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! Low energy experimental particle physics, 
! from my personal perspective 

! Innovative detectors 
! Ordered matter, coherent interactions, 

nanostructure  

! Two examples:
! The search for light dark matter
! The search for cosmic neutrino background 
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Charged Lepton Flavour   
Violation

MEG-II at PSI 

Novel particle  
accelerators

(Directional )direct dark matter 
Direct light dark matter search  

(With directionality)

Beam steering with 
crystal channeling  

(UA9, CRYSBEAM, …)The Muon Collider 
(LEMMA)

Master and PhD  
in Accelerator  

Physics

Andromeda  
(aligned carbon nanotubes)

Cygno (optical readout gas TPC)

muonEDM

The Cosmic Neutrino Background 
 search

Ptolemy 
Graphene target

The  
X17 boson



Gianluca Cavoto 

My recent and future projects
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Charged Lepton Flavour   
Violation

MEG-II at PSI 
The  

X17 boson
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Charged lepton flavour violation
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!  Decay μ into electron and γ clear sign of New Physics

! MEG-II data-taking in 
full swing now  

! Upgraded detector 
 (drift chamber)

! Aiming at BF  
sensitivity  6 10-14  
in 3 years  
(x10 better than MEG)
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Next on CLFV
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! From ICHEP 2022 plenary talk

! Cutting edge, complementary experiments for New Physics searches
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(Directional )direct dark matter 
Direct light dark matter search  

(With directionality)

Andromeda  
(aligned carbon nanotubes)

The Cosmic Neutrino Background 
 search

Ptolemy 
Graphene target
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(Directional )direct dark matter 
Direct light dark matter search  

(With directionality)

Andromeda  
(aligned carbon nanotubes)

The Cosmic Neutrino Background 
 search

Ptolemy 
Graphene target

I will concentrate on the physics  
of these projects as an example 

They are intended as a scheme 
that  can be replicated 
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Particle - matter interactions
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The standard view 
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! Energy loss due to interaction with electrons (mostly)

! Here the target is an “amorphous” material  
 with no ordering (collisions are uncorrelated)

From 
  

Particle 
Data  

Group  

Book
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Crystals - ordered structure
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! If a charged particle is “aligned” with respect a plane or an 
axis, the macroscopic description of its interaction is changing.

! Silicon: two Face Centered Cubic Cells
! Symmetry: axial and planar

! Collision are correlated!
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Crystal channelling and bent crystals
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! Crystal channeling, trapping (charged) particles 
within the lattice potential well

! Bending the crystal lattice planes is equivalent to adding a 
centrifugal force
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Crystal collimation
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! Particles can be 
trapped in channeling 
and bent! 

! Like in a magnetic 
field

channeling 

Phys.Lett. B758 (2016) 129-133
Beam losses reduction

! Bent crystal installed on the 
LHC (CERN UA9) as 
collimators

Beam
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Building bridges
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! The challenge is to implement this bridge for a much  lower 
energy - in the range of few keV to few eV  

! Detection of the dark matter (unknown) interaction with matter

! Study of coherent interaction in crystal need a collaboration among particle physics and 
condensed matter physics  
Successful physics program for crystal channeling  at ultra relativistic energy.
! Impact:
!  extracted LHC beam for fixed target 

 physics program (ALICE, CRYSBEAM)
! Measurement of magnetic and electric  

dipole moments of baryons (SELDOM) 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Atom strings and carbon nanotubes
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! Ordered structure, similar effective potential 
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Dark matter searches
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Looking for Dark Matter in the Galaxy 
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Finding  DM particles in our Galaxy still an outstanding issue.
Earth based experiments looking for DM scattering on matter  
(“direct” searches). 

Exploiting the “directionality”: the DM wind from Cygnus constellation.

Sun

DM ‘Wind’

Cygnus
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The WIMP as cold DM particle
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In ΛCDM, dark matter is:


• Massive


• Electrically neutral


• Not self-interacting (‘cold’)


• Gravitationally interacting  
with ordinary matter


Primordial fluctuations in DM 
density → virial wells


‘Seeds’ for galaxies


Non-relativistic speed (vDM ~ 10-3 c)

WIMP paradigm dark matter :


• Massive (M ~ 100 GeV)


• Electrically neutral


• Not self-interacting (‘cold’)


• Gravitationally interacting 
with ordinary matter


✓Weakly interacting with 
ordinary matter
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However, WIMPs are still hiding
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Exclusion regions from “direct” searches
The “neutrino floor” is approaching (~10 GeV)

18 26. Dark Matter

sections, and Figure 26.1 shows the best constraints for SI couplings in the cross section versus DM
mass parameter space, above masses of 0.3 GeV.

Figure 26.1: Upper limits on the SI DM-nucleon cross section as a function of DM mass.

26.7 Astrophysical detection of dark matter
DM as a microscopic constituent can have measurable, macroscopic e�ects on astrophysical

systems. Indirect DM detection refers to the search for the annihilation or decay debris from DM
particles, resulting in detectable species, including especially gamma rays, neutrinos, and antimatter
particles. The production rate of such particles depends on (i) the annihilation (or decay) rate (ii)
the density of pairs (respectively, of individual particles) in the region of interest, and (iii) the
number of final-state particles produced in one annihilation (decay) event. In formulae, the rate
for production of a final state particle f per unit volume from DM annihilation can be cast as

≈
A

f = c
fl

2

DM

m
2

DM

È‡vÍN
A

f , (26.18)

where È‡vÍ indicates the thermally-averaged cross section for DM annihilation times relative velocity
[27], calculated at the appropriate temperature, flDM is the physical density of DM, and N

A

f
is the

number of final state particles f produced in one individual annihilation event. The constant c

depends on whether the DM is its on antiparticle, in which case c = 1/2, or if there is a mixture of
DM particles and antiparticles (in case there is no asymmetry, c = 1/4). The analog for decay is

≈
D

f = flDM

mDM

1
·DM

N
D

f , (26.19)

with the same conventions for the symbols, and where ·DM is the DM’s lifetime.
Gamma Rays: DM annihilation to virtually any final state produces gamma rays: emis-

sion processes include the dominant two-photon decay mode of neutral pions resulting from the
hadronization of strongly-interacting final states; final state radiation; and internal bremsshtralung,

6th December, 2019 11:47am
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Cusp-core problem with WIMP ? 
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ΛCDM successful in describing large scales structures  
from horizons (15000 Mpc) to intergalaxy distances  (1 Mpc) 

However sub-galactic structures (<1 Mpc) seems to be 
problematic (cusp-core, missing satellites, …) 
 

Cold DM predicts galactic 
halos with high  
central density
Disagree with rotation  
curves at small r

Rotation curves in spiral galaxies

Tulin & Yu (in prep); Data from Oh et al [LITTLE THINGS] (2015)

Mass deficit problem: NFW profile fit to Vcir at 
large radii predicts too-large Vcir at small radii

Circular velocity (DM + stars + gas): Unknowns: 

Stellar mass-to-light ratio

SIDM profile

NFW profile
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Looking elsewhere (with a reason)
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The Strongly Interacting Massive Particles (SIMP)
Hochberg et al., PRL 113 (2014) 171301

DM

DM

DM

DM

DM

αeff

αeff ~ 1
! Self-interaction 3→2 heats 

up DM and lowers density 
in Galaxy formation

SIMP predicts  sub-GeV mDM  
     mDM ~ αeff (T2 MPl)1/3        
          (e.g. αeff = 1 → mDM = 100 MeV)
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New mass range, new experiments
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! Look for a single recoiling particle 
! Nuclei too heavy for light  DM

18 26. Dark Matter

sections, and Figure 26.1 shows the best constraints for SI couplings in the cross section versus DM
mass parameter space, above masses of 0.3 GeV.

Figure 26.1: Upper limits on the SI DM-nucleon cross section as a function of DM mass.

26.7 Astrophysical detection of dark matter
DM as a microscopic constituent can have measurable, macroscopic e�ects on astrophysical

systems. Indirect DM detection refers to the search for the annihilation or decay debris from DM
particles, resulting in detectable species, including especially gamma rays, neutrinos, and antimatter
particles. The production rate of such particles depends on (i) the annihilation (or decay) rate (ii)
the density of pairs (respectively, of individual particles) in the region of interest, and (iii) the
number of final-state particles produced in one annihilation (decay) event. In formulae, the rate
for production of a final state particle f per unit volume from DM annihilation can be cast as

≈
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f = c
fl
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m
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È‡vÍN
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f , (26.18)

where È‡vÍ indicates the thermally-averaged cross section for DM annihilation times relative velocity
[27], calculated at the appropriate temperature, flDM is the physical density of DM, and N

A

f
is the

number of final state particles f produced in one individual annihilation event. The constant c

depends on whether the DM is its on antiparticle, in which case c = 1/2, or if there is a mixture of
DM particles and antiparticles (in case there is no asymmetry, c = 1/4). The analog for decay is

≈
D

f = flDM

mDM

1
·DM

N
D

f , (26.19)

with the same conventions for the symbols, and where ·DM is the DM’s lifetime.
Gamma Rays: DM annihilation to virtually any final state produces gamma rays: emis-

sion processes include the dominant two-photon decay mode of neutral pions resulting from the
hadronization of strongly-interacting final states; final state radiation; and internal bremsshtralung,

6th December, 2019 11:47am

“light” 
DM 

mDM ~ 10 GeV

mDM ~ 10 MeV

DM

Nucleus

DM

Nucleus
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Electron recoils are (much) better

23

! Weaker limits
! mDM < 100 MeV very poor limits

18 26. Dark Matter

sections, and Figure 26.1 shows the best constraints for SI couplings in the cross section versus DM
mass parameter space, above masses of 0.3 GeV.

Figure 26.1: Upper limits on the SI DM-nucleon cross section as a function of DM mass.
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interaction is mediated by a (scalar) particle of massmϕ, the
differential rate has a factor m4

ϕ=ðm2
ϕ þ q2=c2Þ2, with q ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2mNER
p

the momentum transfer, ER the recoil energy,
and mN the nuclear mass [31–33]. Usually, this factor
is considered to be ∼1, corresponding to mϕ≳
100 MeV=c2. We also consider the SI light-mediator limit,
mϕ ≪ q=c≈10−3mχ (for mχ ≪ mN), in which the differ-
ential event rate for DM-nucleus scattering scales with m4

ϕ.
Second, light DM could be detected from its scattering

off bound electrons. We follow Ref. [34] to calculate the

DM-electron scattering rates, using the ionization form
factors from Ref. [35], the detector response model as
above (from Ref. [22]), and dark matter form factor 1.
Relativistic calculations [36] predict 2–10 times larger rates
(for≥5 produced electrons), and thus our results should be
considered conservative. As previous DM-electron
scattering results [34,37,38] did not use a Qy cutoff, we
derive constraints with and without signals below 12
produced electrons (equivalent to our Qy cutoff) to ease
comparison.

(a)

(c) (d)

(e) (f)

(b)

FIG. 5. The 90% confidence level upper limits (black lines with gray shading above) on DM-matter scattering for the models discussed
in the text, with the dark matter mass mχ on the horizontal axes. We show other results from XENON1T in blue [5,6], LUX in orange
[45–48], PandaX-II in magenta [33,49,50], DarkSide-50 in green [29,38,51], XENON100 in turquoise [14,52], EDELWEISS-III [53] in
maroon, and other constraints [34,54–56] in purple. Dotted lines in (a)–(c) show our limits when assuming theQyfrom NEST v2.0.1 [42]
cut off below 0.3 keV. The dashed line in (d) shows the limit without considering signals with< 12 produced electrons; the solid line can
be compared to the constraints from Refs. [34,38] shown in the same panel, the dashed line to our results on other DMmodels, which use
theQycutoffs described in the text. The limits jump at 17.5 GeV=c2 in (a) (and similarly elsewhere) because the observed count changes
from 10 to 3 events in the ROIs left and right of the jump, respectively.

PHYSICAL REVIEW LETTERS 123, 251801 (2019)

251801-5

PRL 123 (2019) 251801

DM Mass (GeV)

Window of opportunity for gram sized targets ?
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Neutrino floor exploration

24

! Solar neutrinos direction never overlaps with DM wind
! In general a powerful tool to suppress any background  

(radioactivity)

18 26. Dark Matter

sections, and Figure 26.1 shows the best constraints for SI couplings in the cross section versus DM
mass parameter space, above masses of 0.3 GeV.

Figure 26.1: Upper limits on the SI DM-nucleon cross section as a function of DM mass.
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e.g. C.J.G. O’Hare 1505.0806 
• position of Sun never coincides with Cygnus

solar 
neutrinos

WIMPs

Penetrating the neutrino floor  
Power of Directionality

Neil Spooner, IDM 2018

e.g. C.J.G. O’Hare 1505.0806 
• position of Sun never coincides with Cygnus

solar 
neutrinos

WIMPs

Penetrating the neutrino floor  
Power of Directionality

Neil Spooner, IDM 2018

DM wind

O’Hare et al, Phys. Rev. D 92, 063518 (2015)

A new detector: Light DM sensitivity  
and directionality in the same detector 
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Solid state targets: 2D materials
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Back of the envelope calculation:  
KDM = 5-50 eV (for mDM = 10-100 MeV)


Assuming vDM ~ 300 km/s


Enough to extract intro vacuum an electron 
from carbon


Φ ~ 4.7 eV (work function) so Ke ~ 1-50 eV


Extremely short range in matter!


2D materials: electrons ejected directly into 
vacuum


Graphene and carbon nanotubes

Graphene

Single-wall 
nanotube

Multi-wall 
nanotube
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Growing vertically aligned CNT 
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❖ Carbon nanotubes synthesized through 
Chemical Vapor Deposition (CVD)


• Internal diameter ~5 nm, length up to 300 
µm


• Single- or multi-wall depending on growth 
technique


❖ Result: vertically-aligned nanotube ‘forests’  
(VA-CNT) 

• ‘Hollow’ in the direction of the tubes


• Electrons can escape if  parallel to tubes


• Makes it an ideal light-DM target

H = 157 
Nanotubes grown  
in Trieste in 2019

DM

e-
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DM

e-

DM e-
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The Dark PMT
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‘Dark-photocathode’ of aligned nanotubes


• Ejected e- accelerated by electric field


• Detected by solid state e- counter  

DM Wind

recoil electron

G. Cavoto, et al., PLB 776 (2018) 338

L.M. Capparelli, et al., Phys. Dark Universe, 9-10 (2015) 24
G.Cavoto, et al., EPJC 76 (2016) 349

Dark-PMT features: 
• Portable, cheap, and easy to produce 
• Unaffected by thermal noise (Φe = 4.7 eV) 
• Directional sensitivity
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A telescope of dark PMT
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❖ Two sets of detectors: pointing towards Cygnus, and in 
orthogonal direction


• Search variable: N1-N2

Dark-PMT 

Dark-PMT 2

Dark-PMT 1

In-situ BG  
measurement

4

FIG. 2: Di↵erential rates of ejected electrons per year per kg, distributed in the recoil energy ER for M� = 5 MeV. We include
both sp2 and ⇡–orbital electrons. The three curves reported are relative to three di↵erent orientations of the DM wind main
direction with respect to the carbon nanotube parallel axes. The plot reported here is found with Eq. (23) and the addition of
the absorption probability at every hit with the CNT. ER corresponds to the kinetic energy of the electrons emitted from the
surface of the CNTs, having overcome the work function �wf .

We have to underscore here that in order to measure
a certain degree of asymmetry A, we do not need to pre-
cisely measure the electron recoil direction. We only need
to count the electrons reaching the detection region.

A compact apparatus. We consider an array of
single-wall metallic carbon nanotubes positioned in vac-
uum and in a uniform electric field directed parallel to
CNT axes. CNTs are held at a fixed negative poten-
tial. Field lines will concentrate on the open ends of this
CNT cathode, like on sharp edges, as described in Fig. 1
and commented in the Introduction. Electrons ejected
by collisions with DM particles will travel in vacuum re-
gions among (or within) CNTs and will eventually reach
the region where the electric field is intense. Once there,
electrons will be further accelerated in an electric field of
several kV/cm towards the anode where a silicon diode
is located, as in a hybrid light sensor (HPD or HAPD).

The signal produced by a collision with a single DM
particle is expected to be represented by single electron
count. Therefore, the detector has to be devised to dis-
criminate between single and multi-electron signals. This
might be obtained with HPD-type sensors, having an in-
trinsically low gain fluctuation, when coupled to a very
low electronic noise amplification stage. Notice that in
this configuration, given the very low rate of interaction,
neither fast nor highly segmented sensors are required.

On the other hand, we expect photons from radioac-
tivity to convert into the CNT target array. This would

generally produce electrons with keV or higher ener-
gies. These events are expected to extract several elec-
trons from the CNT cathode. Therefore the signal-to-
background discrimination, at this level, is that between
single-electron and multi-electron counts.

The detection element can be replicated to reach the
required target mass. Eventually, two arrays of elements
can be installed on a system that is tracking the Cygnus
apparent position. Two CNT arrays can be installed in
a back to back configuration: in one the open ends are
in the direction of the Cygnus (where the DM wind is
expected to come from). A di↵erent counting rate is
then expected on the two arrays, maximally exploiting
the anysotropy of the detection apparatus. More sophis-
ticated schemes might require the use of magnetic and
electric fields, such as the one sketched in [2].

We conclude that the anisotropic response studied in
this note allows to use existing technology with the sub-
stitution of the photocathode element only, and making
them blind to light. This makes our proposal easy to
test experimentally and scalable to a large target mass.
For the sake of illustration, assume a 1 ⇥ 1 cm2 sub-
strate coupled to a single photo-diode channels. On
this substrate a number of 1012, 10 nm diameter CNTs
can be grown. Since the surface density of a graphene
sheet is 1/1315 gr/m2, a single-wall CNT weights about
50 ⇥ 10�16 grams. This is equivalent to ⇠ 10 mg on a
single substrate. In the case of HPD, O(104) units per

G. Cavoto, et al., PLB 776 (2018) 338

mDM = 5 MeV

In principle sensitive  
to eV electrons!
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Sensitivity down to 2 MeV DM

30

! Competitive searches with gram target mass.

5

100 g CNT are needed. In principle, the system is scal-
able at will, since the target mass does not need to be
concentrated in a small region.

Single electrons counts can be triggered by environ-
ment neutrons as well. This is a well known source
of background a✏icting all direct DM search experi-
ments and the screening techniques are the standard
ones. Thermal neutrons have scattering lengths of few
fermis with electrons in graphene, but they have not
enough energy to extract them e�ciently from the ma-
terial. A neutron moderation screen, as those currently
used in these kind of experiments, has to be included
when devising the apparatus. We assume that working
with compact units as HPDs, this kind of screening might
be achieved more easily than with other configurations.

Another source of single electron counts, which belongs
to similar configurations too, is the electron thermo-
emission. This can strongly be attenuated by cooling
the device down to cryogenic temperatures. However, as
noted in [21], the thermionic electron current from an ef-
fective surface of 1 m2 of graphene should definitely be
negligible at room temperatures being proportional to3

j ⇡ T 3 exp (��wf/kT ) (5)

This is essentially due to the fact that the work-function
�wf in graphene is almost three times as large than the
typical work-function of photocathodes.

As for the field emission, this has also been studied in
[18] where it is found that its starts being significant for
electric fields above 1V/nm, way larger than the ones we
consider, see (2).

Conclusions. We have shown that single wall car-
bon nanotube arrays might serve as directional detectors
also for sub-GeV DM particles, if an appropriate external
electric field is applied and electron recoils are studied.
An appreciable anisotropic response, as large as A ⇠ 0.4
in (3), is reached with a particular orientation orienta-
tion of the target with respect to the DM wind. Since
the proposed detection scheme does not require any pre-
cise determination of the electron ejection angle and re-
coil energy, the carbon nanotube array target could be
integrated and tested in a compact Hybrid Photodiode
system — a technology already available — made blind
to light. High target masses can be arranged within lim-
ited volumes with respect to configurations proposing to
use graphene planes.

The results presented are obtained starting from the
conclusions reached by Hochberg et al. [2] on DM scatter-
ing on graphene planes and adapted to the wrapped con-
figuration of single wall carbon nanotubes. The fact that

3 with a coe�cient � = 115.8 A/m2 K�3.

carbon nanotubes, and interstices among them in the ar-
ray, almost behave as empty channels is still an essential
feature to obtain the results of the calculations described
here. The mean free paths attainable in these configura-
tions are definitely higher if compared to dense targets
as graphite or any crystal. We also observe that, in the
detection scheme proposed, di↵erently from [1], small ir-
regularities in the geometry of nanotubes are inessential.
For comparison with previous work, we present the

exclusion plot, see Fig. 3, which can be obtained with
the detection configuration here proposed. We perform
a full calculation including ⇡ and sp2� electrons. The

FIG. 3: We compare our results with those obtained by
Hochberg et al. [2]. Calculations are done including both
electrons from ⇡�orbitals and from sp2�hybridized orbitals.
The exposure of 1 kg⇥year is used.

latter figure summarizes the potentialities of the scheme
proposed. They result to be very much comparable to
what found in [2], although with rather di↵erent appara-
tus and practical realization. To conclude, we notice that
the device here described might be used alternatively as
a detector of heavier DM particles. Just by changing the
direction of the electric field, one could count positive
carbon ions recoiled out of and channeled by the carbon
nanotubes (or within the interstices among them), as in
the original proposal [1] [3].
Acknowledgements. We are very grateful to Yonit

Hochberg for several comments and suggestions on the
manuscript and to Chris Tully for informative discus-
sions. We also thank Maria Grazia Betti, Carlo Mari-
ani and Francesco Mauri for several useful hints on the
physics of CNTs. We thank an anonymous referee for
extremely useful comments and suggestions. G.C. ac-
knowledges partial support from ERC Ideas Consolidator
Grant CRYSBEAM G.A. n.615089.
Appendix: DM-electron scattering. In this Ap-

pendix we report the essential formulae we have used to
obtain the results in the text. We have adapted the ex-
pressions in [2] to the configuration with CNTs.
The M� DM mass needed to eject electrons from

graphene is about 3 MeV at the galactic escape velocity.
In the �e� scattering process, part of the momentum is

Nanotubes 
(Dark-PMT)

Exposure = 1 kg · 1 year
Cavoto, et al., PLB 776 (2018) 338

interaction is mediated by a (scalar) particle of massmϕ, the
differential rate has a factor m4

ϕ=ðm2
ϕ þ q2=c2Þ2, with q ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2mNER
p

the momentum transfer, ER the recoil energy,
and mN the nuclear mass [31–33]. Usually, this factor
is considered to be ∼1, corresponding to mϕ≳
100 MeV=c2. We also consider the SI light-mediator limit,
mϕ ≪ q=c≈10−3mχ (for mχ ≪ mN), in which the differ-
ential event rate for DM-nucleus scattering scales with m4

ϕ.
Second, light DM could be detected from its scattering

off bound electrons. We follow Ref. [34] to calculate the

DM-electron scattering rates, using the ionization form
factors from Ref. [35], the detector response model as
above (from Ref. [22]), and dark matter form factor 1.
Relativistic calculations [36] predict 2–10 times larger rates
(for≥5 produced electrons), and thus our results should be
considered conservative. As previous DM-electron
scattering results [34,37,38] did not use a Qy cutoff, we
derive constraints with and without signals below 12
produced electrons (equivalent to our Qy cutoff) to ease
comparison.

(a)

(c) (d)

(e) (f)

(b)

FIG. 5. The 90% confidence level upper limits (black lines with gray shading above) on DM-matter scattering for the models discussed
in the text, with the dark matter mass mχ on the horizontal axes. We show other results from XENON1T in blue [5,6], LUX in orange
[45–48], PandaX-II in magenta [33,49,50], DarkSide-50 in green [29,38,51], XENON100 in turquoise [14,52], EDELWEISS-III [53] in
maroon, and other constraints [34,54–56] in purple. Dotted lines in (a)–(c) show our limits when assuming theQyfrom NEST v2.0.1 [42]
cut off below 0.3 keV. The dashed line in (d) shows the limit without considering signals with< 12 produced electrons; the solid line can
be compared to the constraints from Refs. [34,38] shown in the same panel, the dashed line to our results on other DMmodels, which use
theQycutoffs described in the text. The limits jump at 17.5 GeV=c2 in (a) (and similarly elsewhere) because the observed count changes
from 10 to 3 events in the ROIs left and right of the jump, respectively.

PHYSICAL REVIEW LETTERS 123, 251801 (2019)

251801-5

PRL 123 1 kg ∙ 1 yr

1 g ∙ 1 yr

DM Mass (GeV)
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❖ Main objective: 
have a working 
dark-PMT 
protoype by end of 
project (3 years)


• Challenges on 
both sides of 
detector

DM 
Wind

recoil electron

Ideal nanotubes for DM 
target?

Best detector for keV 
electrons?



Gianluca Cavoto 

Silicon detectors for keV electrons

32

APDs and SDDs ‘born’  
as photon detectors

❖ Benchmark: Avalanche 
Photo-Diodes


• Simple, cost-
effective


• Hamamatsu 
windowless APD


❖ Possible upgrade: Silicon 
Drift Detectors


• Ultimate resolution


• FBK (SDD) + PoliMi 
(electronics)
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APD Characterization
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❖ State-of-the-art e- gun @ LASEC Labs 
(Roma Tre)


• Electron energy: 30 < E < 1000 eV


• Energy uncertainty < 0.05 eV


❖ Gun current as low as a few fA


• i.e. electrons at ~10 kHz (not 
bunched)


• Can probe single-electron regime


❖ Beam profile ~ 0.5 mm


• Completely contained on APD  
(! = 3 mm)
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APD and 900 eV electrons
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Reading APD bias current when shooting gun on it


Vapd = 0: electronic ‘image’ of APD


Vapd = 350 V: Iapd proportional to Igun
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! APD can measure single e-
! But only if Ee > 5 keV

Pandolfi Part B2 ANDROMeDa 
 

 7 

1. compactness, so as to have a portable dark-PMT detector; 

2. high (>90%) efficiency on single-electron detection in the keV energy range; 

3. percent-level discrimination between single-electron and double-electron events; 

4. suppression at permil level of fake single-electron signals due to noise. 

Furthermore, as will be shown in section (b), in order to achieve the ANDROMeDa performance of Fig.B2-
1.2, two additional requirements are needed: 

5. large active area (≥1 cm2), to pair each sensor to a 10 cm2 cathode with a 10:1 lensing system; 

6. cost-effectiveness, to be replicated in a few hundred dark-PMT units. 

ANDROMeDa will mainly rely on the use of commercial silicon detectors such as avalanche photo-diodes 
(APDs) and silicon drift detectors (SDDs). These detectors are widely used for the detection of photons in 
various energy ranges, from visible light to x-rays, by absorbing them in a depleted p-n junction, where an 
electron-hole pair is created and amplified by an internal gain to form a measurable electric signal.  

Silicon sensors can also be used to detect sub-MeV electrons, by completely absorbing them in the 
detector mass and measuring the electron-hole pairs created in the process. However, electrons have a range 
of absorption which is typically much smaller than the corresponding absorption length of photons. 
Therefore, to avoid the electrons being absorbed before reaching the active p-n junction, it is necessary to 
minimize the thickness of the inert layer. This requires the use of window-less silicon sensors, in which the 
silicon is directly exposed to the vacuum. 

 
 
Fig.B2-3.1 APD bias current as a function of the electron gun current, for 
900 eV electrons produced at LASEC labs in RomaTre University [ap]. 

 

Extensive tests were conducted at the RomaTre LASEC Ultra-High 
Vacuum (UHV) chamber where a custom electron gun was used to 
produce an electron beam with adjustable energy in a range between tens 
of eV and 1 keV, with 50 meV resolution and a sub-mm beam spot. A 
windowless APD with internal gain of O(100) was irradiated with an 

electron current as low as 100 fA at different energies. The results are shown in Fig.B2-3.1 [ap]: as can be 
seen the APD bias current shows a clear linear dependence on the electron gun current, validating this 
technique in testing silicon sensor electron reconstruction. 

 

Fig.B2-3.2 Left: response of 
large-area APDs to electrons in 
the 5-35 keV energy range [ka]. 
Right: SDD response to 20 keV 
electrons (red) and to 55Fe gamma 
rays (blue) [gu].  

  

 

 

However, for it to be used in the dark-PMT an electron sensor needs to reach single-electron sensitivity. 
APDs are simple and cost-effective, and recently published results [ka] have shown that they are capable of 
resolving single-electron signals, but only for energies above 5 keV (see left panel of Fig.B2-3.2). SDDs 
have been shown [gu] to provide ultimate single-electron energy resolution in that same energy range (see 
right panel of Fig.B2-3.2), but are characterized by higher complexity and manufacturing costs. 
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G.Gugiatti, et al., 
NIM A 979 (2020) 164474 

S. Kasahara, et al.,  
IEEE Trans. Nucl. Sci. 57 (2010) 1549

! SDD: excellent resolution
! But higher cost/complexity
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Observed field electron emission from CNTs


For high ∆V / small d(CNT-SDD)


Well-documented effect   (Carbon 45 (2007) 2957)
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We can measure  
~2 keV electrons  
emitted by CNTs

Controlling  this effect critical to avoid background in DM searches 
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Chemical Vapour Deposition chamber for CNT 
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• Start to develop a novel UV 
light detector made with 
carbon nanotubes


CVD chamber Equipped with 
Plasma-Enhanced technology


Capable of single-wall 
nanotubes


Operational in few weeks


Being upgraded with metal 
evaporator
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First successful growth of CNT
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Successfully synthetized  multi-wall 
nanotubes


Growing nanotubes on a number of 
subtrates:


Silicon


Fused silica


Basalt fibers


Quartz fibers


Carbon fibers


Metallic supports (Copper)

Very fast process, growing 10 mg over ~1x1 cm2 support in ~10 m 
100  cm2  detector for 1 gram



Gianluca Cavoto 

Optimizing CNT growth process
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CNT characterisation with photons and electrons

42

Large UHV chamber at Roma Tre LASEC 
labs


Equipped with UPS, XPS, e- energy 
loss analysis


Performed UPS characterization of 
nanotubes


And compared them to amorphous 
carbon
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Anisotropic electron emission (?)
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❖ Using He (I+II) UV lamp


• hν = 21.2 eV and 40.8 eV 


❖ Studied electron flux ratio Fcnt/FaC 


• vs angle γ between nanotube 
axis and UV light


• Normalized so that Fcnt/FaC = 1 
@ γ = 40°


• CNT variation up to 10x larger 
than aC @ γ = 90°


• Further proof of anisotropy of 
nanotubes
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VA-CNT at synchrotron 
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❖ BEAR beamline: 2.8-1600 eV 
photons


• Selectable polarization


• ‘Everything’ can rotate

❖ Rich characterization program 
underway


• Valence band analysis


• Angular scans


• Drain current analysis

3
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VA-CNT feature to be corrected

45

❖ Traditional CVD synthesis produces 
nanotubes straight at the µm-scale, but:


• Non-aligned (spaghetti-like) top layer


• Side ‘waviness’ at the nanoscale


❖ Both hamper electron transmission


• Need to minimize both effects  
for ideal DM target

improves the height uniformity of the CNT forest [19], via me-
chanical constraint.

However, tailoring of the top surface of CNT forests is important
to engineering of many applications. For instance, use of CNT for-
ests as thermal and electrical contacts relies on the compliance and
the morphology of the outward-facing CNTs, and presenting a
surface with vertically oriented CNTs that can individually act as
nanoscale contacts is key to achieve low overall contact resistance.
Further, the stiffness of the top crust is significantly greater than the
vertically aligned portion (i.e., the bulk of the forest), which is not
desirable for compliant CNT-based electrical and thermal interface
materials. Further, CNT forests can be used as high resolution
printing stamps [20], but the crust layer should first be removed to
enable appropriate contact and ink transfer. In processes using
elastocapillarity to densify CNT forests into solids [21,22], the crust
layer should be also removed beforehand since it constrains lateral
movement of CNTs during densification. The density and
morphology of CNTs in films and forests is also a key parameter for
engineering their adhesive properties, such as for use in robotic
manipulation and reversible mechanical interfaces [23,24].

Therefore, removal of the crust layer without adversely altering
the structure of the CNT forest is of interest for understanding the
fundamental surface properties, and for application-oriented en-
gineering of CNT forests. Several methods including oxidation in air
[25] and chemical oxidation in solution [26] have been developed
for the removal of amorphous carbon. Nevertheless, these tech-
niques can damage CNTs and distort the alignment [27]. On the
other hand, plasma treatment [28] can remove the carbon impu-
rities with a solvent-free, time-efficient process. In addition, plasma
treatment can provide a wide range of chemical functionality by
utilizing diverse gas sources such as N2, Ar and O2. For example, O2
plasma can offer oxygen functional groups to CNT surfaces which
can act as active sites for biochemical sensing [29] and biomedical
applications [30].

Herein, we study the use of Ar/O2 plasma to controllably remove
the crust layer from CNT forests synthesized by atmospheric
pressure CVD. We investigate the effect of plasma etching param-
eters, including power, exposure time, gas flow rate and mixture
composition, on the etching behavior using both qualitative (SEM

and optical microscopy) and quantitative (AFM, Raman spectros-
copy and XPS) characterization. We discuss the optimal plasma
conditions for the crust removal without changing the structural
shape and internal CNT alignment. Furthermore, we assess the
correlation between the etching rate and the initial CNT forest
density, leading to guidelines for controlled surface modification of
CNT forests.

2. Materials and methods

2.1. CNT forest synthesis

CNT forests were grown by thermal CVD in a tube furnace
(Thermo Fisher Minimite, 22 mm inner diameter quartz tube). The
catalyst for CNT growth was patterned by photolithography on a
(100) siliconwafer with 300 nm of thermally grown silicon dioxide,
followed by lift-off processing using ultrasonic agitation in acetone.
The supported catalyst layer, 10 nm of Al2O3 beneath 1 nm of Fe,
was deposited by electron-beam evaporation. The wafer with the
deposited catalyst was diced into 20 ! 20 mm pieces and placed in
the tube furnace for CNT growth.

CNT forest samples were prepared by three different CVD rec-
ipes, referred to as Reference, Decoupled, and Carbon-assisted. The
Decoupled growth recipe [2] started with flowing 100/400 sccm of
He/H2 while heating the furnace up to 775 "C for 10 min (ramping
step) and then inserting the wafer into the furnace with a
magnetically coupled transfer arm. The system was then held at
775 "C for 10 minwith the same gas flow rates (annealing step). For
CNT growth, the gas flow was changed to 100/400/100 sccm of
C2H4/He/H2 at 775 "C for 3 min. After CNT growth, the furnace was
cooled to <100 "C with the same gas flow and finally purged with
1000 sccm of He for 5 min, before removing the sample. The
Reference growth recipe [31] ran with the same annealing and
growth conditions with the Decoupled recipe, but the sample was
stationary inside the furnace during the entire growth process. The
Carbon-assisted growth [1] recipe also ranwith the same annealing
and growth conditions with the Decoupled recipe, but prior to the
annealing step, the furnace tube was “pre-loaded” with carbon
deposits from thermal decomposition of C2H4, which results in a

Fig. 1. Crust formation during CNT forest growth by CVD. (a) Schematics of CNT forest growth stages during CVD: crust formation, self-organization & steady growth, and density
decay & termination. SEM images of as-grown CNT forest (b) tilted view and (c) top view. (A colour version of this figure can be viewed online.)

S. Seo, S. Kim, S. Yamamoto et al. Carbon 180 (2021) 204e214

205

Aligned CNTs:
Optimizing: length, density, morphology

‘WAVINESS’ at the nanoscale

Not-Aligned Top Layer

VA-CNTs as-grown on Si substrates – before plasma etching

1
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! UV light detector based on VA-CNT (NanoUV) 
The calibration technique for dark PMT, in fact
! Astrophysics application, environment monitoring (ozone)

! VA-CNT for biosensor or anti-microbial surfaces 
(collaboration with Biology department at Sapienza)

! CNT in novel composite materials
! Add CNT to fibres (basalt)
! Additive manufacturing, patented a new CNT based Cu powder 

! Use of CNT to host tritium atoms for the Ptolemy target  
See https://arxiv.org/abs/2203.11228
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The cosmological neutrino background
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! Messanger from 1s after 
the Big Bang

! Cold Matter (T ~ 1.9K)
! About 100/cm3 here and 

now

The Ptolemy  
project

M.G. Betti et al JCAP07(2019)047
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The Ptolemy idea
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! A new electromagnetic filter based on RF radiation 
detection (electron cyclotron motion) and dynamic  E 
field setting 

M.G.Betti et al, 
Progress in Particle and Nuclear Physics,
106, (2019) 120-131
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The demonstrator
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! Tritium on 
graphene

! 27 GHz radiation  
detection

! Electromagnetic 
filter with 1ppm 
voltage precision

! Microcalorimeter 
TES Aiming at 50 meV electron energy resolution

A. Apponi et al 2022 JINST 17 P05021
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Flat graphene
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! Nanoporous graphene used as support for tritium

! Bond atomic tritium to carbon atoms 
! Well defined potential 
! Store many atoms in small space 

Reached >90% 
coverage  

with hydrogen

M.G.Betti et al, Nano Lett. 2022, 22, 7, 2971–2977



Gianluca Cavoto 

…hitting the Heisenberg limit??
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! Spatially localised tritium (by covalent bond) implies 
an uncertainty on the tritium momentum

! Effect on the electron energy resolution:  ~500 meV (!?!) 

Critical for 
endpoint  
Analysis  

(neutrino mass)
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Carbon nanotubes a solution?
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! Electric Potential binding tritium depends on the 
concavity of the surface ! 

! “Passivated” CNT  can host a tritium atom
! Prevent dimerization with magnetic field 

A.Apponi et al., https://arxiv.org/abs/2203.11228
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! Exchange between particle 
physics and condensed matter 
physics is a great opportunity in 
the realm of new sensors 
development. 

! Especially true in the range of 
“low energy” particle physics 

! Details of physics at atomic/
subatomic scale necessary to 
understand a particle detector

Interaction with theorists is of 
paramount importance


Sometime you get crazy (i.e. difficult to 
implement) ideas   

But out of 10 (?)  crazy ideas  
you get a bright bold one 

N.Kurinsky



Gianluca Cavoto 

The example of carbon nanostructure
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! Expertise in synthesis is crucial 
! Need of a fast turnaround of synthesis-

characterisation-prototyping 
! True in general for new fancy detectors!

! Carbon nanostructure are attractive since can be 
grown to  mascoscopic scale ( cm2 sized tiles or flakes)
! Reaching a similar quality as crystals  might be 

important 

! Application beyond particle physics are ubiquitous



Gianluca Cavoto 

Some sociology
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! Particle physics experiments (also in the low energy domain)  
have a long preparation period 
! before taking data and publish a (single?) high impact result.

! R&D in collaboration with condensed matter physicists and 
theorists  might fill the gap with high impact publications 
(although in a different “physics sector”)

! Can open vast opportunities of multi-disciplinary projects.
! Beyond physics (biology, health, mechanics,…) 

! Can lead to important technology transfer to other researches: 
(e.g. particle accelerator, GW interferometer) or industry
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Do not be afraid (to leave your comfort zone)
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Looking for a game-changer for future experiments
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