Updates on TES Activities with
Low-Energy Electrons

Benedetta Corcione

Hobey Garrone INFN
Federico Malnati S Istituto Nazionale di Fisica Nucleare

. . APTENZA
Eugenlo Montlcone UNIVERSITA DI ROMA
Francesco Pandolfi
Carlo Pepe ine Al de_IIEteg:nico N Rl M
Mauro Rajter1 0 e e O oMIno B RICERCA HETROLOGICA

- %“"



Mozzarella in Carrozza (MiC) Setup
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TES to Detect Single Electrons

carbon nanotubes
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shnk gd0n

wiring

TES superconductive transition

Temperature (mK)

0.25F i ! T 1 T ! ]
‘ “@ﬁwwaw'*:
02+ ‘ ?e’ |
~—~ 5k h
5O To~84mK 7
Q f
_g f
2 01 f?
) J
~ '
0.05 4
!
0 afi { ! i
81 82 83 84 85 86 87 88

Counts (a.u.)

B Nb 50 nm
Au 30 nm
W Ti15 nm

100 um

J L »

)

2000

—
wh
=
<

]
o
(=]

500

r r

Substrate (SiN, / SiO,/ Si)

NRIM

ISTITUTO NAZIONALE
DI RICERCA METROLOGICA

photon-number resolving detector

- T T
1

E,=08eV -
o(E) = 50 meV |

3y

il L

0 20 40 60 80

Amplitude (mV)

100 120 140



original idea
by Alice

CNTs as Cold Electron Source

Apponi

-HV carbon nanotubes

\ copper
> (Carbon nanotubes (CNTs): graphene ‘straws’
- diameter ~ 20 nm
- length ~ 100 um
Tip factor y ~ 103 - 104 enhances local electric field
Can be used as field emitters
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Workfunctions Play a Role in Electron Kinetic Energy

E, = (evcnt — §0cnt) + (§0cnt — QDtes) =eVent — Prtes
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Workfunctions Play a Role in Electron Kinetic Energy

Ee — (evcnt _ ront) + (Qacnt _ Qotes) — evcnt — QPtes

accelerating voltage
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Workfunctions Play a Role in Electron Kinetic Energy
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Workfunctions Play a Role in Electron Kinetic Energy

Ee — (evcnt _ ront) + (annt o (ptes) — evcnt — QPtes
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Workfunctions Play a Role in Electron Kinetic Energy
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Shield against Unwanted Electron Hits

> CNT surface (3 mm X 3 mm) > TES active area (100 um X 100 yum)

> Need to avoid electron hits on:
nanotubes M N\b 50 nm

- wiring (signal interferences) M - /:iuéonr:nm

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

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

> CNT surface (3 mm X 3 mm) > TES active area (100 um x 100 um) ﬂ = /T\.u550 nm
> Need to avoid electron hits on: $i0y 300 nm h

nanotubes B Nb 50 nm
- wiring (signal interferences M AuS0 om
5 ( 5 ) M Ti 15 nm Insulator
- insulating substrate (charge accumulation) l l l l l l l l l e A %0 um

= specifically designed gold shield

Substrate (SiN, / SiO, / Si)

no shield
. substrate and wiring
covered
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Electron Signals Registered by the TES
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Fully-Absorbed Electrons Energy Resolution

Signal amplitude distribution
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Fully-Absorbed Electrons Energy Resolution

Signal amplitude distribution
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Fully-Absorbed Electrons Energy Resolution

Signal amplitude distribution > Fit of the full-absorption peak with asymmetric Gaussian:
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Fully-Absorbed Electrons Energy Resolution

Signal amplitude distribution > Fit of the full-absorption peak with asymmetric Gaussian:
; 220__1]]]]1]]’]]]IIIIIIIIIlllI]IlI]]IYIIIIIII]IIIIIIIII_— _O_left ﬁpartlalabsorptl()n
_ E V., =100V ]
o 200F /' 1 - - Opight = \/(energy resolution)?+(CNT pread)2
o E : 5
= 180F o Lot s l
2 160F o 4 g 250 -
5 - e partial - o i ~ 10 lieV
Q 140f 4 1 =
@) : 5 :;J 2001 _ @ |E| :0(1 kV/Cm)
120t ER- 1 @ low temperatures
. 1 Q - i
100¢ 1© 150 —
80 = ; )
60F 4 100F .
40F- = :
B - 50 -
20:— E [ v, =97V
0_1111 11}lll)llllIl']ll(]il(]]l(]llllt [l Ll a1 f—"—l_lzbqunil\*_l_ L
0 01020304050607 0809 1 00—t
TES amplitude (V) Amplitude (V)

Benedetta Corcione - PTOLEMY Genova Meeting, 21.11.2024



TES Gaussian energy resolution (eV)

Electron Resolution Compatible with Photons!
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TES Gaussian energy resolution (eV)

Electron Resolution Compatible with Photons!
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TES Gaussian energy resolution (eV)

Electron Resolution Compatible with Photons!
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TES Gaussian energy resolution (eV)

Electron Resolution Compatible with Photons!

2.2

2
1.8
1.6
1.4
12
y
0.8
0.6
0.4
0.2

0

Number of photons (A, = 406 nm)

| [ T I T T I T T T T l T _I

— o 30 31 32 33 34

C results taken from TES characterization @ g5qm— | | 3= 5
— -l Photons . > € 00 :
- ] 3 8oo- e
- . -®- Electrons E 700F

3 + 4 > Electron energy resolution BO0L

— o ] defined as: -

3 ++ E 400

- ] - 300 f/

- + +_— __Yright -

- + . 0o (E) = P Ee 200} ]
K g — 100F -f
B ] 1 Dl qqzqidiqza a4 3
- E from fits %90 95 100 105
- ] Energy (eV)
;_| | | ] > Compatible resolution for electrons and photons!

90 95 100

= noteworthy as e # y at such low energies

Energy (eV) . .
= same heat absorption mechanism

Benedetta Corcione - PTOLEMY Genova Meeting, 21.11.2024



Next Steps Forward
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Next Steps Forward

detection of low-energy electrons
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https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.22.L041007

Next Steps Forward
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https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.22.L041007

Next Steps Forward

Amplitude (V) \

detection of low-energy electrons
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https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.22.L041007

Next Steps Forward

Amplitude (V) \

detection of low-energy electrons
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What Are We Working on Now?
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What Are We Working on Now?
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1. Local Heating Effect
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Higher Energy = Higher Temperature

Field-emission current from CNTs
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Higher Energy = Higher Temperature

Field-emission current from CNTs
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Higher Energy = Higher Temperature

Field-emission current from CNTs (TES in thermal contact with its gold shield)
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14/11/2024: First Attempt

Adding gold wire bondings between the shield and

the MiC plate seem to facilitate thermalization!

MiC copper plate MiC copper plate
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14/11/2024: First Attempt
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15/11/2024: Back to the Starting Point...
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15/11/2024: Back to the Starting Point...
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2. Energy Resolution
smaller TES

AR
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Smaller TESs Already Available

100 pm x 100 ym & 60 pm x 60 pm

> 100 um x 100 um TES to work with 100 eV
electrons as the smaller the TES, the lower its
saturation energy
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Smaller TESs Already Available

100 pm x 100 ym & 60 pm x 60 pm

AE «

> 100 um x 100 um TES to work with 100 eV
electrons as the smaller the TES, the lower its
saturation energy

> Energy resolution dependences:

T3 - Area o T dR

N

o ~ RdT

transition sharpness
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Smaller TESs Already Available

100 pm x 100 ym & 60 pm x 60 pm

> 100 um x 100 um TES to work with 100 eV
electrons as the smaller the TES, the lower its
saturation energy

> Energy resolution dependences:

T2 - Area - TdR
AE « RdT

\ a
transition sharpness

> 100 pym x 100 uym > 60 ym x 60 pym
energy resolution improvement of 40%
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Smaller TESs Already Available

100 pm x 100 ym & 60 pm x 60 pm

> 100 um x 100 um TES to work with 100 eV
electrons as the smaller the TES, the lower its
saturation energy

> Energy resolution dependences:

T3 - Area T dR

N *=Rar

transition sharpness

> 100 pym x 100 uym > 60 ym x 60 pym
energy resolution improvement of 40%

electrons of 100 eV don’t saturate
these smaller devices!
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3. Energy Resolution

noise reduction
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New MiC Setup to Reduce Noise

> Too much noise in the signals: CNT power supply and “flying wires’ between TES and SQUID
> New MiC 2.0 designed:
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> Too much noise in the signals: CNT power supply and “flying wires’ between TES and SQUID
> New MiC 2.0 designed:
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New MiC Setup to Reduce Noise

> Too much noise in the signals: CNT power supply and “flying wires’ between TES and SQUID
> New MiC 2.0 designed:

distance between TES and SQUID becomes
~ 0 cm with MiC 2.0!
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what happens to electrons?

detection of low-energy electrons ;™
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What Happens to Electrons?
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What Happens to Electrons?

: : . : Hypothesis:
Signal amplitude distribution E YPOUNESIS
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Counts / (0.01

What Happens to Electrons?

220
200
180
160
140
120
100
80
60
40
20
0

Signal amplitude distribution
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Hypothesis:

electron of kinetic energy E produces a
secondary electron of kinetic energy € < E
= deposited energy Eg., =E - €
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What Happens to Electrons?

' i it Hypothesis:
Signal amplitude distribution E YPOUNESIS
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What Happens to Electrons?

' i it Hypothesis:
Signal amplitude distribution E YPOUNESIS
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electron of kinetic energy E produces a
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What Happens to Electrons?

' i it Hypothesis:
Signal amplitude distribution E YPOUNESIS
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What Happens to Electrons?

>
==
Q

Counts/ (0

Signal amplitude distribution

220
200
180
160
140
120
100
80
60
40
20

llllllllllllllllllllllllllllll]_

OO

[ L B 3R R | B8R AL L | 35 L X 3R IR | 15 AL B | i) LU
[TTOT] I [ [ I I I [

V=100V

e total /

absorption

e partial
absorption/
reflection

llllllllllllllllllllllllllllllllllllllllllll

0102 03 04 05 06 0.7 08 09 1
TES amplitude (V)

Benedetta Corcione - PTOLEMY Genova Meeting, 21.11.2024



What Happens to Electrons?

Signal amplitude distribution e scattered fom
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What Happens to Electrons?

Signal amplitude distribution e scattered fom "
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What Happens to Electrons?
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What Happens to Electrons?
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Signal amplitude distribution the shield
o __ll]llllrlllIlIIIIIIIllll]llllIlllllllllllllllllll_
z 220; Ve =100V X 7 pinhole smaller than TES
S ek I T
=) B 2
= 180 : e t?tal / —
S wiin” Ml - . wwlww
= n . 3 e scattered away
O 140+ Z — I I
O - - shield TES
1201 / = }r
100 . 5
: 7 3
> E BIES —F—¢ /
60F 7 — s thicker TES
= | z e passes
40 = through the TES
20 = l l l l l l l l
O :1 L1l | L1 1 I ] l‘ lll { L l l LA l WAL Vi 1 LLad l | l Lisd L 1 l: \ ﬁ
0 9.0 04 O U7 us8 09 1 N
TES amplitude (V) sh1eld TES

TES _ fin
Edep E— EKIN
Benedetta Corcione - PTOLEMY Genova Meeting, 21.11.2024



Conclusions

detection of low-energy electrons
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Conclusions

detection of low-energy electrons
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Conclusions

§ zig Ideas to study the distribution:
detection of low-energy electrons  ; o | > pinhole in front of the CNTs
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Conclusions

Ideas to study the distribution:
> pinhole in front of the CNTs
> thicker TES

detection of low-energy electrons 3 '®
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Conclusions

| = 222; """"""" Ideas to study the distribution:
detection of low-energy electrons  ; i + > pinhole in front of the CNTs
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TES Characterization Curve

1tps VS 1g1ag Characterization

[gs (LA)

IBias (“A)

Benedetta Corcione - PTOLEMY Genova Meeting, 21.11.2024
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TES Characterization Curve

1tps VS 1g1ag Characterization
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TES Characterization Curve

1tps VS 1g1ag Characterization
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TES Characterization Curve

itps VS igag Ccharacterization

[FETETETE PNTEVEIY FPTTETINT FTTITITE B L

Benedetta Corcione - PTOLEMY Genova Meeting, 21.11.2024



Iig (A)

TES Characterization Curve
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TES Characterization Curve
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TES Readout Circuit

Comparator >
SQUID

Rfeedback

Lfeedback

Rshunt

ITES = lpias
> bias Rshunt + Rpar + RTES
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TES Detection Performance
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Temperature Effects on Signal Amplitude -
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Electric Field does not have any Effect
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Amplitude (V)
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electronic noise

high-energy particles from cosmic rays
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Changes in TES Temperature
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thursday measurement
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Electrons on Characterization Curve
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Paper published on October 29th by
Physics Review Applied!

Detection of Low-Energy Electrons with Transition-Edge Sensors

Carlo Pepe,'? Benedetta Corcione,®* Francesco Pandolfi,*> * Hobey Garrone,'? Eugenio Monticone,! Ilaria Rago,*
Gianluca Cavoto,® 4 Alice Apponi,® Alessandro Ruocco,® Federico Malnati,® Danilo Serazio,! and Mauro Rajteri!

! Istituto Nazionale di Ricerca Metrologica, Strada delle Cacce 91, 10135 Torino, Italy
2 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
4 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
S 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) pm? 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.
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