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What is a
Transition-edge sensor?



Transition-Edge Sensor

. Microcalorimeters based on the steep superconductive
transition of a metallic film.

Detector capable of measuring single particle energy with
high intrinsic energy resolution
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Electrothermal feedback
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TES response to a monochromatic laser

' Monochromatic pulsed laser (A= 406 nm) is attenuated
down to few photons per pulse.

TES response is proportional to the

energy and the number of photons
per pulse.
Y
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From gamma ray to microwave
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' Gamma-ray
* TES for Gamma ray spectroscopy X-ray
Fitzgerald, Ryan P, et al. "Toward a new primary standardization of
radionuclide massic activity wusing microcalorimetry and quantitative
milligram-scale samples." Journalof Researclof the National Institute of Standards
and Technologyl 26 (2021). Absorber

TES
« ATHENA X-ray observatory

Barret, Didier, et al. "Athena+: The first deep universe X-ray observatory." arXiv
preprint arXiv:13103814(2013).

. . IR-photon
* Bell’s inequality P
Giustina, Marissa, et al. "Significant-loophole-free test of Bell’s theorem with
entangled photons." Physicalreviewletters115.25 (2015): 250401.

* SPTpol Telescope at south pole
Austermann, Jason E., et al. "SPTpol: an instrument for CMB polarization Microwave
measurements with the South Pole Telescope." Millimeter, Submillimeter,and Far-

Infrared Detectorsand Instrumentationfor AstronomyVI. Vol. 8452. SPIE, 2012.



Review

T

ES for gamma-ray and X-ray

Ullom, Joel N., and Douglas A. Bennett. "Review of superconducting transition-
edge sensors for x-ray and gamma-ray spectroscopy.” SuperconductoScienceand
Technology8.8 (2015): 084003.

Gottardi, Luciano, and Kenichiro Nagayashi. "A review of x-ray
microcalorimeters based on superconducting transition edge sensors for
astrophysics and particle physics." Applied Scienced1.9 (2021): 3793.

Superconducting single-photon detector IR-Visible

Lita, Adriana E., et al. "Development of superconducting single-photon and

photon-number resolving detectors for quantum applications." Journal of
LightwaveTechnology0.23 (2022): 7578-7597.

Morozov, Dmitry V., Alessandro Casaburi, and Robert H. Hadfield.
"Superconducting photon detectors.” ContemporaryPhysics62.2 (2021): 69-91.
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SSPD comparison in the IR-optical range
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' Solid state Superconducting detectors
Single photons detector | SPAD -- SNSPD _
Temperature 250 300 K 0.4 K 0.1-0.4 K 1.5-3K 0.01-0.4 K
Detection efficiency 62% 70% 17% 99.5% 98%
I I
Max count rate 650 MHz 10 kHz 2 kHz 1.5 GHz 2 MHz
I
PNR NO 14 7 7 55
I
Number of Pixel 120 20 440 400 000 36
——— —
Dark counts rate 10 Hz / / <0.01 Hz <0.001 Hz
I

- Lita, Adriana E., et al. "Development of superconducting single-photon and photon-number resolving
detectors for quantum applications.” Journalof LightwaveTechnology0.23 (2022): 7578-7597.

* Morozov, Dmitry V., Alessandro Casaburi, and Robert H. Hadfield. "Superconducting photon
detectors." ContemporaryPhysics62.2 (2021): 69-91.



Materials and Fabrication
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* Best performance for transition below 500 mK
* Superconducting material used: W, Ti, Mo, Ir, Al

* In TiAu TES produce in INRiM proximity effect is used to tune the T,

R (T) Varius

|-

} Ti
;

Fixed

Tcoc=400 mK



INRiM Cryostat

L

& HicH PrecisioN DEVICES, INC.
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Adiabatic Demagnetisation Refrigerator cryostat
driven by a pulse-tube refrigerator.

30 mK base temperature
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Applications



QHalos
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,ﬁﬁ;tu;;:; PI: Dr. Laura Manenti SYDNEY
* A Quantum Haloscope for dark matter

Search (hp: Dark photon)

Dark photon

« Dark photons to classical photons P

conversion in a dielectric haloscope in 0.1-10

eV energy range Dieletric Stack
« TES as standard model photon detector Optical photon

with low dark counts

*  Other experiments:
MUDHIS (SPAD-NYUAD),
LAMPOST (SNSPD-MIT),
ALPS II (TES-Axion as DM candidate)



QHalos: Dark counts

' Energy [eV]
2.0
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T 10 a5 T30 25 a0 :
g | 150% 40 events in 31h
: __ 2 DCR = 0.36 mHz in
S o Iso O the 0.8 to 3.2 eV range
oL = ],
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Manenti, Laura, et al. "Dark counts in optical superconducting transition-edge
sensors for rare-event searches.” Physical Review Applied 22.2 (2024): 024051.



SEQUME project
__

EMPIR project on Single and Entangled photon sources
for QUantum MEtrology

* Develop high brightness, high-efficiency entangled
photon sources

* Exploit high-purity single-photon sources to At PTB (Germany) o
demonstrate the quantum advantage achieved when SDE (1550 nm) =98 52 %
using these sources.

« TES for quantum source calibration and Ongomg lnt?rnatlonal
characterization: comparison :

The sample is now at
AIST (Japan) and in the
fall will be at INRiM

System detection efficiency (SDE)> 90% at 1550 n
Detection rate >1 MHz




Next-Geneneration Metrology

Develop and implement TES for the
characterization of NV centers in
diamond.

The TES-based detection system will
consist in a confocal microscope and
multimode fiber coupled on the TES.

We aim to obtain a 60x60 um TES with
a high detection efficiency in the
visible range and high detection rate

16
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DAREDEVIL

DARk-mattER-DEVIces-for-Low-energy detecion
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Develop a multi-target experiment to access DM candidates with mass

in the sub-GeV range

@ Scattered electron

Scattering on target electron "

particle

Three detection channels: Durk Matar| "
0 Radiative-Photon

0 Not radiative — Phonon

0 Charge- Electron/hole pair

TES as phonon detector with sub eV energy resolution

Scattered Dark Matter

-

Photon l

‘ TES

GaAsg Phonon
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The Last Major Observable of the Big Bang Model

' Cosmic neutrino background Cosmic microwave background
' 1 s after Big Bang 380000 yares after Big Bang

v

~107-32
Seconds

Primordial Atoms First First
Fuctuations Form Stars Form Galaxies Form Present Day
Indeterminate Time 11 380,000 Years 11111111 50-200 Million Years 1 250-550 Million Years iiiiittiiivriniieiettrniniiionienvannnnniiin s 13.8 Billion Years

e AGE OF THE UNIVERSE




PTOLEMY Project

PTOLEMY aim to measure the CNB
with neutrino capture on tritium

Tritium loaded on a graphene target
Electron slowed down by EM filter
Smoking gun: bump [3 after endpoint

TES array detector with o, = 0.05 eV
for electron with E =10 eV

. QBI\

N
N

E
m,, m, €

0.05eV<m,<0.2eV

&

PTOLEMY



Challenges and Objectives s
21 PTOLEMY
__

* Can TESs detect electrons as they do with photons?

We need to produce low energy electron
in a cold environment.

* How do we interface the electron source with the TES?



The electron source

Field emission: cold source, no need for UV photon

Thermoionic effect/
Photoelectric effect

P Field emission
(e-tunneling)

Field emission require high E

E>107 V/cm

Tip effect: EY aE

o ~ 104
Nanostructure

&

PTOLEMY



Field emission from CNT &3

23 PTOLEMY

' « Carbon nanotubes: graphene ‘straws’: ~ 20 nm, length ~ 100 um
* Due to the nanometric tips locally the field is amplified by O (10%)
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Experimental setup: TES chip

&

24 PTOLEMY

* Nanotube surface (3x3 mm?) much larger than TES active area (100x100 um?)

* Need to avoid electron hits on wiring
* Need to avoid charge build-up in insulating substrate

B Au 50 nm

B Ti5nm
SiO, 300 nm

B Nb 50 nm
Au 30 nm

M Ti15nm

90 um

7/

Substrate (SiN, / SiO, / Si)

Insulator

4




Experimental setup: MiC s
25 PTOLEMY
= —

Mozzarella in Carrozza:

cnt

Sapphire spacer
are use for
thermal contact

spacer spacer

and electrical -—@

i ) TES chip
insulation
Cryostat
CNT electrical contact
AR guaranteed by Al wire
SE& °  bonding with the
S copper plate
CNT glued to the e - VPSP

copper plate



Single Electron Detection Achieved

It (PA)
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Correlating CNT Current with TES Rate
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® Rate of signlas on TES
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Amplitude distribution
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Energy resolution Ay
28 PTOLEMY
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Paper submitter, preprint on the arxiv
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Detection of Low-Energy Electrons with Transition-Edge Sensors

Carlo Pepe,'2 Benedetta Corcione,* Francesco Pandolfi,*: * Hobey Garrone,"? Eugenio Monticone,! Ilaria Rago,*
. N . = . . - . . .
Gianluca Cavoto,®* Alice Apponi,® Alessandro Ruocco,”® Federico Malnati,® Danilo Serazio,! and Mauro Rajteri!

! Istituto Nazionale di Ricerca Metrologica, Strada delle Cacce 91, 10135 Torino, Italy
% Politecnico di Torino - Dipartimento di Elettronica e Telecomunicazioni,
Corso Duca degli Abruzzi 24, 10129 Torino, Italy
3 Sapienza Universita di Roma, Piazzale Aldo Moro 2, 00185 Rome, Italy
* Istituto Nazionale di Fisica Nucleare - Sezione di Roma, Piazzale Aldo Moro 2, 00185 Rome, Italy
® Dipartimento di Scienze Universita degli Studi Roma Tre,
and Istituto Nazionale di Fisica Nucleare - Sezione di Roma Tre, Via della Vasca Navale 84, 00146 Rome, Italy
® Dipartimento di Fisica, Universita di Torino, via Pietro Giuria 1, 10125, Torino, Italy

We present the first detection of electrons with kinetic energy in the 100 eV range with transition-
edge sensors (TESs). This has been achieved with a (100 x 100) um?® Ti-Au bilayer TES, with a
critical temperature of about 84 mK. The electrons are produced directly in the cryostat by an
innovative cold source based on field emission from vertically-aligned multiwall carbon nanotubes.
We obtain a Gaussian energy resolution between 0.8 and 1.8 eV for fully-absorbed electrons in the
(90 — 101) eV energy range, which is found to be compatible with the resolution of this same device
for photons in the same energy range. This work opens new possibilities for high-precision energy
measurements of low-energy electrons.

arxiv.org:2405.19475

&
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Transition-edge sensor summary

30

Superconducting detector with wide detection range: Operates across gamma-ray to
microwave frequencies.

Optical TES:
0 Near-unit system detection efficiency.
0 Low dark count rate.
0 Intrinsic energy resolution and photon number resolution.

Key Applications in the Optical range:
0 Quantum metrology.
0 Quantum optics.
0 Dark matter detection.
0 Neutrino physics.

Recent Advances: TES can detect single electrons, with promising results suggesting
similar performance to photon detection.
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TES circuit
iy

32




TES circuit
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High Energy Resolution: Strategy

TES already shown a AE <0.11 eV at 0.8 eV:

[1] Lollj, L., et al. "High intrinsic energy resolution photon number
resolving detectors.” Applied Physics Letterk03.4 (2013).

[2] Hattori, Kaori, et al. "An optical transition-edge sensor with high

energy resolution." Superconductor Science and TechnoBg9 (2022):
095002.
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What strategy is needed to obtain such energy resolution for large TES?



High Energy Resolution: chip design = Pg@gv

' Thicknesses [1]: Area [1]:
45 nm Au +45nm Ti (T= 100 mK) 10x10 pm?
Thicknesses in this work: Area in this work:
30nm Au + 12 nm Ti (50 mK < T-<90 mK) 10x10, 20x20, 50x50, 100x100 pm?

SiN, 500 nm

SiN, 500 nm

Thermal bath




High Energy Resolution: Results s

7000 |
6000 |
5000 |
4000 |
3000 |
2000 |
1000 |

Counts

T20: 20 x 20 pm?, T=90 mK

AE=0.113 eV at 0.8 eV

L. . 1

0 20 40 60 80 100
Amplitude (mV)

36 PTOLEMY

T50: 50 x 50 um?, T=51 mK
AE=0.16 eV at 0.8 eV

2000

1500
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0
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High Energy Resolution: comparison
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__J KRl — . . . S .
016 p T o e o .
015F s e o o .
< 014E R R e e -
S oBE e e e
I S o o —
~omp e O O — .
w op .
U o S o o ]
008 F SR S e o ;

0,07 F o o o . .

006 F . . . L -

8 x 8 um? 10 x 10 pm2 20 x 20 pm?
from [2] from [1] Thesis

[1] Lolli, L., et al. "High intrinsic energy resolution photon number resolving detectors." Applied Physics Letters03.4 (2013).

[2] Hattori, Kaori, et al. "An optical transition-edge sensor with high energy resolution.” Superconductor Science and Technol&®9 (2022): 095002.
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loS
TESs fully enclosed in the SQUID box QHalo

38

 Dark count characterization with TESs
in a copper box

* No light from fiber or environment



. : QHaloS
Events classifications
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HaloS
Further Experimental Runs and Simulations ?

' 4 runs with TES closed in a copper box

Run 1 Run2 Run3 Run 4
Background 232Th  %?Na Sabercoincidences



, , QHaloS
Radioactive source results

41
' Background 232Th *’Na
i v , - L 20
”””””””””””””””” R B S
| A | | w
,® |  H40 5
,,,,,,,, ® A& | | m Photon like L J35 &
— | ® High-energy | GEJ
T : A High-energy sim: 130 =
~an3L ! s 0 I 4 25 ¢
= W T | =
oY | | 1 120 @
| | | =
e ool oo S 15 &
©
| ! > I 110
| I 7 15 O
ffffffffffffff |- T S et EOE
1 I 1 : 0

Runl&4B Sim4 Run2 Sim2 Run3 Sim3

DCR of photon like events did not increase



: . QHaloS
Cosmic ray coincidences results
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SEQUME

SDE measurement: setup

43

Nomalized Counts

SDE = 0.000 : ,
000 005 010 015 020 025

Ampl (V)



SDE measurement: uncertainty budget

44

SEQUME

| Source | Value | Unit | Uncertainty Type | Std Uncertainty | Distribution | Sensitivity Coefficients | Uncertainty Contribution
Diode Sensitivity (S) 1.12 A/W B 0.01 Norm 0.88 0.0088
UTES 0.9910 - A 0.0029 Norm 0.99 0.0029
Wavelength (1) 1548 x 10~ m B 2x107° Rect —6.36 x 10° —0.0013
Attenuation (A) | 3.90127 x 10~ B 4.6 x 10710 Norm —~2.5x10° —0.0012
Ratio (p) 0.21778 - B 0.00022 Norm —4.52 —0.0010
Photocurrent (Z,,) | 1.70118 x 1077 | A A 1x 10717 Norm —5.7x 10° —0.00058
Combined Standard Uncertainty 0.0095
SDE 0.984 Expanded Uncertainty (95%) k=1.96 0.019

Ongoing Iinternational comparison :

SDE (1550 nm) =98 £ 2 %

The sample is now at AIST and in the fall will d&BRIM




SEQUME

Fast TES: strategy
__

45

* What strategy are needed to decrease the response time?

Recovery time  — -3

1. Increase critical temperature [3,4]

2. Improve Conductance [5]

[3] Kobayashi, Ryo, et al. "Development of a fast response titanium-gold bilayer optical TES with an optical fiber self-alignment structure." IEEE Transactions on Applied
Superconductivity29.5 (2019): 1-5.

[4] Lolli, L., et al. "Characterization of optical fast transition-edge sensors with optimized fiber coupling." IEEE transactions on applied superconductivdg3 (2013):
2100904-2100904.

[5] Hummatov, et al. “Fast transition-edge sensors suitable for photonicquantum computing”. Journal of Applied Physig2023).



SEQUME

Fast TES: Al TES with high T

46
Deposition of 30 nm of Al for high Tc TES Instability of the device and poor energy
resolution
29 —r -1 - I 71 - 71 - T - 7T ° J 0.04 . T . r . T . T . r . T
X '..’. ® 009 gp. :
20F & ] 0.02
()
®
s — 0.00
1.5} < - e
a . 3 -0.02
X0} ° : =
. S -0.04
<
0.5F * -

O
o
»

o®’ . -0.08 | .

O_Oroooo.ool o | |

1040 1042 1044 1046 1048 1050 1052 1054 1056 -200 0 | 200 | 400 | 600 | 800 .1000 | 1200
T (mK) time (ns)




Fast TES: Gold pads

From [5]
600 2
O Calkins et al 2011 y
500§ e 20x20TESs | 7
4 20x20 TESswithtabs| .~ 4115
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TES 60 pm x 60 pm:
M Ti15nm
Au 30 nm

Pads 2 ym x 60 pm
B Au30nm

SEQUME

[5] Hummatov, “Fast transitioredge sensors suitable fisrotonicquantuncomputing’. Journal of Applied

Physics (2023).



SEQUME

Fast TES: Gold pads

48
TiAu TES with a T=123 mK and gold pads
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