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scientific cases in astroparticle physics
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superconductmg detectors: state-of-the-art
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our detection technologies

nanoscale transition-edge sensor superconducting non-local superconducting
and thermoelectric detector detector

Josephson escape sensor

FP, et al., J. Appl. Phys. 128, 0021996 (2020) GG, FP, et al, Nat. Nanotech. 17, 1084 (2022)
FP, NL, VB, GG, PV, FG, Phys. Rev. Appl. 14, 034055 (2020)  FP, et al., Appl. Phys. Lett. 122, 173503 (2023)
FP, et al., IPN: W0O2023062603A1), WIPO-PCT (20/04/2023)  FP, et al., FN: 102021000032042, UIB (2023) FP, Phys. Rev. Appl. 20, 014003 (2023)
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nanoscale transition-edge sensor (nano-TES)

Josephson escape sensor (JES)
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resistance

nano-TES: basics

\

active region: 2D superconductor
superconducting electrodes

temperature

a : T dR Y A W o A N
figure of merit a = ——

R dT !

only electron-phonon thermalization
Qc—pn = V(T — Tgaen) L

X: scattering constant Pl AV

V: volume no electrical resistance

no thermal leaks
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nano-TES: basics
VJI__ §Rsh %hv l/
CRm

Qe_ph = QU + Q j = constant

the TES works at constant voltage

measurement of current variations

0Qy = _SQ]

Appl. Phys. Lett., 66, 1998 (1995)
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JES: basics

System:
1D fully superconducting Josephson junction

Quantum-mechanical effect:
Current-driven de-phasing to tune T

0
ksT/E, o
S -2 i 0.1 y
-4 -~ ' ' .
:L”& N & o5p 3 1D Ivanchenko Zil’berman
S 3 )V E
o J
SIS ( ) J1-iz (kB_T)
| VI,E,T =RN I—Icolm
% 15 3 J 4 . (5
| ksT/E, o ~% \kgT
escape barrier o E;: Josephson energy
6U(I, E]) ~ 2E](1 — I/IC,O) I¢ o: zero-temperature critical current
FP, NL,VB, GG, PV, FG, Phys. Rev. Appl. 14, 034055 (2020)
FP, NL, GG, FP, IPN: W0O2023062603A1), WIPO-PCT (20/04/2023) Sov. Phys. JETP 28, 1272 (1969)
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JES: expected performance

System:
1D fully superconducting Josephson junction

Quantum-mechanical effect:
Current-driven de-phasing to tune T

NEP:
~10-23 W/Hz12

Energy resolution:
1 GHz

Advantages: 107
tunable sensitivity and T
same read-out of TES

Best applications:
polarization of CMB
dark matter 1025

Sample 1
Sample 2

NEP: ey (W/HZ'/2)

Sample 2 Am

E
3
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|
,NL,VB, GG, PV, FG, Phys. Rev. Appl. 14, 034055 (2020) : I };0 0 05;,3,3 2
,NL, GG, FP, IPN: W02023062603A1), WIPO-PCT (20/04/2023) c.0 c
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TES/JES: ongoing activities
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p=5x10"* mbar
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® data
linear fit
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AK, FS, PS, DC, RB, FC, CP, GDS, FB, EP, arXiv:2603.24379 (2026)
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TES/JES: ongoing activities

+ W=1.66 pm
-{,=15 nm

r fo,=12 Nm

-® exp.

+ — theory

300 350 400 450 500
T (mK)

300 350 400 450 500 Ej: Josephson energy

T (mK)

AK, RB, FC, CP, AT, GL, GS, EP, in preparation
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2D BKT

e
R(T) = Rge N°T

R, : effective BKT temperature
b: core vortex parameter

Tgir: BKT transition temperature

J. Low Temp. Phys. 36, 599-616 (1979)
J. Phys. C: Solid State Physics 6,1181 (1973)

1D Ivanchenko ZiI’berman
V(I,E,,T) =

E;
~71—¢z (kBT)

E,
T-ia (kB—T)

Ry | I—1IcoIm

I¢ o: zero-T critical current
Sov. Phys. JETP 28, 1272 (1969)
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superconducting thermoelectric detector (STD)
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STD: physics background

Sufficient and universal conditions for finite thermoelectric power (/V<0)

- Tunnel junction between two particle-hole symmetric systems S, T,

- Large temperature gradient (3T~T/2, non-linear response regime) _

- The hot electrode has a gapped DOS
S, T,

- The cold electrode has a locally monotonically decreasing DOS

spontaneous particle-hole symmetry breaking

Prototypical example: tunnel junction between two different superconductors
quasiparticles transport (no Josephson effect)

oo

1
qu e E _oodENl(E)NZ(E + QV)[f()(E, Tl) — fO(E + eV} TZ)]

(E i lrl)
V(e +i)? — A(T))?
— =
fo(e, Ty) = [1 + exp(e/kpT;)] Phys. Rev. Lett. 124, 106801 (2020)
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STD: physics background

Lop~ = f deN; ()[Ny(e + eV) — Ny(e — eNlfole, Ty
kg To<<A(T4) i

Phys. Rev. Lett. 124, 106801 (2020)
Phys. Rev. B 101, 214509 (2020)
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STD: physics background

GG, EP, et al, Nat. Nanotech. 17, 1084 (2022)
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STD: physics background

non-linear Seebeck coefficient

v,
= - ~ 300 uVK?

linear Seebeck coefficient for aluminium
Mott-Jones equation
w2kaT

S, (T =600mK) =
Al( mK) (38EF,0

) ~ —3.8nVK™1

larger than semiconductors and comparable to
quantum dots at cryogenic temperatures

GG, EP, et al, Nat. Nanotech. 17, 1084 (2022)
The Theory of the Properties of Metals and Alloys (Dover Publications, 1958)
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STD: expected performance

System:
S,1S, tunnel junction

Quantum-mechanical effect: Do+ T S;
quantum tunneling ' —
thermoelectricity in e-h symmetric systems Do T2

Vt 52 2’

NEP: )
ongoing

Energy resolution: Time constant Signal-to-noise ratio
1 GHz > I

Advantages:

large bandwidth (1079-1016 Hz)
passive detector

Best applications:
balloon or satellite experiments

GG, EP, et al, Nat. Nanotech. 17, 1084 (2022)

FP., et al., Appl. Phys. Lett. 122, 173503 (2023)

EP, et al., FN: 102021000032042, Ufficio Italiano Brevetti (2023)
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STD, ongoing activities: SIG

I System:

q—phg
q — ph,s SIG
NEP:

~10°18 W/HZ 12

=
£
~
£
o
=
4

Energy resolution:

— 10mK Ongc)lng

100 mK
300 mK

Time constant:
106 s

No Josephson coupling

NEP,,; [W/vHz]

energy (a.u.)

Need of non-linear model

. . - 1019 1017 1015 1013
electron/ occupancy (a.u.) Py [W]

FB, DZ, EP, J. Appl. Phys. 136, 154901 (2024) FP, FB, FG, SR, Adv. Funct. Mater. 35, 2418456 (2025)
LL, FP, Phys. Rev. B 112, 184509 (2025) LL, FP, arXiv:2512.14493(2025), accepted in Phys. Rev. Appl.
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STD, ongoing activities: SI2DEG

System:
SI2DEG
NEP:
~10-20 W/HZz?

Energy resolution:

m— 10 mK

100 mK OngOing

w300 mK

Time constant:

Superconductor Insulator

10 s
No Josephson coupling
E. dependent
1074 107 IOPIR\] 107 107 Need of non-linear model
LL, FP, Phys. Rev. B 112, 184509 (2025) LL, FP, IEEE Trans. Appl. Supercond. (2026)

LL, FP, arXiv:2604.02123 (2026)
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non-local superconducting detector (NLSD)
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NLD: temperature-to-phase conversion

o =04990
ex 0

O

ext

read-out

T.-induced suppression of supercurrent

for @, # 0 Rd d
_\N _ 7] dr _ Pd,r
1 a = E = L_’]” Egap = A(T) cos( /2)

variation finite phase drop across the WLs

1 a > 1: phase drop across read-out JJ
conservation of circulating supercurrent

ICd (Te: (pd) - IE (Tbath» (pr)

Phys. Rev. Appl. 9, 054027 (2018)
27/05/2027 Congresso di Dipartimento 22

¢ = 0: gapped metal

a < 1: phase drop across detector JJ
¢ = . normal metal



NLSD: performance

System:
double-loop Josephson interferometer
; Detector junction /
Quantum-mechanical effect:
macroscopic phase coherence Tunnel probe  \, \ ’hv‘\\
quantum tunneling \‘ ‘

NEP:
ongoing

Energy resolution:
1 GHz

Advantages:
non-locality
in-situ tunable
not affected by de-coherence

Best applications:

dark matter experiments 107 107 10" 100 10 1072 10%
v (Hz) v (Hz)

E.P., Phys. Rev. Appl. 20, 014003 (2023)
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NLSD: ongoing activities

Theory
evaluation of the temperature-to-phase conversion mechanism in real Josephson interferometers

evaluation of the bolometer response of the NLSD

Experiment
Demonstration of temperature-to-phase conversion mechanism
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our devices in the technological landscape

10FE 1arte NO ore NO ongoing _
ongoing

5x10"  5x10"  NO (10') NO NO (109)
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why cryogenic systems

At room temperature, 7,_,=300 K

electron-phonon anelastic scattering
strong energy exchange
Te=Tbath
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why cryogenic systems

At cryogenic temperatures, 7,.,< 10 K

A
R
low electron-phonon anelastic scattering /
low energy exchange
Te;éTbath T>
® ® ® ®
@ ®© e 09 o
@
e © @ g ¢
® ©
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why cryogenic systems

Electron-phonon thermal exchange:

: XV i =
Qe—ph 5 96((5)’([5; j_oo dEE f_oodgME,E+s(AActive(T)rrActive)

X g|ég| [coth< ) (fg— fE+e) — fEfE4e T 1]

where:

is the electron-phonon coupling constant;

Vis the volume;

Mg . is a factor depending on the superconducting DOS;

fc is the difference of Fermi distributions.

2kgT paen

In clean metals:

Qe—pn = ZV (T8 — Touen)

Rev. Mod. Phys. 78, 217 (2006) Film phonons, T,
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temperatura nel sistemi a stato solido

A temperature criogeniche, 7,,,< 10 K

eeee -
eoo0e

eoee®

Come varia la temperature?

- - o o o = o =

/ equazione di bilancio termico

X costante di scattering Qe—pn = Qv + Qe
V: volume
Q.: interazione elettrone-elettrone minore € Q. PiU la T, varia facilmente

Q,: interazione elettrone-fotone
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superconduttivita: evidenze sperimentali

Zero resistenza in DC RA L cialo
sotto alla temperature critica, T, /

sotto alla corrente critica, /

superconduttore

>
T T

Perfetto diamagnete: espulsione del campo magnetico (effetto Meissner)

sotto alla temperature critica, T
sotto al campo magnetico critico, H

Picco del calore specifico AA
Cth metallo

sotto alla temperature critica, T, super
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superconduttivita: coppie di Cooper

Un elettrone deforma il reticolo
attira  leggermente gli  ioni  positivi:
distorsione locale del reticolo

Un secondo elettrone viene attratto

attraverso lo scambio di fononi, due
elettroni si attraggono debolmente

Si forma la coppia di Cooper

2 elettroni con spin e momento opposti
formano uno stato legato collettivo

la coppia ha momento totale netto zero e si
comporta come un unico bosone

N PRV
; - 1 .'\.-. -'.'.-.'.- LY ol I
"5 =
-':Z:' < < )
o T VL
) . il

'
ry e
e
& i
- b
<, 2

Le coppie di Cooper condensano in un unico stato quantico coerente
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superconduttivita: gap energetico

Gap supercondutttivo: guadagno energetico delle coppie di Cooper sugli elettroni

>

A
AO
A,=1.764k,T,

superconduttore

metallo

I

o]

o]

Cooper A Cooper

27/05/2027

coppie A coppie ¥ A
' | A
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superconduttivita: management energetico

Le coppie di Cooper non trasportano calore: isolante termico

S

EF --i..ﬁ-ﬁ.

S D
Ts>Tp

S

Ts>T,

Le coppie di Cooper non termalizzano: facile portare il sistema fuori equilibrio

elettroni, T,

$rbruenms

cristallo, T,

A

Qe—ph,sNQe—ph,m e kpTe
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