
Study of Carbon 
NanoTubes for Light 

Dark Matter Detection 

1

Alice Apponi 

Amaldi Research Center seminar - 12.04.2023


Master Thesis - 21.10.2020

Advisors: Gianluca Cavoto, Francesco 
Pandolfi, Alessandro Ruocco



Alice Apponi - 12.04.2023 Amaldi Research Center seminar2

The Dark Matter Puzzle

✤ Many evidences of the dark matter presence:


‣Gravitational effects on ordinary matter


✤ Several theories to account dark matter:


‣Differ on dark matter mass and coupling


✤ Various efforts in dark matter direct search:


‣No uncontroversial sign found yet

N / e N / e
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A Dark Matter Wind “Blows” from Cygnus

✤ Our galaxy is surrounded by a dark matter halo


✤ Solar System orbits with v ~ 220 km/s  toward Cygnus 


✤ “Dark matter wind” due to motion with respect to the 
dark matter halo rest frame 


✤ Link scattering events with a direction in the sky map 
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The Advantages of Vertically Aligned Carbon Nanotubes

Graphene

Multi-wall 
nanotube

Single-wall 
nanotube

✤ Vertically aligned carbon nanotubes (VA-CNTs)


‣Highly anisotropic density


‣Directional sensitivity by design


✤ Sensitivity to sub-GeV dark matter:


‣ Inelastic scattering on electrons


‣Φe ~ 4.7 eV, so Ke ~ 1 - 50 eV (mDM = 10-100 MeV)

CVD Growth

Experts in 
Sapienza! 
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Novel Detector Concept: the “dark-PMT”

DM Wind

recoil electron

Dark-PMT features:

‣Portable, cheap, and easy to produce

‣Unaffected by thermal noise (Φe = 4.7 eV)

‣Directional sensitivity

✤ ‘Dark-photocathode’ of aligned nanotubes


‣Ejected e- accelerated by electric field


‣Detected by solid state e- counter
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Two Arrays of dark-PMTs to Search for a Dark Matter signal

Pandolfi Part B2 ANDROMeDa 
 

 14 

The ANDROMeDa detector will be composed of two arrays of 100 dark-PMT units each: the first 
array will be pointing towards the Cygnus constellation, and will be sensitive to a light DM signal; the other 
array will point in an orthogonal direction and will be sensitive to backgrounds. This will be done by 
mounting the dark-PMTs on a custom motorized rotating platform, connected to a controller. A sketch of 
the envisioned setup is shown in Fig.B2-b4.1. Each dark-PMT will operate with a ≥10 cm2 cathode, so that 
the total mass of the VA-CNT target present in each array is at least 1 gram. In order to replicate the dark-
PMT concept in 200 units in a cost-effective manner, a dedicated R&D will be needed to ensure a high 
degree of mechanical simplifications, such as, for example, the use of static vacuum conditions. 

Particular emphasis will be given to the study of irreducible backgrounds, such as the spurious signals 
induced by the presence of radioactively-decaying 14C isotopes inside the nanotubes. The 14C/12C ratio has 
been measured to be < 10-13 in nanotubes synthesized with commercial acetylene gas. If this proves to be too 
large, I will investigate the possibility of employing as precursor gas CO2 extracted from deep mines. 

 

Fig.B2-b4.1 Sketch of the ANDROMeDa @ LNGS setup. 

 

Each dark-PMT will need two dedicated high-voltage channels: 
one for the silicon sensor, and one for the accelerating field 
between the cathode and the anode. A set of power supply units 
with at least 400 individual channels will be acquired. The rate of 
signals is expected to be low in the LNGS cavern, therefore 
ANDROMeDa can be read-out with a multiplexed delay line. A 
commercial 14-bit DAC with a speed of at least 1 Gsample/s will 
be enough to read out the full set of 200 dark-PMTs. The design of 
the electronic read out boards will be entrusted to a specialized 
company through a public tender. The assembly of the dark-PMTs 

will be carried out in the clean rooms present in the INFN mechanical workshops. The moving platform will 
be assembled directly at LNGS. 
------- 

The GANNT graph of the ANDROMeDa project is shown in the following figure. The project has been 
schematically divided in its four main work packages. Major milestones are indicated with a red tick, and 
will correspond to major publications in international peer-reviewed journals. 

	

Sensitive to  
DM signal

In-situ BG 
measurement

Nanotubes 
(Dark-PMT)

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 theQy from 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
theQy cutoffs 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) 
1 kg ∙ 1 yr

1 g ∙ 1 yr

mχ [GeV]

✤ Light dark matter direct detection

‣Cross-section range still relatively unexplored 

‣~grams targets are competitive
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DM Wind

recoil electron
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Challenges on Both Sides of the dark-PMT

Electron Analyser UV Lamp

VA-CNTs 
sample

Test Anisotropy with UV-Photoemission 
Spectroscopy (UPS) 

Characterise Avalanche PhotoDiode 
(APD) response to low-energy electrons

Monochromatic 
Electron Gun

*

Windowless 
APD
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✤ Amorphous carbon (aC)


‣Disordered system 


‣No preferential directions 


✤ aC data represent experimental angular efficiency


‣Compare with VA-CNTs data


‣Any anisotropy? 

8

VA-CNTs Anisotropy? - Complex Geometry

N(θ) = A (1 −
1

1 + e−k(θ−θ0) ) cos θ +
1

1 + e−k(θ−θ0)

dV
e

sin (tg−1( tg β sin (α + θ) ))
sin β cos(α + θ)
dUVsin β cos α θ > θc

dH
e cos θ

cos (tg−1( tg β sin (α + θ) ))
sin β cos(α + θ)
dUVsin β cos α θ ≤ θc

✤ UV-Photoemission Spectroscopy (UPS)


‣Complex experimental geometry


‣Geometric model built
J

Sample

Electron Analyser

δ
UV beam

θ
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A First Sign of VA-CNTs Anisotropy

✤ VA-CNTs data over aC data ratio


‣Signal enhancement indicates anisotropy
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Windowless APD Can Detect Low-Energy Electron Currents
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A. Apponi et al 2020 JINST 15 P11015 

✤ Electron gun in LASEC Lab @ Roma Tre


‣Electron energy: 30 < E < 1000 eV


‣Energy resolution 45 meV


‣Beam spot ~ 0.5 mm 


‣Stable continuous current down to a few fA 


✤ Reading APD bias current when shooting gun on it


‣Clear linear correlation with gun current
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This is not a conclusion

✤ ‘Dark-PMT’ dark matter detector concept


‣Portable, no thermal noise, directional sensitivity


‣ In principle sensitive to electron recoils of a few eV


✤ Vertically-aligned carbon nanotubes


‣First sign of anisotropy


✤ Windowless APD characterisation


‣Low-energy electron current detected


✤ News from 2020


‣ANDROMeDa: Awarded PRIN2020


‣3-year project started in 2022


‣Aiming to build first working Dark-PMT prototype by 2025



12

Backup
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Detectors for keV Electrons
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✤ Benchmark: Avalanche Photo-Diodes


‣Simple, cost-effective 


‣Hamamatsu windowless APDs 


✤ Possible upgrade: Silicon Drift Detectors


‣Ultimate resolution


‣FBK (SDD) + PoliMi (electronics) 

APDs and SDDs ‘born’ 

as photon detectors


