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Axion Interaction in a Microwave Cavity
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Parametric Amplification

Parametric amplification is obtained by modifying the parameters of an

® oscillating system.

In electrical circuits is obtained by modulating capacitances or inductors with
“pump” currents.

" %4 In lossless superconducting circuits parametric amplification allows to reach the
noise at the quantum limit.
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Parametric Amplification
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Parametric Amplification
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Josephson Parametric Amplifier

Quantum limited parametric amplification is obtained by driving non-linear non-dissipative elements such as
Josephson junctions
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IBS-CAPP — Flux Driven JPA
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ADMX - JPA

ADMX operates a 4 wave
mixing JPA in a phase

insensitive mode by pumping
with a microwave tone 375
kHz detuned from the cavity

resonance.
Tipa 250 mK
mixing 4 wave
Gain 20 dB
BW 10 MHz
Tunability 500 MHz
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See talk of Yanjie Qiu et al at Workshop on Microwave Cavities and Detectors for Axion Research
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Traveling Wave Parametric Amplifier
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Traveling Wave Parametric Amplifier
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QUAX - TWPA

(a) TWPA ON/OFF Gain

N
(9]
!

N
o

6 mm transmission line composed by 700 cells
made of superconducting nonlinear asymmetric
inductive elements (SNAIL)

=
w

w
1

(b)

TWPA on/off gain [dB]
[
o

o
1

Tys=1.1K

/ T T T T T T T
EE L 6 7 8 9 10 11 12
Frequency [GHz]

institut

Frequency [GHz]
0 1 2 3 4 5 6 7 8 9 11 12 13 14 15 16 17
2
10 o T TR mi \‘l ]
> o
a = B 3 3s ORGAN
a & = %6‘
iy g J & 1|3
10t UF Y aapp il 2|=
— g B = EIN = 44/3
& APR A EIN=29/3
2 3 EIN=20/3
s
10° KSVZ E/N =0
DFSZ EIN=8/3
EIN=5/3
107
0 10 20 30 40 50 60 70
| | m, [ev]
- - ) _—
1% %5 10%
500 §
H
B O e e A S S A
42.0 42.02 42.04 42.06 42.08 42.1 42.12 42.14 42.16 42.18 422
m, [uev]

arXiv:2506.11589



Beyond Quantum Limit

single-mode squeezing
P4 coherent state

two-mode squeezing
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1: Squeezing

JPA are phase
sensitive amplifiers:
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They can be used to
amplify in one
direction and
attenuate in the
orthogonal direction.




HAYSTAC — A Squeezed State Receiver With
JPA
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Beyond Quantum Limit

1: Quantum Sensing

10t

= Quantum Noise

= Thermal noise at 50 mK

== Dark count noise (1 Hz)

SQUID 10°

P noise[zW]/\/E

signal in Ce
—

signal out

A

arXiv:1607.02529

PHYSICAL REVIEW D 88, 035020 (2013) JPA

1
A~ >

Counter based on
superconducting qubits

7

—

7

15



Single Qubit

Sensors , o
Hmt — EO'x - Excitation

Hint — EO_Z >~ Phase Rotation




The Superconducting Qubit

© Encyclopeadia Britannica, Inc.
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Superconducting Qubits
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Resolving Photon Number States in a

w

Superconducting Circu

=]
=]
=]
o
o
o

0 0 0o o @ 0

a 0 @6 0 @ 0

0 0 0 o @ 0

0 06 @0 @ 0 @

0 @8 0 @06 @ o

a

o o o

0 @0 @0 @

o @0 @0 @

@ @ a

=]

e 06 @8 68 @0 6

g @a e

4

=}

o
a
=]
o
o

a

G @0 o 0o o

@ 0 0 06 @ @

@ 0 8 8 @0 @

QG 0 @ @ @ @

o

0 6 @6 @8 @

o

0 @a @

@ 08 8 @86 @ a

4
4

1

e o o o -

8 8 8 8 8 8 8 B8 8 888088

8 8 8 8 8 68 8 8 8 8 8 88

0 0 0 0D DD 0D OO OO @8 8

8 8 8 8 8 B B B 88 8 8 8 @

0 B B B B0 B OG0 000

8 3 8 8 8B BB 608 P |
8 oo
o o o
o oo
o oo 8 8 8 &

" @ o @ (= = I - T - I - T
o o o (= - N - T - I - T
o oo (= = B - T - B - I -
o oo o 8 8 8 08 08
o o o (= B IO - R - B -
o 0 o (= = B - IO B - B -

) (= B = B - IO - R - B -

D“& 0 0 0 8 8@

- = = « 0 83 0 8 8 08

0 8 8 8 8 368 6 080 00

0 B 0 B B BB OO O O

o 0 0 B 8 8 3B B G B

] 0 B B B B O OO OO0 O

o 3 0 DB B B O 0BG O
0 0 8 B B B8 B8 O

O 0 B 8 8 B GO O@ B8

8 0 08 O 0B @aaes

8 0 8 38 8 8 8 68 6 8

0 3@ 8 0 B O O 0 O O h

0 0 8B 0 8B D O B8 O O A

{

@ 0 0 D O B 6B @ B8 B8

e =
4

2y +0

10.1038/nature05461

do



R s TR D A ST s 'f;‘g J&JM-:@”.’;’:-:\;;-’- S Y U Rt B DR s T -]
20 pm EHT= 5.00 kV Signal A= InLens StageatT= 0.0° 5 Dec 2024
WD = 2.8 mm Mag= 400X 17:46:28




Resolving Photon Number States in a

Superconducting Circuit
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Quantum Sensing Ramsey Measurement Hin, = €0,
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Quantum Sens'”g Rabi Measurement H;,; = €0,
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Searching for Dark Matter with a

Superconducting Qubit

Photon detection by repeated
Ramsey measurements
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Searching for Dark Matter with a
Superconducting Qubit

QND allows repeated measurements

Initial Cavity State
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Detecting Hidden Photon Dark Matter Using
the Direct Excitation of Transmon Qubits

Dark Photon detection by Frequency (GHz)
repeated Rabi measurements
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Irreversible Qubit-Photon Coupling for the
Detection of ltinerant Microwave Photons
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Quantum-Enhanced Sensing of Axion Dark Matter with a
Transmon-Based Single Microwave Photon Counter
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Quantum Non-Demolition Detection of an
ltinerant Microwave Photon
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Multi Qubit

Sensors




Error Correction with Two Qubits
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Sensing with Multiqubit Entangled States

Greenberger-Horne-Zeilinger (GHZ) state
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Quantum Enhancement in Dark Matter
Detection with Quantum Computation
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Optimized Quantum Sensor Networks for
Ultralight Dark Matter Detection
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Non
Classical

States




Fock States
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Fock States
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Stimulated Emission of Signhal Photons from

Dark Matter Waves
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Stimulated Emission of Signhal Photons from
Dark Matter Waves
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Heisenberg-Limited Single-Mode Quantum
Metrology in a Superconducting Circuit
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Quantum Sensing of Displacements with GKP
States
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Combining Squeezing and Photon Counting
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Coherently Sum Signals

Pizza cavity
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Operating in a Strong Magnetic Field

B, > B

% L(elacdou F%' ’ (((@5))

Transmpn % ark Matter

— —

— e
— —

Sl‘orage




Superconducting Cavities
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Can we Build a Magnetically Resilient Qubit?

Se > https://doi.org/10.1038/nphys3538

NbSe2 : Transition-metal dichalcogenide (TMD) superconductors

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 insensitive to inplane magnetic field.

*See https://journals.aps.org/prd/pdf/10.1103/PhysRevD.110.115021 for axion searches with resilient qubits.
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NbSe, van der Waals
Josephson Junctions

* The layered structure of NbSe2 allows it to be
exfoliated into thin flakes. When the vdW interface
has a misalignment, decoupling becomes
sufficiently large and the superconducting state of
the NbSe2 crystal cannot be described by a single-
order parameter.

https://doi.org/10.1038/ncomms10616
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Principal Investigator: A. D’Elia (LNF INFN) 48



Rabi-Like Oscillation in NbSe, 3D qubit
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Towards an optimal
detector for Axions and

Fock state weak
H FGW with large number N coherent state

* An advanced quantum sensor leveraging
superconducting qubits that utilizes
entanglement, quantum error correction,

entanglement
and high-photon-number Fock states |

(large N) to significantly boost the sensitivity resonat cavity '-
for detecting weak coherent states. error correction

quantum sensor based on superconducting
qubits

Maybe in 10 years:

Signal o (Npee + 1) X M2ypiesX Np2oorors— (10 +1) X 100 x 100 = 10°

Detectors
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