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Gravitational Waves Landscape

Models of the primordial
Universe predict a wide
band spectrum of
gravitational waves up to
high frequencies.

10—21 |

Cosmological
observations constraint
their amplitude.

10-25 |

Amplitude of the wave

1 0‘29 Present and future
experiments will probe
Signals from the S~ the frequency region up to
- early universe N| 10 kHz.
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Gravitational Waves Landscape
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Aggarwalet al. Challenges and Opportunities of Gravitational Wave Searches above 10 kHarXiv:2501.11723

The landscape of
gravitational waves in the
ultra-high frequency
regime is beyond the
sensitivities of the present
terrestrial experiments.

HFGW could potentially
be sourced by a collection
of exotic physical
phenomena originating
both in the early and late
Universe.



How to Detect HFGW

Strong static magnetic field

Source

NUMBER 1 JANUARY, 1962
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SOVIET PHYSICS JETP VOLUME 14,

WAVE RESONANCE OF LIGHT AND GRAVITIONAL WAVES

M. E. GERTSENSHTEIN

Submitted to JETP editor July 29, 1960
g/“/ — nur/ + hHY

J. Exptl. Theoret. Phys. (U.S.S.R.) 41, 113-114 (July, 1961)

The energy of gravitational waves excited during the propagation of light in a constant mag-
netic or electric field is estimated.



Similar to Axion DM Detection

VoLuME 51, NUMBER 16 PHYSICAL REVIEW LETTERS 17 OcTOBER 1983
Experimental Tests of the ‘“‘Invisible”” Axion y . Signal
P. sikivie Resonant | '- £ etfeel
Physics Depavtment, Untversity of Flovida, Gainesville, Flovida 32611 CHVit‘j" A Photon frequency’
(Received 13 July 1983) . { n )
. . . N Magnetic - ) (= axion mass)
Experiments are proposed which address the question of the existence of the “invisible i Y
axion for the whole allowed range of the axion decay constant. These experiments exploit field ( Phot
the coupling of the axion to the electromagnetic field, axion emission by the sun, and/or { oton E
the cosmological abundance and presumed clustering of axions in the halo of our galaxy. & : %
PACS numbers: 14.80.Gt, 11.30.Er, 95.30.Cq Axion S a
Virtual >
photon Frequency
\‘ //-"‘



GravNet: A Global Network for the Searcrh
for High Frequency Gravitational Waves

European Research Council
Established by the European Commission

(Bonn), Diego Blas (IFAE) 6



GravNet

Direct Limits ~ GravNet Sensitivity
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Modelling and Data Analysis
Cavity Design & Construction

Quantum Amplifiers and
Sensors

Network Operation

mpination o1 alfrerent

—

/2

Open a new window to the
Universe (MHz to GHz gravitational
waves).

Measure a physical phenomenon
we have never measured before:
the (inverse)Gertsenshtein effect,
the generation of a photon by a
gravitational wave that traverses a
strong magnetic field.

Start a new initiative on which to
build in the future.

Re-use of cavities which are
already employed for axion
searches.

Operating a network.



GravNet
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Source Modeling
and Data Analysis

Resonant
Cavities

Quantum Sensing

Network
Operation
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SourceModelingand Data Analysis

1 - For swiping signals (PBH) time domain
analysis improves the S/N ration

P W]

Frequency domain

— Fit
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2 T Combine data of all cavities with NN

N = 3 Cavities

Time Domain [10ms]

N = 25 Cavities

Time Domain [10ms]

10



Cavity Design: GMZavity Coupling

Y [Reav]
Y [Reav]

I
— & o
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. jv dVE:m (:B) (in Jeﬂ-‘(m)) Typical values for cylindrical cavities:
sm — 2 A Axions G;,=0.6
fv dV | E g (), A HFGW h=01

Optimize cavity design to increase the G\WCavity coupling
11



Cavity Design: Superconductive Cavity
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G.Marconato et al., "NbTiThin-Film SRF Cavities for Dark Matter Search,"
in IEEE Transactions on Applied Superconductivity, vol. 34, no. 7, (2024).
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S. Posen et al. PHYS. REV. APPLIED 20, 034004 (2023)

5.4 GHz, 0.2 L, '
EuBCO+APC Tapes (Fujikura

TM010 Q~13e7@8T

TMO011 \
w/o magnet ramping
» Loaded * Unloaded
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Magnetic Field (T)

Danho Ahn 18th Patras Workshop
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Cavity Design: MuliMode Detection

Mode Resonant Q factor
FLASH g™ % T, 3
(Tmo10 109.5 626e3 -
TMO11 166.1 526e3
| T™MO12 2723 752e3
TM110 174.4 790e3
T™M111 2145 598e3 TMiy, hy
TM112 304.7 712e3 .
TM210 233.7 915e3
TM211 264.9 664e3
TM212 342.1 755e3 o
TMs,, ha :J‘u.f" A
— p=0 — p=1 — p=2 : W/ \

180°

A. Berlin Phys. Rev. D05, 116011 FERMILABPUB-22-008-TD
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Network Operation

Signals from N detectors
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A 3 high frequency rf cavities per site
A One rf cavity at 100 MHz

GravNet initial sites: Mainz, Bonn, PSI, Frascati



Quantum Sensing

= Thermal noise at 50 mK Counter based on

= Quantum Noise superconducting qubit
== Dark count noise (1 Hz)
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Quantum Sensing

1011 — Thermal noise at 50 mK Counter based on
= Quantum Noise superconducting qubit
= [Dark count noise (1 Hz)
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Quantum Sensing
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Quantum Sensing
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Searching Dark Matter and HFGW with Qubits

I |
Dark Matter

ST

Storage

IOW? R+ Ra WHE ¢ | HPRE. ReMLettlPs R4LE0—ve AR qt Ll
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Searching Dark Matter and HFGW with Qubits

For axion and HFGW
a 4 4 4 19 ‘ searches we must

. apply a strong magnetic
field!

E[ark Matter

S 5

R)
St-or']age

IOW? R+ Ra WHE ¢ | HPRE. ReMLettlPs R4LE0—ve AR qt Ll
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Searching Dark Matter and HFGW with Qubits

Etark Matter
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Searching Dark Matter and HFGW with Qubits

Etark Matter

: | Two possible solutions:
I A Magnetically resilient qubit
A ltinerant photon detection

R)
St-or']age

IOW? R+ Ra WHE ¢ | HPRE. ReMLettlPs R4LE0—ve AR qt Ll

22



Can we Build a Magnetically Resilient Qubit?

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

NbSe2 : Transitioametal dichalcogenide (TMD) superconductors

Thin NbSg(niobiumdiselenidé retains superconductivity at a higplane
magnetic field up to 30 T! Spins pinned on the orthodjopetioinby strong
spin orbit coupling insensitiveitgpplanemagnetic field.

*See hitps://journals.aps.org/prd/pdf/10.1103/PhysRevD.110.115021for axion searches with resilient qubits. 23


https://journals.aps.org/prd/pdf/10.1103/PhysRevD.110.115021

NbSe van der Waals
Josephson Junctions

A 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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EHT= 500 kv Signal A=Inlens StageatT= 00° 4 0ct2023
WD= 3.9 mm Mag= 42X 15:07:11

NbSe 3D qubit
: @esilience

Al RUBRGcGWf U213t qRNEqY! all OW?k EdRe Weix [ W [ b 25



RabtLike Oscillation iIn NbS8D qubit
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ltinerant Photon Detection

Superconducting mu-metal + sc shield
devices must be placed
in a Bfield free region

10 T magnet

T=10 mK

Resonant cavity
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ltinerant Photon Detection

Superconducting mu-metal + sc shield
devices must be placed
in a Bfield free region

10 T magnet
We must detect the photon

Traveling in the coax cable!
A ltinerant photon detection

T=10 mK

Resonant cavity

28



Quantum nomdemolition detection of an itinerant photon

gubit © cavity

Pulse mode
— 3 M E= Dark count rate
c cavity
o, [ The qubit dephasing during the gate interval

i results in an erroneous phase flip of the
qubit. The qubit dephasing also contributes
to dominantly to the daricount probability of

Pump

& -]
Heterodyne
detector Flux-driven JPA 'Y 2

nonamnirdnnnp e

b

RUN O]

Konoet al. Nature Phys14, 5461549 (2018)

*See alsohttps://hal.science/hal -04523241for a different detection scheme of itinerant photons

29


https://hal.science/hal-04523241

Two Qubits Detection Scheme

Dark count rate qubits
. Tt iy
v O y0g weranephoton (@ @)
cavity '
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A? Kk EApR.iSci.2024,14(4), 1478




Evolution of the Quantum State

Btoq Y résdhates
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D. Milillo, Roma Tre University

A.Rettaroli https:// doi.org/10.1016/j.nima.2024.170010
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Spectroscopy of a 3D qubit
Cavity Spectroscopy

Bare resonator

Transmission (S21)

Cavity drive Power (dbm)
Qubit drive Power (dbm)

Dressed
resonator

Cavity drive frequency (GHz)

CNR-IFN, INFN, MiB

Qubit Spectroscopy
Q Q
R c
Q Q

Qubit drive frequency (GHz)

Transmission (S21)



