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Cosmic microwave background 
380000 years after Big Bang

Cosmic neutrino background 
1 second after Big Bang

The Last Major Observable of the Hot Big Bang Model
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Need Very Good Electron Energy Resolution

❖ PTOLEMY experiment: aims to measure 
the Cosmic Neutrino Background


• Neutrino capture on tritium


❖ Tritium loaded on graphene target


• Electrons slowed down by EM filter


❖ Smoking gun: bump after β endpoint


• Gap = 2mν and mν < eV
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See talk  
by F. Virzi 
tomorrow

νe + 3H → 3He + e-
mν mν

Tritium β spectrum

CNB 
neutrino 
capture

Qβ Ee

#

PTOLEMY goal 
σe(E) = 50 meV 
for E = 10 eV

*
* all resolutions in this talk 
are Gaussian, not FWHM

https://indico.cern.ch/event/1291157/contributions/5903417/
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❖ TES: superconducting film close to its TC


• Typical TC ~ 100 mK


❖ Cryogenic photon detector


❖ Superconducting transition very sharp!


• Typically ∆T ~ mK


❖ Photon absorbed → ∆T > 0 → ∆R ≫ 0

Transition-Edge Sensors: Operating Principle
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Great Resolution on Photons, But What About Electrons?

• 45 nm gold + 45 nm titanium

• Active area: 10×10 µm2


• Tc ~ 106 mK
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A quantum characterization of superconducting photon
counters12 and a self consistent absolute calibration tech-
nique for photon number resolving detectors13 have been
recently demonstrated.

In this letter, we discuss on an unprecedented energy
resolution obtained in the telecom spectral range, paying
attention on the main contributions of uncertainty, for both
energy resolution and photon state assignment. The theoret-
ical limit of the energy resolution is also evaluated know-
ing the necessary parameters by fitting the detector bias
curves.

The Ti/Au detector developed for the above aim was
based on a 45 nm thickness layer of titanium deposited over
a 45 nm gold film. The substrate was a silicon wafer covered
by silicon nitride layer, the device active area was a square
of 10 lm side. The TES has been measured by exploiting the
4-wires technique and a resistance bridge, finding the normal
resistance Rn ’ 0:45 X and the critical temperature
Tc ’ 106 mK.

To estimate the device properties, the detector was volt-
age biased with a shunt resistor Rs ¼ 22 mX and readout
with a dc-SQUID array current amplifier, with an input coil
of 4 nH. At several bath temperatures, TES bias curves (Ites

vs. Ibias) have been acquired: Fig. 1 shows 4 of these curves
(circle) with their corresponding fits (solid lines).

The fit function is obtained by modeling the TES resist-
ance by an hyperbolic tangent function, as expression of
current and temperature,14

RðT; IÞ ¼ RN

2
1þ tanh

T % Tc þ n & I
D

! "# $
; (3)

and imposing the equilibrium state at the system of differen-
tial equations

Ce
_T ¼ IR2ðT; IÞ % kðTn % Tn

s Þ
L _I ¼ IbiasRs % I½Rp þ Rs þ RðT; IÞ(:

(

(4)

The free parameters are n, which considers the current
dependence of the resistance, and k related to the thermal

conductance G. D value is chosen to accurately model the
transition width at negligible current.

To operate the TES as a photon number detector, the
bath temperature was adjusted at Ts ¼ 58 mK and the work-
ing point was chosen setting Ibias ¼ 15 l A, which corre-
sponds to bias the device at 22% of its normal resistance.
The fit of this bias curves converges to D ¼ 2:8 mK;
n ¼ 1570 K=A, and k¼ 703 nW/K5, with n¼ 5 and a para-
sitic resistance Rp ¼ 7 mX.

From these values, it is possible now to calculate the
thermal conductance G ¼ nkTn%1

c ’ 44 pW=K and the ther-
mal sensitivity at the working point a ¼ 23. These numbers
are consistent with those estimated by our previous imped-
ance measurements on similar Ti/Au TESs15,16 (10 ) a
) 50 with n¼ 5), confirming the goodness of the two meth-
ods to study the TES characteristics.

From literature data,17 the TES heat capacity can be esti-
mated in 0.35 fJ/K. With the obtained a, the theoretical
energy resolution (Eq. (2)) becomes DEthe ’ 0:064 eV.

The TES was irradiated as in the experimental setup
described in Refs. 11 and 18: the distance between the tip of
the spherical lensed fiber and the TES was fixed to obtain the
minimum beam waist on the detector surface. Fig. 2 shows
the pulse amplitude histogram acquired with photons of
energy Ec ¼ 0:79 eV, obtained by an attenuated pulsed
coherent source at 1570 nm. The histogram of Fig. 2 has five
peaks: from left to right, from the single photon state (1c) up
to five (5c) detected photon state. The peak of 0c has been
isolated and neglected using the cross-correlation informa-
tion during the reduction noise process. The amplitude sig-
nals were analyzed via Wiener filtering process19 to increase
the signal-to-noise ratio: it could improve of a factor 2 the
energy resolution. The histogram data were then fitted con-
sidering free Gaussian distributions for each photon state
(continuous line in Fig. 2). The FWHM energy resolution is
related to the single photon peak standard deviation r1 by
the formula11

DE ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 lnð2Þ

p
& r1 Ec

x2c % x1c
; (5)

where denominator is the difference between the amplitude
centers of the first two photon states. From the histogram fit,

FIG. 1. TES bias curves Ites vs. Ibias at different bath temperatures (58 mK,
72 mK, 82 mK, and 93 mK): Circles are the experimental data and solid
lines are their respective fits. Dashed line indicates the resistance (0.1 X),
corresponding to the working point into the transition region.

FIG. 2. Amplitude histogram of Wiener filtered signals (blue bars) shows
from one (1c) up to five (5c) photon states. The FWHM energy resolution of
the data fit (red line) is DE ¼ ð0:11360:001ÞeV.

041107-2 Lolli et al. Appl. Phys. Lett. 103, 041107 (2013)
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Performance 
on 0.8 eV photons

PTOLEMY goal  
achieved for γ’s

Best INRiM TES for photons (so far)

• 30 nm gold + 15 nm titanium

• Active area: 100×100 µm2


• Tc ~ 84 mK

TES designed for electron test (this talk)
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https://doi.org/10.1063/1.4815922
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Cold Electron Source Through Field Emission
❖ Problem: electron sources are hot


• E.g. thermoionic emission


• Cannot be used in a cryostat


❖ Solution: field emission


• Quantum tunneling


• No heat
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Thermoionic effect (high T, low E)

Field emission (high E)
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Flat surfaces 
E > 107 V/cm

Need very high E for field emission

Nanostructures 
tip effect: E → αE

(α ~ 104)
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Field Emission from Carbon Nanotubes

❖ Carbon nanotubes: graphene ‘straws’


• ⌀ ~ 20 nm, length ~ 100 µm
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❖ Nanometric tips → tip effect


• Field locally amplified by O(105) !

Vertically-aligned nanotubes 
Grown in TITAN Lab in Rome

120 µm

Nanotubes 
V < 0

Anode 
V = 0
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electrons

Emission with only O(100) V!
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Nanotubes Coupled to TES in Compact ‘MiC’ Setup
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Shielding to Avoid Unwanted Electron Hits
❖ Nanotube surface (3×3 mm2) much larger  

than TES active area (100×100 µm2)


❖ Need to avoid electron hits on:

• Wiring (spurious signals!)

• Insulating substrate (charge build-up!)
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Smoking Gun: Nanotube Current Correlates with TES Rate
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Fitting the Amplitude Distribution

❖ Fit peak with asymmetric Gaussian


• σleft = electron partial absorption


• σright = electron energy resolution
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Electron Energy Resolution Compatible with Photons!

❖ e- energy resolution defined as:


❖ Photon resolution taken from


❖ Same energy resolution for e- and γ!


• Same heat generation in TES


❖ Optimism on PTOLEMY goal of σe(E) = 50 meV @ 10 eV


• If σe(E) = σγ(E) at 100 eV ... probably also at 10 eV!
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Paper on the arxiv: Go Check It Out!
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arXiv:2405.19475

https://arxiv.org/abs/2405.19475
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Conclusions
❖ Detected low-energy electrons with transition-edge sensor!


• Obtained σe(E) ~ 1 eV for E ~ 100 eV


• First time such low energy, first time such good resolution


❖ First time electron source in proximity of TES


• ‘Cold’ field emission from carbon nanotubes


❖ Electron resolution compatible with photon resolution!


• Same heat-based detection in TES


• Optimism on PTOLEMY goal of σe(E) = 50 meV for E = 10 eV

14

Only other paper  
on TES e- detection:  
E > 300 eV, σe(E) > 17 eV

Already achieved for photons!

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

