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DM Mass (GeV)

Poor Sensitivity for Dark Matter in Sub-GeV Range

Current experiments mainly based on nuclear recoil 

If Dark Matter (DM) mass < GeV


• no visible nuclear recoil


• lighter target needed

2The ANDROMeDa Project, Channeling 2023

Nucleus DM
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Less Strict Limits Using Electron Recoil

For Sub-GeV DM better look for DM-electron scattering 

• visible also with few MeV DM mass


Few experiments sensitive to electron recoil 


• cross section limits  times weaker


• sensitivity drop for mass < 100 MeV


New detection strategy needed to go below 100 MeV

106

3

DM Mass (MeV)

L. Barak et al. (SENSEI),  Phys. Rev. Lett. 125, 171802 (2020)

DM e−
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Electrons Directly Into Vacuum: 2D Materials

 eVKDM = 5 − 50

Low dimension

Assuming	         

	 	 For		  MeV


Able to extract electrons from carbon (  eV)


Low energy electrons = extremely short range in matter


Problem solved using 2D materials:


• electrons directly ejected into vacuum


• no additional energy loss

vDM = 300
km
s

mDM = 10 − 100

ΦC = 4.7
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Idea:


State-of-the-art nanotube facility in Rome Sapienza


• Chemical Vapour Deposition (CVD) technique 


• Up to 8 cm  extension on various substrates


• Diameter ~20 nm, length up to 400 μm


Result: vertically-aligned nanotubes forests


• Ideal target for DM search?

2

h = 360 µm

Growing Carbon Nanotubes Forests

Before After

4 cm

 ~20 nm
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Directional Sensitivity with Carbon Nanotubes
Raman analysis after Ar+ bombardment


• Lateral penetration < 15 µm


• Longitudinal damage along full length (180 µm)


• Highly anisotropic density  

CNTs as target for DM-electron scattering 

• ~vanishing density in tube axis direction 


• electron ejected only if parallel to tubes    DM

e-

DM e-

G. D’Acunto, et al., Carbon 139 (2018) 768
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A New Detector Concept: The Dark-PMT

Working principle: 

• DM-electron scattering on a target of VA-CNTs


• Electrons out if tubes parallel to the DM wind


• Acceleration up to keV


• Detection by silicon sensor 

Key features: 

Directional Sensitivity


Sensitive to few eV electrons


~Unaffected by thermal noise (  eV) even at room temperature ΦC = 4.7

DM

e-

 Cygnus
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Dark Matter Search with 2 Dark-PMT Arrays

two arrays of dark-PMTs on a moving platform


• 1st pointed towards Cygnus 		 DM signal


• 2nd in opposite direction		 backgrounds 

•  1 g mass for array so ~100 units with 10 cm  cathode area≥ 2

Looking at expected rate of electrons ejected from VA-CNTs


• rate for  = 0° >> rate for  = 180° 


• counts excess if dark-PMT pointed in DM wind direction

θw θw

tube axis

DM Wind

θw

G. Cavoto, et al., PLB 776 (2018) 338
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Background Minimisation Will Be Essential 
Expected exclusion limits  


• For just 1 g x 1 year exposure 


• Using 2 arrays of 100 Dark-PMTs


Performance strongly depends on BG event rate 


• BG rate < 0.05 events/year x dark-PMT needed 
                 to extend current limits 

DM Mass (MeV)

5 BG ev/yr • PMT 

0.05 BG ev/yr • PMT

0 BG ev/yr • PMT

R. Catena et al., arXiv:2303.15509 [hep-ph]

https://arxiv.org/abs/2303.15509
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The ANDROMeDa Project

Awarded PRIN2020 Grant (1M€)


• 3 years project started in 2022


• 3 units:	  INFN (F. Pandolfi - P.I.) 
	 	    	  Sapienza (G. Cavoto) 
	 	    	  Roma 3 (A. Ruocco)


Main objective: development & construction of a 
	 	   	 	 	 	  dark-PMT prototype 


• challenges on both sides of detector

superior synthesis 
 of carbon nanotubes

efficient detection 
of keV electrons

R. Prakash Yadav’s talk on Tuesday 
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SDDs & APDs born as photon detectors


• with thick dead layer (Si oxidation)	    able to detect electrons 

Detecting keV Electrons with Silicon Detectors

5.9 mm10 mm

Benchmark: Windowless Avalanche Photodiodes 

 

• simple, cost-effective 


• produced by Hamamatsu


Backup: Silicon Drift Detectors  

 

• ultimate energy resolution 


• produced by FBK + electronics by PoliMi
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APD Characterisation @ LASEC Labs (Roma Tre)

Hot tungsten filament + electrostatic lenses


Key features:


• Electron energy: 30 < E < 1000 eV


• Energy uncertainty < 0.05 eV


• Beam spot ~ 0.5 mm


• Current as low as a few fA


can probe single electron regime

12
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Linearity Between Gun and APD Currents

Reading APD bias current when shooting gun on it


• Clear linear correlation with gun current


Not able to see single-electron pulses


• from literature:   
 E ≥ 5 keV to see single-electron signals with APDs

13
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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. 

 
 

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

A. Apponi et al 2020 JINST 15 P11015 
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Electron Gun @ Milano Bicocca

UV led + metallic electrodes + electric field


Key features: 

• Electron energy: 0 < E < 30 keV


• Energy uncertainty < 2 eV


• Beam spot < 1 mm


• Current as low as a few fA


• Compact & easy to move


First measurements on APDs in Jan 2023	    

14

APD 
holder 

e-gun 

 ongoing analysis  
   (my thesis work)
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First Dark-PMT Prototype: Hyperion II

Prototype-0 already taking data in Rome Sapienza


Observed field electron emission from CNTs


• Measurements with SDD


• For high ∆V / small d(CNT-SDD)


• ~2 keV electrons emitted by CNTs detected 

15

Si CNTs ∆V, d SDD

V = 0FE e−
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Conclusions

16

Carbon nanotubes: exciting material for dark matter detectors


• 2D material: electrons ejected directly into vacuum


• density anisotropy


Dark-PMT: a new dark matter detector concept


• Portable, no thermal noise, directional sensitivity


• Competitive with just 1 g target 


ANDROMeDa: a young and ambitious program in Rome


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



Francesca Pofi 17

Backup Slides
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CVD: How Does It Works?
Main Steps: 

1. metallic nanolayer (e.g. iron) deposited on the substrate


2. annealing at high temperature 


• nanolayer forms nanoparticles = catalyst seeds during synthesis


3. Carbon precursor gas (e.g. acetylene) oriented on nanoparticles at high temperature 


• nanotubes formation

18
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From 10 cm  Cathode to 1 cm  Sensor2 2

• To reach 1 g target with 100 dark-PMTs         10 cm  cathodes


• Large Area Silicon Detectors       1 cm  sensors


10:1 electron focusing system needed


Key parameter: focusing efficiency  

• computed as   

• aim for efficiency > 90% 

• can be optimised using UV light + standard photocathode 

2

2

# e− detected
# e− from cathode

19

ONGOING: 
Electron trajectories simulations 

with SIMION software
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Going Into Detail on Raman Spectroscopy 
Raman Spectroscopy used to determine vibrational modes


• can assets quality of chemical bondings


• can be focused at various depth and coordinates of the sample


 on pristine sample:


•  excitation of vibrational modes of the carbon lattice (G and 2D)


• prominent ‘defect’ (D) peak


 after Ar ions bombardment ( 5 keV at 1.5 x 10  ions/cm  )


• LATERAL: Raman spectrum unchanged at 15 μm lateral depth


• TOP: amorphization from at any height

17 2

20

https://en.wikipedia.org/wiki/Vibrational_mode
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Electron Detection: Main Challenges

21

Electron energy = ∆V(anode-cathode) to keep < 10kV 

Key parameters : 

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

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

3. percent-level discrimination between 1  and 2  events 

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

e−

e− e−

e−

signal:

background:

e-

DM

e-

Si CNTs ∆V, d SDD 
APD

V = 0 e−



The ANDROMeDa Project, Channeling 2023Francesca M. Pofi 22

Unwanted Features of Carbon Nanotubes

Two problems with as-grown nanotubes forests:


1. non-aligned top crust layer


• due to initial growth instabilities 


2. side waviness at the nanoscale 


• due to different growth rates


Both hamper electron transmission


• minimisation needed for ideal DM target 

Aligned CNTs:
Optimizing: length, density, morphology

µ:$9,1(66¶�at the nanoscale

Not-Aligned Top Layer

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

1

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
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carbon-precursor gas (such as acetylene) is directed on it; the high temperature decomposes the gas 
molecules, and the carbon attaches to the nanoparticles giving form to the nanotubes. 

 
Fig.B2-2.2 Left: Raman spectrum of pristine VA-CNT sample. Right: Raman spectra, at different depths, 
after lateral (left) and longitudinal (right) Ar+ bombardment. [da] 

 

A key feature of VA-CNTs is their highly anisotropic density, which is close to vanishing in the direction 
of the tube axis. This feature has been established with Ar+ ion bombardment experiments [da], the results of 
which are summarized in Fig.B2-2.2. The left panel of the figure shows the Raman spectrum obtained on the 
pristine (pre-bombardment) VA-CNT sample. Several peaks can be observed in this anelastic photon energy 
loss spectrum, such as the excitation of vibrational modes of the carbon lattice (G and 2D), and the 
prominent ‘defect’ (D) peak, which indicates the presence of cylindrical CNTs. In the right part of the figure, 
the results of Raman spectroscopy (at different depths) after the ion bombardment are shown on the left for 
lateral bombardment, and on the right for longitudinal bombardment. As can be seen, in the case of lateral 
bombardment the pristine spectrum is restored already at a depth of 15 µm, indicating that the ion 
bombardment damage is limited to the first 10 µm. In the case of longitudinal bombardment, instead, the 
Raman spectrum shows severe damage throughout the full length of the tubes (180 µm). 

 
 
Fig.B2-2.3 SEM image of a typical growth of VA-CNT; the inset 
shows a detailed view of the side, with wavy structures at the sub-
micrometer scale. 

 

This density anisotropy is the key feature that allows electrons to 
exit the target without being re-absorbed and forms the basis for the 
results shown in Fig.B2-1.3. Those results are obtained with a model in 
which the nanotubes are ideally straight and parallel, and which 
assumes very low absorption probability for electrons of a few eVs. 
These two conditions need to be validated by experimental 
measurements. In particular, for the achievement of a light DM target 

with the required properties it is crucial to synthesize VA-CNTs with a high degree of 
parallelism, down to the nanoscale. A SEM image of a typical VA-CNT synthesis is shown 
in Fig.B2-2.3: as can be seen these VA-CNTs are parallel at the µm scale, but they exhibit a 
certain ‘waviness’ at the nanoscale, which needs to be eliminated in order not to 
compromise the VA-CNT electron filtering efficiency.  

 

 
Fig.B2-2.4 Schematic view of how synchronous synthesis of CNTs with different growth 
rates can lead to wavy structures. In inset (d) the straight CNTs resulting from faster growth 
rates (black) support wavy CNTs from slower growth rates (blue lines). Figure taken from 
[za]. 
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Optimisation of -plasma etching parameters (e.g. time, plasma power, frequency, pressure)


• measuring morphology (SEM), roughness (AFM) and electron emission

Ar2/O2

Plasma Etching to Remove Crust

(80 W)(50 W)(35 W)Light etching Modest etching Aggressive etching
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Parallelism strongly influenced by iron catalyst seeds


1. non-uniformity in seeds size


• leads to different growth rates 


2. density of seeds


• farer seeds = weaker interaction between tubes


Evaporation chamber being built in Rome


• aim for seed density > 1012 cm-2 


• AFM to check seeds size, density and distribution


• iterative optimisation of nucleation parameters 

Aiming for Ultimate Parallelism at the Nanoscale

Now Goal

seeds density 
[cm-2] 1010-1011 > 1012

seeds size

[nm] 15-30 5 (±20%)

AFM scans
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Avoiding Neutrino Background with Directionality 
Directionality: link a signal with region of the sky


• DM ‘wind’ expected to come from Cygnus constellation


But also to be insensitive to neutrino floor 

• Low mass neutrino floor mostly from solar neutrinos


• Cygnus never overlaps with Sun

25

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

Directionality

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

O’Hare et al, Phys. Rev. D 92, 063518 (2015)
DM wind DM Mass (GeV)
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World-Leading Sensitivity Below 30 MeV?

Competitive with other light DM searches


• with just 1 year exposure 


• using 1 kg target


In principle sensitive to few MeV DM 


• extend search below 30 MeV


• using just 1 g target

1 g x 1 yr

1 kg x 1 yr

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


