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Need Very Good Electron Energy Resolution

> PTOLEMY experiment: aims to neutrino mass and Cosmic Neutrino Background (relic neutrinos)
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Need Very Good Electron Energy Resolution

> PTOLEMY experiment: aims to neutrino mass and Cosmic Neutrino Background (relic neutrinos)
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relic neutrino
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EXPERIMENT idea:

> tritium on graphene
target

> electrons near A
endpoint slowed
down by EM filter
to an energy range of
~0—10eV

R -

> electrons energy measured with TES
microcalorimeters (or electrostatic
analyser)
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Need Very Good Electron Energy Resolution

> PTOLEMY experiment: aims to neutrino mass and Cosmic Neutrino Background (relic neutrinos)

counting rate

tritium B-decsay

relic neutrino
capture on tritium
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: 55 x electron
T L lkinetic energy
search for bump after spectrum endpoint
= gap of 2m,,
> m, <eV
PTOLEMY

EXPERIMENT idea:

> tritium on graphene
target

> electrons near  MA¢
endpoint slowed A&
down by EM filter *
to an energy range of
~0—10eV

> electrons energy measured with TES
microcalorimeters (or electrostatic
analyser)

PTOLEMY goal:
0,(E) = 50 meV
for E =10 eV
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Transition-Edge Sensors: Operating Principle

> TES: superconductive film operated at its superconductive transition
> Critical temperatures of ~ 100 mK = cryogenic detector

> Sharp superconductive transition: typical width of few mK

4 O(100 mQ) normal state
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Transition-Edge Sensors: Operating Principle

> TES: superconductive film operated at its superconductive transition
> Critical temperatures of ~ 100 mK = cryogenic detector

> Sharp superconductive transition: typical width of few mK
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> Sharp superconductive transition: typical width of few mK

4 O(100 mQ) normal state
RN """""""""
radiation
(5
&
<
=
0]
R7
~ -
superconductive working point
state
0
| a

Tc  Temperature

> Particle absorption = small AT = measurable AR
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Transition-Edge Sensors: Operating Principle

> TES: superconductive film operated at its superconductive transition

> Critical temperatures of ~ 100 mK = cryogenic detector

> Sharp superconductive transition: typical width of few mK
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> Particle absorption = small AT = measurable AR

Photon-number resolving detector
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Can a TES detect electrons?
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https://pubs.aip.org/aip/apl/article-abstract/103/4/041107/378116/High-intrinsic-energy-resolution-photon-number?redirectedFrom=fulltext
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A Cold Electron Source

> Electron sources:

Vacuum level

Workfurllction ‘
© @®

metal vacuum

surface potential
barrier
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A Cold Electron Source

> Electron sources:
- photoelectric effect

- thermoionic emission

vacuum

surface potential
barrier
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A Cold Electron Source

> Electron sources:

oelectric

they generate background/heat
= cannot be put inside a cryostatx

Vacuum level /

vacuum

surface potential
barrier
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A Cold Electron Source

> Electron sources:

oelectric

they generate background/heat
= cannot be put inside a cryostatX

- field emission = quantum process, no heat!/
Vacuum level
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A Cold Electron Source

> Electron sources:

- gelectric t they generate background/heat
i = cannot be put inside a cryostatx

- field emission = quantum process, no heat!V/

Vacuum level

_____ JRrid
> Field emission needs very high external electric fields: !
Workfunction
FLAT surfaces: POINTY surfaces: !
E > 107 V/cm tip effect: E = yE

nanostructures: y~10*
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Carbon Nanotubes as Field Emitters

> Carbon nanotubes (CNTs): graphene ‘straws’ Graphene SWCNT MWCNT

- diameter ~ 20 nm N
original idea by
- lenght ~ 100 um Alice Apponi
(RomaTre)

vertically-aligned CNTs

120 um

EHT= 500kv  WD= 7.0mm Signal A=InLens Date :7 Jul 2022 [:Nr
File Name = CNTs on Si Tilt41 tif Mag= 500X o L LB T o

o 32l TITAN LaB
[ _J [ ]
TECHNOLOGY INNOVATION THROUGH
. ‘ \ . ADVANCED NANOSTRUCTURES
[ ]
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Carbon Nanotubes as Field Emitters

> Carbon nanotubes (CNTs): graphene ‘straws’ CNTs: detector: Graphene SWCNT MWCNT
: V<0 emitted e- V=0
- diameter ~ 20 nm

original idea by f
- lenght ~ 100 um Alice Apponi >
(RomaTre) >

vertically-aligned CNTs

EHT= 500kv  WD= 7.0mm Signal A=InLens Date :7 Jul 2022 [:Nr
File Name = CNTs on Si Tilt41 tif Mag= 500X o L LB T o

o 32l TITAN LaB
[ _J [ ]
TECHNOLOGY INNOVATION THROUGH
. ‘ \ . ADVANCED NANOSTRUCTURES
[ ]

Benedetta Corcione — Neutrinos Here, There & Everywhere — 07/07/2025



Carbon Nanotubes as Field Emitters

Graphene

> Carbon nanotubes (CNTs): graphene ‘straws’ @ detector:
emitted e V=0

- diameter ~ 20 nm

original idea by \5
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Mozzarella in Carrozza (MiC) Setup

- HV CNTs

k copper ‘

GND — TES
e ——————

sapphire
spacers
(0.5 mm)
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Mozzarella in Carrozza (MiC) Setup

- HV CNTs
\ copper
spacers
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[STITUTO NAZIONALE |
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B Nb 50 nm
Tc ~ 84 mK Au 30 nm

W Ti15 nm

100 pm

Yy 4
7 7

Substrate (SiN, / SiO,/ Si)
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-HV CNTs
k copper
sapphire
spacers
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A Smoking Gun: the Signals are Electrons
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A Particular Signal Amplitude Spectrum
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A Particular Signal
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Amplitude Spectrum

Asymmetric Gaussian fit function:
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Electron Resolution Compatible with Photons

Phys. Rev. Applied 22 (2024) L041007 Number of photons (A, = 406 nm)
30 31 32 33 34

TES Gaussian energy resolution (eV)

= ' ' ' | ' ' ' ' | = n S | ! | —
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: ] optical calibration 3 800k E,=3.05eV E
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16 7 3 600 .
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Electron Resolution Compatible with Photons

Phys. Rev. Applied 22 (2024) L041007 Number of photons (A, = 406 nm)
30 31 32 33 34

TES Gaussian energy resolution (eV)

2.2F = . - £ 900- E
5 . optical calibration 3 : :
o - Photons - > G 800¢
1.8 -@- Electrons - 700
160 O . 600F
OF - 500
1.4F ® l l - Electron energy resolution: 400§ /
1.2 l + = 3003 /
| b T o 4 o(B)= E, wy
0.83— ® _f fit parameters 1006% // %/% ////%/ %/ %%
: : ...
0.6 - . 100 105
- ] electron nominal energy Energy (eV)
0'45_ ] Ee= eVepe — workfunctiones = eVey — 4.4 eV
0.2 | g, ~1eVon100 eV electrons
ot L L 13 > Compatible resolution for electrons and photons!
90 95 100 - :
= noteworthy as e # y at such low energies
Energy (eV) = probably same heat absorption mechanism for e” and y
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Conclusions

E,=101eV
. . . «» 800
> Detected electrons with transition edge sensors! B Poscember 20 8 g
: 3700} 3 | ¢
- resolution of 6, ~ 1 eV on 100 eV 2 S 400,
: : . 600[— 300[-
- first time such low-energy electrons and such resolution - 200k
500} -
- paper Phys. Rev. Applied 22 (2024) L041007 - 1005
400 %02 04 06 08 1
E Amplitude [V]
300|
> Electron energy resolution compatible with photon one! sool
- optimism on PTOLEMY goal of g,(E) = 50 meV for E = 10 eV! -
(50 meV for E = 0.8 eV achieved with photons)
% 01 02 03| 04 05 06 07
> New results with important improvements on spectrum shape Amplitude [V}

and energy resolution
paper in preparation

Thank you for your attention!

Benedetta Corcione — Neutrinos Here, There & Everywhere — 07/07/2025



g Backup Slides



TES Readout Circuit

Comparator

SQUID

Rfeedback

Lfeedback

Rshunt

iTE = [ .
> bias Rshunt + Rpar + RTES

Benedetta Corcione — Neutrinos Here, There & Everywhere — 07/07/2025



TES Detection Performance

n -1 .

a Tyatn n C s effective time

Teff = Teny 1+ - 1- T LY et o T¢ response
— 2 C n 3/2

AEpwum= 2.36 [4kpT; N2 1, energy FWHM

N

C ARSClt .

E¢or = CATgqp= ———T, < T energy saturation

(04

~ TdR
 RdT

a transition sharpness
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Electric Field Does not Have Relevant EffectsG

500 . - —
Vcathode: i

400 | —0 V|
- —20 V
E 100 V| |
< 300 ‘ 200 V|-
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~ 200
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O 100
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0 0.01 0.02 0.03 0.04 -1V —— -J_U_L-
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GND — b
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Emission Current (pA)

Field Emission Local Heating Effect
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7-Iocal (mK)
(@)
o

45

40

94

96 98 100 102 104 106 108 110

Voltage (V)OC Energy
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- the higher the voltage,
| the higher the

| temperature!

94 96 98 100 102 104 106
Nanotube voltage V _ . (V)

cnt
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Shield against Unwanted Electron Hits

> CNTs surface (3 mm X 3 mm) >» TES active area (100 yum X 100 yum)

> Need to avoid electron hits on:

nanotubes B Nb 50 nm

- wiring (signal interferences) M - "T'\iu1350nrr]nm

- insulating substrate (charge accumulation) l l l l l l l l le-

Substrate (SiN, / SiO,/ Si)
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Shield against Unwanted Electron Hits

B Au50 nm
B Ti5nm
SiO, 300 nm

nanotubes B \b 50 nm

- wiring (signal interferences) M - i\iuéonrrwnm
Insulator

- insulating substrate (charge accumulation) l l l l l l l l le-
= specifically designed gold shield

\

CNTs surface (3 mm X 3 mm) >» TES active area (100 um X 100 W

> Need to avoid electron hits on:

no shield shield

Il substrate and wiring
, . covered
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Electron Energy from Theory

Ee — (evcnt T ront) + (‘Pcnt o QDtes) = chnt — Ptes
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Electron Energy from Theory

E, =$Vcnt — ront) + (‘Pcnt — QDtes) =eVent — Pres

accelerating voltage

CNTs: TES:
Vent<0 emitted & V=0

VVVVYV
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Electron Energy from Theory

E, =$Vcnt - ront) + (‘Pcnt — QDtes) =eVent — Pres

accelerating voltage

. energy level al
CNTs: TES: emission

Vent<0 emitted e V=0 l

Vacuum level

_____ R —mmmm—————
1

1
Workfunction
Pcent
1

VVVVYV

quantum tunneling
->

vacuum

surface potential barrier
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Electron Energy from Theory

Ee — (evcnt o <Pcnt) + (‘Pcnt o QDtes) = chnt — Ptes

/

accelerating voltage

CNTs:

Vcnt

VVVVYV

TES:

<0 emitted e V=0

energy level al
emission

Vacuum level
_____ ot

1
Workfunction
Pent
1

l

quantum tunneling
->

e (e

vacuum

surface potential barrier

vacuum level

different vacuum levels

(f @ent > Pres)

Fermi level
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Cambridge Results

Electron
Source

to vacuum
pump

Needle
Valve
Vacuum
Gauge
Faraday
Cup
Cryostat Gate Valve
Wall

: 45K
4K Shield
Shield
TES :

Module

"""" & Graphite
100 mK

Target
Stage

https://doi.org/10.17863/CAM.104850

Normalised Counts
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1000
1500 0
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100

80 . B luti
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x 40} 5
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o »0 > 17eV

20

0 L L L ]
0 500 1000 1500 2000

Beam Energy (eV)
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CNT Synthesis: Chemical Vapor Deposition

> Thin catalyst layer of iron deposited over silicon substrate

> Annhealing at 720°C in H, atmosphere

> Carbon-precurson gas fluxed at 740°C /fﬂ\

> Decomposition of the gas molecules

= formation of nanotubes

CxHy CxHy i’g:’.fﬂfﬂv ag= 250KX 'Nf.f:mgmd._w ‘v
\ / \ / CxHy ﬁ CGHy GHy |l {[_ CxHy \ S e ' R
_— Metal ~ / \é — @/ \Q «

Substrate (i) (ii)

@ Aligned CNT
Catalyst _ o

e o e
S o SRR

As-grown CNT Forest

Substrate

\.’ ?: A i _
1 um EHT = 3.00kV Signal A = InLens Date :30 Oct 2023
WD = 3.5 mm Mag= 25.00KX  File Name = As grown smallbox_03 tif




FWHM improved by a factor 30!

work in progress E.=101eV
0 8001 _
% : December 2024 *UE) ] " March 2024 ) .
S 700] 3 %% ] M|
- : g %%
- O 400- % | %’
= F D / |
600} 300 %% i _
- 200 / ol ~
500 ' 100f / NN
- 5 "
400~ || ® 02 04 06 08 1 | \
- Amplitude [V] |
300
200
100}
% 01 02 03 04 05 06 07

Amplitude [V]

(1) total absorption peak:
improved energy resolution

100 yum X 100 ym 60 ym X 60 um

expected resolution : ~ 0.60 eV
measured resolution: ~ 0.45 eV

(2) partial absorption shoulder:
less electrons hitting the TES from the shield

3mm X 3 mm

/
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