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State of Art Sikivie’s Axion Haloscope

Room Temperature Amplifiers

Psignat = 10722 — 10723W/
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FLASH - 100 MHz Haloscope
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“The future search for low-frequency axions and new physics with the FLASH resonant cavity experiment at Frascati National Laboratories”
Physics of the Dark Universe 42 (2023) 101370 8



FLASH - 100 MHz Haloscope

Control Room Side
(CR Side)
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“The future search for low-frequency axions and new physics with the FLASH resonant cavity experiment at Frascati National Laboratories”
Physics of the Dark Universe 42 (2023) 101370
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FINUDA

Fisica Nucleare a DAFNE

B(T) 1.1
1(A) 2845
R(m) 1.4
L(m) 2.2

INFN

LNF

Istituto Nazionale di Fisica Nucleare
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* OnJanthe 19th 2024, FINUDA
was cooled down to 4 K and
energized with a current of 2706

A, generating a magnetic field of
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FINUDA Extraction
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SAFETY VALVE VACUUM ENDCAP

VACUUM PIPE > COOLING LINES (IN-OU FLA SH

(VERY) PRELIMINARY SETUP

VACUUM CHAMBER FINUDA MAGNET F LAS H

THERMAL SHIELDING

Physics
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RF CAVITY

Beyond
Colliders

VACUUM ENDCAP

Isometric view
Scale: 1:50
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Cryostat and He |l Cooling of the Cavity
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Tuner

Rotating disk

Monopole Antenna
(TM mode)

Loop Antenna
(TE mode)

INFN

FLASH
O GraviB

Cooling/connection
rods for prototype
only

Cavity Prototype

Cooling manifold is not
needed for prototype
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Physics Reach

Mode [+ (MHz) Linyo (mm) B

TMg10 12918 45 1.05
TM1; 16331 40 0.98
TM;40 204.17 40 0.96
™, 227.30 36 0.99
TM,y, 237.97 43 0.97
TM, 1 259.26 61 1.03
TM,4, 27783 55 0.96
TM;1, 285.69 37 1.04
TMozo 289.97 29 0.97
T™M,;, 327.33 56 1.00

Axion, Dark Photons, HFGW

HFGW

HFGW

Axion, Dark Photons

B BW_3,4p (KHz) Q. (- 10%) Qo (- 10°)
TE,y, 135891 | 0.775 0.53 2.83 5.02
TE,,, 190583 | 0.665 0.70 2.75 4.58
TE,,, 218340 | 0718 1.00 234 403
TE,, 220057 | 0.681 1.20 219 3.69
TE,,, 257.449 | 1500 1.10 2.63 6.58
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AXION Sensitivity
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With OFHC Cu cavity at 1.9 K

Parameter Value
v, [MHz] 150
mg [ueV] 0.62

g ey 245 » 1016
QL 1.4 x 10°
Co10 0.53
Bumex [T] 1.1
B 2
7 [min)] 5
P K] 2K
Piig [W] 0.9 x 1022
Scan rate [Hzs™!] 8
Mg [eV] 0.49 - 1.49

Gary 90% c.l. [GeVTY]

( 0.8-3.96 )x 10716
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“Cross correlation”

What do we gain if we correlate “axion” signals measured at the same frequency with NMR and cavity experiments
within one De Broglie wavelength (10Km)? (Sreemanti Chakraborti)

Axion De Broglie wavelenght ~ few Km

R=ra

COLD Lab Dafne Hall

x\\\\\“\‘_""/’( //,//

excitation coil

crystal

[Aybas et al., PRL 126, 141802 (2021)]
From left:
CG, Deniz Aybas and Sreemanti Chakraborti

Cross Correlation
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QUAX@LNF — 9 GHz Haloscope

Phys. Rev. D 110, 022008 (2024)



G INFN

'(‘ QUAX @LNF
LA W Grav )

E Field [Vim] A0S 16 1
Max_8 548E+07
8.60E+07
. 7.74E+07
5.88E+07
5.02E+07 141
L 516E407
H 4305407
344E+07
2 58E+07 12
1726407 ~ \
8 60E+06 =l
0.00E+00 -
Vin_1498E+03 N
m s M
. VWA
VWA
6 .
S~y 8.831 8.832 8.833 8.834 8.835 8.836 8.837 8.838 8.839
X‘ CC —— f (GHz)

23



RF
VNA
I
Line 2

----------------

Line 5

ZET 4-12 GHz
+35 db \

TWPA Gain Comparison

Gain [dB]
- N w
) o o

o
1

—-10 1

—20 1

—— 0T, Ppump = -13.23 dBm
—— 1T, Ppump = -13.23 dBm
—— 3T, Ppump = -13.23 dBm
—— 6T, Ppump = -12.61 dBm
—— 8.5T, Ppump = -12.61 dBm

1.5 photons 0.4 -

1 photon

6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0
Frequency [GHz]
System Noise (K) comparison

[ ] & &
[ |
1.4 1
1
1.2 # ;
] " L
= #
~ 1.0+ # L]
s o
B
=}
= 0.8+ m
E Y S —
@ [
& Ll b R ——— | (P
_______ 5] -t - == Quantum limit
e n .
0.2 - = 1.5 x Quantum limit
$ooT
+ 85T
0.0 T T T T T T T T T
0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
Frequency (Hz) 1el0

24



DAQ for TM010 TM011 TM012 Modes

ADC calibration response - Mode 1
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ew Data Taking Started!!!

RAW DATA

for example
binary files

Large, unprocessed
detector output

4

FILTERED DATA

for example
DSF/NPZ files

Processed and
reconstructed data

¥

EVENTS

for example
CSV files

[N

Physics events
for analysis

BATCH

E =
HIConddr

ANALISYS

ROOT

STORAGE/
TAPE

Grafana

METADATA &
SLOW CONTROL

INFN

UAX @LNF
INEIENet

D -

\

D

¢
o

Beseodo 2R e o0 208 <A + v
Q © ser r.cnafinfn.it:8443/flash/data/LNF [ a2 s V=m0

C: Inizio ) mappe [J Al 3 CLOUD [J MIDAS (3 Tutorial [ LNGS [ Acquisti [ Home [3J PNRR [ Navgation [0 review [J fujifim @ Keep »

xfer-archive.cr.cnaf.infn.it

<
o [flash/data/LNF

Search

$ Lastmodified $ Size (in bytes) $ Locality

2026-07-29T703:31:56.683+02:00 12128800786 DISK
2026-07-29T03:34:42.731+02:00 12128878725 DISK
2026-07-29T03:39:16.764+02:00 12128789395 DISK
2026-07-29703:42:17.614+02:00 12128462448 DISK
2026-07-29T03:49:36.048+02:00 12128902989 DISK
2026-07-29703:64:25.790+02:00 12129156438 DISK
2026-07-29T03:55:36.702+02:00 12128881083 DISK
2026-07-29T03:66:38.838+02:00 12129312143 DISK
2026-07-29T04:00:10.034+02:00 12129719797 DISK

2026-07-29T04:04:22.515+02:00 12129768392 DISK

Showing 731 to 740 of 743 rows | 10 - | rows per page 1
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Beyond Quantum Limit with Quantum Sensing

101 = Thermal noise at 50 mK Counter based on
= Quantum Noise superconducting qubits
o] = Dark count noise (1 Hz)
SQUID ‘g 10
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-«
signal out — — o~ .,
arXiv:1607.02529 ° i g PAIM é
-2 11 7
PHYSICAL REVIEW D 88, 035020 (2013) JPA It Ll
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Sensing with

Superconducting
Qubits

€T,
€0,

» Excitation

> Phase Rotation
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Qubit Cavity

System

Qubit drive

Resona tor ener; 2\ Qubit energy Qubit resonator interaction
hw,ala + §JJQUZ + hxaTaaz

+h (aTee—wdt + ae*ei“’dt)
_|_@ (0-+€€_iwd't —I_ O.—E*Giwdt

A

)
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Ramsey

}

Sensing

1. Initialize Ry(—T[/Z)

0)

A 4

2. Transform

|lp0) . ﬁal())

3. Evolve for time t

[¥(©)) = Uu(0,£)[1ho)

4. Transform
A 4

la) = Uplp(t))

! 5. Project, Readout

“0” with probability |(0]a)|?
“1” with probability |(1|a)|?

1 6. Repeat and average

p=1-[0la)]?
7. Estimate signal R
: /2
=V Y ( / )

FIG. 2. Basic steps of the quantum sensing process.

REVIEWS OF MODERN PHYSICS, VOLUME 89 (2017)

<
=
—

(l=2yn
Precession
frequency

) = (]0) + [1)/V2

) = (]0) + e~1|1)) V2

P(1) = 1 — OlY)2 =%(1 _ cos Q)
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Itinerant Photon Detection
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Quantum Non-Demolition Detection of an
ltinerant Microwave Photon

Qubit-cavity coupling 2 p Ramsey
l 1D mode [@eiy ! [9> ] measurement
k — ZX Qubit o Z|0>
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I .
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L, Pum te Measurement time
e
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“10 -5 0 5 10
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Reflection

Difference (rad)

https://doi.org/10.1038/s41567-018-0066-3
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Development of Superconducting Quantum
Circuits at INFN

Projects funded by INFN Scientific Commission 5

In collaboration with:

Single Microwave Photon detection with a CBJJ INEN N E | vaversina UNIVERSITA
; ' /\ (E : H&RENJZ)E DEGLI S'F'VU[)I
an d nano T ES Istituto Nazionale i Fisica Nucleare EIEECA EER UNIVERSITA DIPISA 0

)4 e
Technol logy UNIVERSITA il
I|FN TH ) e NH | DEGLI STUDI
QUbIT ¢ DI FERRARA ALMA MATER STUDIORUM
% EXLABORE FRICTUS UNIVERSITA DI BOLOGNA

Quantum sensing with Superconducting Qubits

ub-IT

n>
UARTRT ouartat

ANT UM AR CHIT ECT UB ,
BOTHEORY & TECHNOL  Quantum architectures for theory & technology

1]}
; W ICS
» ® Nafional Quantum Science ‘ Centro Nazionale di Ricerca in HPC,
and Technelogy instiute Big Data and Quantum Computing

.\ R \o esilience
._./ Resilience
Development of qubits resilient to magnetic field with WdW materials 26



Qubit Design
and

Simulation
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https://qutip.org

Evolution of

Quantum
Systems with

Qutip

6.066

6.064

freq (GHz)
[=1]
o
[=1]
(o]

6.060

6.058

T T T 1
0 200 400 600 800 1000
time (ns)

QuTiP

Quantum Toolbox in Python

Get Started with QuTiP v5 [ Try QuTiP from your Browser!

a = tensor(destroy(nlev), geye(3))

adag = a.dag()
b = tensor(geye(nlev), destroy(3))
bdag = b.dag()

P = [tensor(geye(nlev), basis(3,klev)xbasis(3,klev).dag()) for klev in range(3)] # Proiettore stati qubit

H
L

(wc—w)*adag*a + (wg-w)*xbdagxb + alpha/2xbdagxbdagkbxb + g*(adagxb+axbdag) + 1j*(epsilonka-adagkepsilon)
[sqrt(k)=*a, sqrt(1/T1)x*b]

phi@® = tensor(coherent(nlev, sqrt(nph@)), basis(3,0))
t = np.linspace(@, tmax, 501)

sol = mesolve(H, phi®, t, L, e_ops=[adagxa, bdagxb, P[@], P[1], P[2], a])
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First Qubit Design and Realization

Qubit Characterization at Uni MiB

(W
B2 Josephson 0.175 1.00
m | T junction = 0.150 .
| 3 0.95
Shunt | o 0.125 (%28
i -g C CC>
capacitance 2 0.100 0.90 .9
\ s 0o 0.85 2
| 1 N ©
‘ — £ 0.050 =
| g 0.80
- e 0.025
‘ Dielectric 0.000 0.75
; gap 5.4 5.5 5.6 5.7
| 7ﬁ Drive frequency [GHz]
|
- ) _
5 N
)
_— —_ (92
- 100 pm R4 0.7 2
Coupling claw I——] = .g
=
g 504 .-
5 o
©
£ 522 ; S

100 200 300 400
Drive pulse length [ns]

Labranca (MiB) and Corti (Firenze) PhD Thesis NH
Moretti et al. 10.1109/TQE.2025.3633176 Fabrication at
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First Qubit Design and Realization

0 - T - , | JJ Area
£ e v : - 100%x100 nm?
Cs |
— \
g L] s i i ] -«
g & [] ) L ]
Labranca (MiB) and Corti (Firenze) PhD Thesis Fabricati t NH
Moretti et al. 10.1109/TQE.2025.3633176 aprication a
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Qubitin a 3D Resonator

Technology
T I I Innovation
Institute

Appl. Sci. 2024, 14(4), 1478
41



3D Qubit - Characterization

T Readout a
Rabi oscillations
t
) ] ] &t 0.8
Qubit lifetime measurement e Readout L
: 0.2
Ramsey Spectroscopy
and T B At T U R d . L 0:6
- e = eadou
T2 measurement 2 2 X
I-r 0.2
Appl. Sci. 2024, 14(4), 1478

0 1 2 3 4 5 42



Microwave Photon Counting with a 3D Qubit

Two tones spectroscopy on 3D qubit

—20A v
—22- m m m
wl — _I_ 27’l —24 1 (\
q q yX e
/ %—28- M
Photon number in resonator =30 N=1.8+0.1 0“ M
2y,

~32- M w 0)

12) 111)

634 636 6.38 640 6.42 6.44
Voubit [GHZ]

Appl. Sci. 2024, 14(4), 1478
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3D Qubit — Cavity Fabrication

Fabrication at INFN LNL - Mechanical machining,
Vibro tumbling, Electropolishing, Annealing

44



— EHT = 5.00 kV Signal A= InLens StageatT= 0. 5 Dec 2024 7 EHT = 500 kv Signal A=Inlens StageatT= 00°
3 Mag= 400X 17:46:28 Wo= 2.8 mm Mag= 300KX
I b . t .

200x150 nm?2

EHT = 5.00kV Signal A= InLens StageatT= 0.0° 5Dec 2024 EHT = 5.00 kV Signdl Al= InLens Stageat T= 0.0° 5 Dec 2024
WD = 2.8 mm Mag= 10.00KX 17:51:30 — WD = 2.8mm Mag+ 21.16 17:44:07

NCNRIFN

Istituto di Fotonica e Nanotecnologie




3D Qubit - Measurement




3D Qubit - Measurement




3D Qubit Spectroscopy

In 2024 we fabricated our first qubit showing a

discrete energy spectrum ... but no coherent

oscillations

Cavity Spectroscopy
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E 5 |
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3D Superconducting Qubit

In 2026 we fabricated our first Al qubit showing
coherent oscillations

124 ® Data L] 4
’ --- At oo ® ° e? 11
. __ 3
_————~
122 o - . L
] ®
”f. o9 9 L 1.0 2
120 ,.’." e © — N o1
—_ L h e T
® 118 oo °° g o9 S
Lo r’ 19} g 0
d 4 ol =
£ 116 I’ E 3
‘; e 0.8 g -1
1.14 ;@ — 260
y T; ns -
l 0.7
L12 e
1% -3
/
110 ? 0.6 l
-4
T T T T T T T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6
Delay duration (us) Pulse Duration {.LIS) pulse duration (us)

Qubitfabricated in Italy within a collaboration between INFN, CNR-IFN, TIFPA and the Universities of Milano Bicocca,
Milano Statale, Pisa, Firenze, Salerno
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Sensing with Many Qubits

Using many qubits for quantum sensing can provide several
advantages:

Higher detection efficiency - independent qubits act like
multiple detectors € - N¢

Increase sensitivity — averaging over N independent detectors
improves the sensitivity as 1/\/1V. If the qubits are prepared in
entangled states (for example GHZ states) the sensitivity scales
1/N (Heisengberg limit).

Collective enhancement - If many qubits couple coherently to
the same electromagnetic mode, the interaction strength
increases collectively. For N identical qubits, gerr = g\/IV, whic
is known as Dicke or Tavis-Cummings enhancement.

Error correction and Dark count suppression - Requiring
coincidence between k qubits reduces false positives of
probability p approximately as pX.

QND - Several qubits can interrogate the same photon without
destroying it.
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Quantum Coincidence with Superconducting

Qubits
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Quantum Coincidence with Superconducting

Qubits
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Quantum Coincidence with Superconducting

Qubits
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Quantum Coincidence with Superconducting

Qubits
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Can we Build a Magnetically Resilient Qubit?

https://doi.org/10.1038/nphys3538

NbSe2 : Transition-metal dichalcogenide (TMD) superconductors

Xi, X., et al. Nature Phys (2016).
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Thin NbSe, (niobium diselenide) retains superconductivity at a high inplane magnetic field
up to 30 T! Spins pinned on the orthogonal directioin by strong spin orbit coupling are

insensitive to inplane magnetic field.
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Coherent Oscillation in NbSe, Qubit #1

Rabi oscillations
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A. D’Elia arXiv:2509.17160v2 58
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Coherent Oscillation in NbSe, Qubit
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In Summary

FLASH
* 1stdraft of TDR by the end of the year
* Tender for cryostatin spring 2027

* Cryostatdeliveryin 2029: start commissioning
QUAX@LNF

* 2026 data taking started!

* Multimode acquisition for search of axions and
HFGW

Quantum Sensing at COLD Lab

* Succesful realization of our first qubit showing
coherent oscillations!

* Testing the device for sensing with Quantum
Coincidence.

* Realization of NbSe2 qubits - ERC Starting
Grant!
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