAB” publications

The KLASH Proposal |EEE Trans Appl Superc 28 (2018)
arXiv:1707.06010  Axion Calling :
Single Photon Counter based on a Josephson Junc-
D. Alesini!, D. Babusci', D. Di Gioacchino!, C. Gatti!, G. Lamanna?, C. Ligi' . . . .
) INEN, Laboratori Nazionali di Frascati tion at 14 GHz for searching Galactic Axions

2) Universita di Pisa and INFN
Leonid Kuzmin, Alexander S. Sobolev, Claudio Gatti, Daniele Di Gioacchino, Nicold Crescini, Anna

Gordeeva, Eugeni II’ichev

Patras 2018 Proceedings

The Klash Proposal: Status and Perspectives ] Supercond Nov Magn (2017) 30:359-363

C. Gatti', D. Alesini', D. Babusci',C. Braggio®”, G. Carugno®7,

¥ G D1 ol G L, i A Novel Particle/Photon Detector Based
Eur Phys ] C (2018) 78:703 on a Superconducting Proximity Array of Nanodots

Operation of a ferromagnetic axion haloscope at m, = 58 peV
Daniele Di Gioacchino! - Nicola Poccia>® - Martijn Lankhorst? - Claudio Gatti' -

Bruno Buonomo! - Luca Foggetta! - Augusto Marcelli'* . Hans Hilgenkamp?
N. Crescini>*@®, D. Alesini’, C. Braggiol’4, G. Carugnol’4, D. Di Gioacchino?, C. S. Gallo?, U. Gambardella,

C. Gatti®, G. Iannone’, G. Lamanna®, C. Ligi3, A. LombardiZ, A. Ortolan?, S. Pagano5 ,R. Pengoz, G. Ruoso>"®,

C. C. Speake’, L. Taffarello* Submitted to IEEE Trans Appl Superc
arXiv:1802.05552 Patras 2017 Proceedings Microwave losses in a dc magnetic field in supercon-
Searching for galactic axions through magnetized ducting cavities for axion studies

media: QUAX status report

D. Di Gioacchino, C. Gatti, D. Alesini, C. Ligi, S. Tocci, A. Rettaroli, G. Carugno, N. Crescini, G. Ruoso, C. Brag-
gio, P. Falferi, C.S. Gallo, U. Gambardella, G. Iannone, G. Lamanna, A. Lombardi, R. Mezzena, A. Ortolan, R3

G. Ruoso', D. Alesini®, C. Braggio>*, G. Carugno®>*, N. Crescini**, D. Di Gioacchino®, P. Pengo, E. Silva, N. Pompeo
Falferi®S, S Gallo®4, U Gambardella®, C. Gatti?, G. Iannone®, G. Lamanna9 C. L1g12 A.
Lombardi', R. Mezzena®", A. Orto]anl, R. Pengo1 C. C. Speakelo



First QUAX-LNF Thesis

==ROMA

-A:TRE

UNIVERSITA DEGLI STUDI

Di1PARTIMENTO DI MATEMATICA E Fisica

CoRso DI LAUREA MAGISTRALE IN Fisica

MAsSTER DEGREE THESIS

Characterization of superconducting
resonant RF cavities for axion search with
the QUAX experiment

October 23, 2018

Author: Supervisor:

Alessio Rettaroli Prof. Giuseppe Salamanna

Supervisor:

Dott. Claudio Gatti
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New collaborations ...

In ltaly
* CNR-IFN Roma
e CNR-NEST Pisa
* INRIMTorino
 FBK

* Department of Engineering Roma 3 University

Abroad

* Center for Axion and Precision Physics (CAPP)
(South Korea)

* Chalmers University of Technology (Sweden)

Daejeon South Korea October 2018
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Conclusion

Well motivated extensions of the Standard
Model of particle physics predict the
existence of light particles such as axions or
axion-like particles. Their discovery requires
skills and infrastructures typical of a
laboratory such as LNF. With this in mind, we
set up the COLD laboratory, a CryOgenic
Laboratory for Detectors. The are obviously
problems: our technician Iannarelli just
retired; “He world shortage and aging of our
apparatus of liquefaction; etc. etc..

But, QUAX gave us the right boost, SIMP was
approved and KLASH maybe in the future.
Thank you.

LNF - ADONE Cavity
Winter 2017-2018
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WHY AXIONS? The n’ problem and the CP violation in QCD

This symmetry violation is accounted by the “anomaly”
term in the interaction lagrangian ...

Xs ~a Auv
‘C/Cémcb’/D — HQCD 8_7TG’LWGZ

. o ol . .
© © et ... this term is CP violating!
Mass spectrum of lighter mesons reflects the Responsible for an electric dipole moment of neutron

underlying flavour symmetry (u¢>d<>s, with
m,=my < m;,), summarized in the Gell-Mann

Okubo relation: @ T \@
E——
M7 = (4My — M?) /3

{
m e
M, = 958 MeV > M, dy ~ ﬁqﬁ ~ 0 x107'% cm )
n n

The similar relation for the 1’ is badly broken and

S.Weinberg U(l) problem PRD |1 (1975)
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The Axion Solution to the Strong CP Problem

6 — HQCD -+ arg d@t Mq K Misalignment mechanism \
t Veff(a)

Why so small?
" T>T(QCD)
The Axion is a new scalar field that cancels dinamically the 6 term. ® > a
0
E% — o a G,uz/
CD — 0 G v
“ f o) 8T F
T<T(QCD)
This misalignment mechanism naturally produces

axion cold dark matter
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AXION DARK MATTER

N

p~ 0.3GeV/cm?
ng ~ 3 x 1012 (102416V) 1/cm?

a

.~ 1077 ~ M, c
\6 hw
£ eld

a = ag cos (wt — kx) J |

)




QUAX: Interaction of Axions with Electron Spin

Interaction lagrangian

-

¢ Non relativistic limit

J

Interaction between electron magnetic moment

and
effective magnetic field

-~

B, = Ip Va
2e

.

~

J
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Measurement setup at LNL




First Operation of a Ferromagnetic Axion Haloscope at m, = 58ueV

Low frequency X EPJC (2018) 78:703
Experimental Setup _

B [T] 0.5 moaly Ve ol
— -90 ' |
N. of GaYIG Sphere (diameter =1 mm) 5 ] 00
2100,
n, [spin/m?3] 2.1x10% 2 410
Tenin L1S] 0.11 £ 120
Frequency [GHz] 13.98 T1385x10°  1395x10" 1405x10"
) Frequency [Hz]
Cu-cawty Q (mOde TMI IO) 50’000 Hybridization of Cavity and Kittle
Teaviey [K] 5.0 modes
] 3
GE’YIG: P :& —14%1033 Mg v Expected power from DFSZ axion.
MW@hvity i o 2 ' 58.5 ueVvV No way to detect it at this stage!

: Magnetic field . o ng ‘/S Tmin W 44
T =4K 2-1028 /m3 2.6 mm3 0.11us



QUAX R&D: Type Il SC RF-Cavities

Quality factor of a copper cavity sputtered with NbTi (13T H_,) TS e
measured at 4K, for: _ :Ng;},\t,:?tf#iwf"m
I. TMOI0 mode at 9 GHz [ —e—Nb bulk
2. TMII0 mode at 14 GHz —e—Cu bulk

x10° TM110 «/2 shift
120054 1
b f=14.46 GHz
; —&— ZFC data T=4.2K
i —&— FC data
1000
'V!“_ Nle
[ TMO010,9 GHz
00600:— T 4K
400 \\ I
2001
- Cu i, PR PR PR B B R
ittt CXA050.5D . 1.0 2.0 3.0 4.0 5.0 6.0
OIIlllIIll|ll|I|lIIlIIIII|Ill|IIII][IIIIllIIIllIIl i 45
0 05 1 15 2 25 3 35 4 45 5
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QUAX R&D: Type Il SC RF-Cavities

Quality factor of a copper cavity sputtered with NbTi (13T H_,)
measured at 4K, for:

[. TMOIO mode at 9 GHz

2. TMII0 mode at 14 GHz

Gain of factor 4-5 in the expected signal power, for Primakoff
conversion, at both frequencies when B=5T.

7000X10°
F —& NbTi
6000; —«— Copper
%009 TM010 9GH:Z
4000
3000+
2000
1000~
i B B R
B [T]
Cu,an 2/3
Rg o w2/

II
RgC’type .

(0

Q*B ?(Tesla)
app

610°

510°}

410°

310°

2108}

110°%;

—e—NDbTi thin film

—e—NDbTiIN_ __ thin film
x<1

—e—Cu bulk

TM110 f=14.46 GHz
T=4.2K

00 10 20 30 40 50

B (Tesl
app( esla)

6.0
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THE DC SQUID AS A RADIOFREQUENCY AMPLIFIER

Tuned Circuit At frequencies higher than a few MHz it is convenient to use a tuned circuit:
e.g. Noise Temperature T\=1.7K @93MHz and @4.2K
{} C. Hilbert and |. Clarke, ). Low Temp. Phys. 61, 263 (1985).
II
Vi
but

In a conventional square-washer SQUID the parasitic capacitance
between the input coil and the square washer can lower the gain to
useless levels at frequencies around 100 MHz

parasitic
capacitance

then

Possible solution: in contrast to the conventional input scheme the

signal is applied between one end of the coil and the washer (the other

end of the coil is left open).

e.g. T\=52mK @538MHz and @0.1K (Quantum Limited Ty =26mK) M. 7
Muck et al. Appl. Phys. Lett 78, 967, (2001)




300 mK COOLING FOR SQUID

=  SQUID can be cooled at about 0.3 K using a 3He fridge o SO S, = E04 B 5

£
: , , = 1000 -

= The simplest solution foresees a coupled “He/*He fridges o PRL 104, 041301 (2010) %
S
ﬁ -

= Compact and quite easy to operate L
*“E*’ 100 -

- Tbase = 300 mK’ COOIing Power = feW tens Of “’W % { j Quantum Noise Temperature
2 s 13 at 700 MHz: 33mK

= Single shot condensation allows a 80+90% duty cycle

operation 100 1000
Physical temperature (mK)
= Two 3He fridges and a thermal switch allow continuous

operation, but requires developement
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COMPETITORS

Preinflation models Postinflation models ALP miracle
NDW =1 NDW >1 !
Anthropic window ] |
R ZIIIE IEEEEEE——— |
I Ll IIIIM L1 IIIIIII L Illlld 1 IIIIIIII L IIIIIIII Ll IIIIM 1 IIIIIM 1 Illlld 1 IIIIIIII
10-° 108 10-7 106 105 10—4 10-3 102 101 1
~ 103 =T |||||I'I'| T IIIIIIII LHLE L lr‘l IEITll T
g : “ ""’.’ ""‘
> C '..’."
% = “o .”‘
<ting N
= |: 0
< > o | 3
= & :
~ ! DRGAN
. z
o jms
3 :
CADRD
Soa - gs s
MADMA
H Axion models
IIM 1 IIIIIIII L IIIIIIII L IIIIIM 1 IIIIIIII Ll Llll
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COMPETITORS

Dilution Refrigerator v
SQUID Readout System v
Magnet $80k
Shielding

Cooling System:

Dilution refrigerator systems O(=$1M)
Larger system to cool the toroid
SQUID Readout Systems
Custom system with larger bandwidth and resonator O(=$1M)
Shielding
To be determined
Magnet
Typical scaling number (cost driver) $250k/MJ
Riin=1m, Rmax = 2m, 7 = 3m, Bmax= 1T $1.2M
Rupin=2.2m, Ripax =4.5m, h = 6.7m, Bipax = 1T $6M
Ruin=1m, Ryax =2m, h =3m, Byax=5T $30M

Same SenSlthlt’v * A1l nuimhare ara hallnarls actimatac

V=M,/ LT
10-10 Hz , _ kHz __ MHz __GHz ADMX
—Broad: Byax = 1 TRy = 1 m ; Green: projected
— -Broad Bum =2 T.Rp=1m IAXO (Projected) Gray: published
ol | Broad: Bpax =5 T,Rin =1 m
107°F |—Res: Bnax=1T,Rn=1m
— =Res:Bnax =2T,Rpn=1m
----- Res: Bmax = 5 T, Rn = 1 m “
10_147 1 S 0 O —
yr sensitivity (SNR = 1)
o _+Broadband Only
g Z
g 1071
>
o~
S - Resonance Only
10718}
Scan
10—20
10" 10'7 fa (GeV) 10%5 1083
10722 ' : : ' '
107 10712 10710 1078 107°
mg (eV)

Optimal Scan Strategy still WIP
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COSMOLOGICAL LIMITS

Inflationary Axion Parameter Space
E; (GeV)

107 108 10° 1010 10" 10" 10" 10™ 10% 10

10'9 GeVv

10712 v

18
10'® Gev 107" ev
17 L
10" GeV 1010 ev
10" GeV |- 10%eV
105 GeV - 108 eV
10" GeV 107" eV
WS
10" GeV | 106 oV
102 GeV - 105 eV
10" GeV |- Classical 104 eV
10 Window
10" GeVv 103 eV

9
10° GeVv 102 eV

.
108 GeV 10- oV

107 10 102 102 107" 10° 10" 10 10® 10* 10° 105 10" 10® 10° 10' 10" 10'2 10" 10™
Hy (GeV)

arXiv:1805.07362

kHz

MHz

mg

GHz

THz

Other models:

arXiv:1406.0660
arxXiv:1304.7270

arxiv:1705.01134
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|kLAsH [vEAR 2018 2019
MOnth 6| 10, 11 12] 13 14 15 16| 17 18 19 20 21 22 23] 24§
a Progetto ecca 0
T1.1 |Progettazione Meccanica
T1.2 |Progetto Meccanico Definitivo
6 10 11 12| 13 14| 15| 16 17| 18 19 20 21 22| 23| 24)
a oge
T2.1 |Progettazione Criogenia
T2.2 R&D 300 mK
6| 10, 11 12| 13 14| 15| 16 17| 18 19 20 21 22| 23| 24)
d d O
T3.1 |Progettazione e Simulazione Cavita
T3.2 |Progettazione e Simulazione Tuning
T3.4 |Componentistica
6| 10 11 12] 13 14 15 16| 17 18 19 20 21 22 23| 24§
a P 4 Amplificazione e DAQ
T4.1 |Progetto SQUID
T4.2  |Schermaggio Campo Magnetico
T4.3 |Amplificazione Secondaria
T4.4 DAQ
6 10 11 12| 13 14| 15| 16 17| 18 19 20 21 22| 23| 24
d d O d 0O e
T5.1 |Definizione Servizi
T5.2 |Schema Controllo e Automazione
6| 10, 11 12] 13 14 15 16| 17 18 19 20 21 22 23] 24§
d O d a
T6.1 |Sensibilita ad Assioni
T6.2 |[Sensibilita a WISPs

Estimated construction

CDR | anno

Progettazione Meccanica
(LNF) e progetto esecutivo
(Ditta esterna)

Progetto criogenia. Prototipo
refrigeratore 300 mK

Simulazioni RF
Amplificazione e DAQ
Infrastruttura e automazione

Risultati di Fisica

cost about -2 M€

25

Mesi
Persona

(R, T,
Tecnici
Serv.)
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