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Astroparticelle nello	Spazio:	
fisica	fondamentale	e	applicazioni

ü Ambito 2 – Astrofisica delle alte energie e Astroparticelle
ü Ambito 4 – Scienze e tecnologie per lo Spazio 

Bruna Bertucci, Enrico Catanzani, Emanuele Fiandrini, Maura Graziani, 
Lorenzo Mussolin, Michele Pauluzzi, Nicola Tomassetti (UniPG)

Giovanni Ambrosi, Federico Donnini, Matteo Duranti, Maria Ionica, (INFN)

Fisica fondamentale
ricerca di antimateria 

primordiale e materia oscura

Astrofisica dei raggi cosmici
accelerazione, trasporto e 

interazioni di particelle

Eliofisica e space weather
radiazione nello spazio 

circumterrestre e interplanetario.
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La	fisica	delle	particelle	va	nello	Spazio:	AMS-01
• Spettrometro per rivelare antimateria nello spazio [Ahlen et al. NIM A 350, 351 (1994)]
• AMS-01 test flight: missione STS-91 su space shuttle Discovery, 2-12 giugno 1998
• Misure di nuclei, leptoni, antiparticelle, antinuclei, radiazione LEO a energie 0.1-100 GeV
• Validazione concept, esperienza e know-how per la realizzazione di AMS-02 sulla ISS

Time of Flight

Silicon Tracker

Magnet

Cerenkov

Time of Flight
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La	fisica	delle	particelle	va	nello	Spazio:	AMS-01
• Spettrometro per rivelare antimateria nello spazio [Ahlen et al. NIM A 350, 351 (1994)]
• AMS-01 test flight: missione STS-91 su space shuttle Discovery, 2-12 giugno 1998
• Misure di nuclei, leptoni, antiparticelle, antinuclei, radiazione LEO a energie 0.1-100 GeV
• Validazione concept, esperienza e know-how per la realizzazione di AMS-02 sulla ISS

STS-91 Discovery, 2-12 
giugno 1998

AMS-01 integration
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La	fisica	delle	particelle	va	nello	Spazio:	AMS-01

J. Alcaraz et al., Physics Reports 366: 331–405, 2002 [report]
J. Alcaraz et al., Phys. Lett.B 461:387-396, 1999 [antielio]
J. Alcaraz et al., Phys. Lett.B 494:193-202, 2000 [elio]
J. Alcaraz et al., Phys. Lett.B 490:27-35, 2000 [protoni]
J. Alcaraz et al. Phys. Lett.B 484:10-22, 2000, [leptoni]
J. Alcaraz et al. Phys. Lett.B 472:215-226, 2000 [protoni]
M. Aguilar et al. Nucl. Instrum. Meth. B 234, 321-332, 2005 [pioni]
M. Aguilar et al. Phys. Lett. B 646:145-154, 2007 [positroni]
M. Aguilar et al. Astrophysical Journal 724, 329, 2010 [nuclei]
M. Aguilar et al. Astrophysical Journal 736, 105, 2011 [isotopi]
P. Zuccon et al., 2003, Astropart.Phys.20:221-234,2003 [RC atmosferici]
E. Fiandrini et al., 2002, J. of Geo. Res. 107,A6 10, 2002 [leptoni intrappolati]
E. Fiandrini et al., 2003, J. of Geo. Res. 108, A11 1402, 2003 [leptoni nella SAA]
E. Fiandrini et al., 2004, J. of Geo. Res. 109, A10214, 2004 [protoni intrappolati]

Risultati scientifici di AMS-01

PG
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L’Eredità	di	AMS-01
• Validazione e know-how su spettrometria magnetica nello spazio
• La «filiera» dei rivelatori a microstrip di silicio per esperimenti nello spazio
• Attività di outreach e didattiche con gli scintillatori o con i ladder di AMS-01.

AMS-02

1m PROTOTYPE / HERD

CSES

DAMPE

Mazinga the 𝛍-detectorLa filiera dei rivelatori al silicio Inside the AMS tracker
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Il	laboratorio	S.E.R.M.S.
Laboratorio per lo Studio degli Effetti delle Radiazioni sui Materiali per lo Spazio
• Da fine anni 90, presso il Polo Scientifico e Didattico UniPG di Terni. 
• Qualifica spaziale di strumenti e applicazioni per lo spazio 
• Simulatori stress meccanici & termici. Banco vibrante, camera bianca, camera climatica, lab criogenia
• Fermi-LAT, ALTEA, Aurora/MegaSat1, AMS-02, Dampe, CSES (…) ==> eXTP, CubeSat [Dip Ingegneria]

L’UTTPS di AMS-02
al SERMS, 2018
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1997 
AMS-01
PROTOTYPE

1998: STS-91

2000 @CERN
AMS-02 CONSTRUCTION

2008
@CERN
SC MAGNET
BEAM TEST

2010
TVT @ ESA (NL)

2010
@CERN 
SC -> PM
NEW BEAM TEST

2011 
@KSC

MAY 2011
STS-134
FLIGHT

ON THE ISS

à In presa dati continua dal 19 Maggio 2011 >> sulla ISS almeno fino al 2030

8

2020 SPACEWALK FOR AMS

Un osservatorio spaziale per la misura diretta dei raggi cosmici a energie GeV-TeV
a bordo della Stazione Spaziale Internazionale (ISS) dal Maggio 2011 

L’esperimento	AMS-02

2020

2011

2011

2010
1994 
CONCEPT

2010
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L’esperimento	AMS-02
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L’esperimento	AMS-02

PG

Silicon
Tracker
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L’esperimento	AMS-02
• Fisica fondamentale – ricerca di antimateria primordiale e di materia oscura.
• Astrofisica dei raggi cosmici – accelerazione, trasporto e interazioni di particelle
• Eliofisica e space weather – radiazione nello spazio circumterrestre e interplanetario.

AMS collaboration: 16 countries, 60 institutes, 500+ physicists, 20 years

• 6 Universities 7 INFN Sections
• 1 INFN Computing center
• 1 Space Qualification Facility

AMS Collaboration
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Risultati	di	AMS-02
Phys. Rev. Lett. 127, 271102 (2021), Proton vs time daily 2021
Phys. Rev. Lett. 127, 021101 (2021), Na-Al-N nuclei, 2021
Phys. Rev. Lett. 126, 081102 (2021), Fluorine, 2021
Phys. Rep. 894, 1 (2021), Physics Report 2021
Phys. Rev. Lett. 126, 041104 (2021), Iron, 2021
Phys. Rev. Lett. 124, 211102 (2020), Ne-Mg-Si nuclei, 2021
Phys. Rev. Lett. 123, 181102 (2019), Helium isotopes 2019
Phys. Rev. Lett. 122, 101101 (2019), Electrons 2019
Phys. Rev. Lett. 122, 041102 (2019), Positrons 2019
Phys. Rev. Lett. 121, 051103 (2018), Nitrogen 2018
Phys. Rev. Lett. 121, 051102 (2018), electron/positron vs time 2018
Phys. Rev. Lett. 121, 051101 (2018), proton/helium vs time 2018
Phys. Rev. Lett. 120, 021101 (2018), Li-Be-B nuclei 2018
Phys. Rev. Lett. 119, 251101 (2017), He-C-O nuclei 2017
Phys. Rev. Lett. 117, 231102 (2016), B/C nuclei 2016 
Phys. Rev. Lett. 117, 091103 (2016), Antiprotons 2016
Phys. Rev. Lett. 115, 211101 (2015), Helium 2015
Phys. Rev. Lett. 114, 171103 (2015), Proton 2015
Phys. Rev. Lett. 113, 221102 (2014), electron+positron 2014
Phys. Rev. Lett. 113, 121102 (2014), electron and positrons 2014
Phys. Rev. Lett. 113, 121101 (2014), positron fraction
Phys. Rev. Lett. 110, 141102 (2013), positron fraction 2013

Ø Ricerca di nuova fisica
Ø Astrofisica dei Raggi Cosmici
Ø Eliofisica & Space Weather

Aguilar et al. PRL 2019; Phys. Rept. 2021

Standard model (CR+ISM collisions)

DATA

Misura del flusso dei positroni e predizione standard

Citations/N papers: 5412/23=235

https://doi.org/10.1103/PhysRevLett.127.021101
https://doi.org/10.1103/PhysRevLett.127.021101
https://doi.org/10.1103/PhysRevLett.126.081102
https://doi.org/10.1016/j.physrep.2020.09.003
https://doi.org/10.1103/PhysRevLett.126.041104
https://doi.org/10.1103/PhysRevLett.124.211102
https://doi.org/10.1103/PhysRevLett.123.181102
https://doi.org/10.1103/PhysRevLett.122.101101
https://doi.org/10.1103/PhysRevLett.122.041102
https://doi.org/10.1103/PhysRevLett.121.051103
https://doi.org/10.1103/PhysRevLett.121.051102
https://doi.org/10.1103/PhysRevLett.121.051101
https://doi.org/10.1103/PhysRevLett.120.021101
https://doi.org/10.1103/PhysRevLett.119.251101
https://doi.org/10.1103/PhysRevLett.117.231102
https://doi.org/10.1103/PhysRevLett.117.091103
https://doi.org/10.1103/PhysRevLett.115.211101
https://doi.org/10.1103/PhysRevLett.114.171103
https://doi.org/10.1103/PhysRevLett.113.221102
https://doi.org/10.1103/PhysRevLett.113.121102
https://doi.org/10.1103/PhysRevLett.113.121101
https://doi.org/10.1103/PhysRevLett.110.141102
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Risultati	di	AMS-02

E

Spettri di energia di varie componenti dei RC

• Eccesso anomalo di positroni, la cui origine è ancora inspiegata.
• Tensione e possibile eccesso nel flusso degli antiprotoni ad alta energia
• Molteplici misure e trend inaspettati negli spettri delle componenti nucleari
• Nuove misure nel programma di fisica eliosferica e spaziale. 

Elementi identificati dai sistemi ToF-Tracker
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Risultati	di	AMS-02

Evoluzione del rapporto positroni/elettroni nei raggi cosmici [M. Graziani]

magnetic
reversal

• Eccesso anomalo di positroni, la cui origine è ancora inspiegata.
• Tensione e possibile eccesso nel flusso degli antiprotoni ad alta energia
• Molteplici misure e trend inaspettati negli spettri delle componenti nucleari
• Nuove misure nel programma di fisica eliosferica e spaziale. 



Nicola Tomassetti KO Meeting del Piano Triennale Dipartimento di Fisica e Geologia 17

Analisi	e	modelli:	interazioni,	trasporto,	antimateria

Sorgenti di antiprotoni nei RC

NT+ ApJ Lett. 2018
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BESS-Polar I/II AMS-02 

A<0 A>0[ 1-2.5 GeV ]Tomassetti et al. ApJ Lett. 2017

Predizione dell’evoluzione del rapporto antiprotoni/protoni

• Produzione di antinuclei nei raggi cosmici galattici (�̅�, �̅�, 𝐻𝑒).
• Collisioni di nuclei nel mezzo interstellare e frammentazione
• Trasporto di (anti)particelle nell’eliosfera e modulazione solare.
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Fiandrini+ Phys Rev. D 104, 
023012 (2021)

Soluzione all’anomala di AMS nel rapporto p/He
Spettri di energia dei protoni

Simulazione di traiettorie

Analisi	e	modelli:	interazioni,	trasporto,	antimateria
• Produzione di antinuclei nei raggi cosmici galattici (�̅�, �̅�, 𝐻𝑒).
• Collisioni di nuclei nel mezzo interstellare e frammentazione
• Trasporto di (anti)particelle nell’eliosfera e modulazione solare.

NT+ Phys. Rev. Lett. 121, 251104 (2018)
NT+ Adv Space Res. 64, 2477 (2019)
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Analisi	e	modelli:	Eliofisica e	space weather
crisp.unipg.it

Accordo ASI-UNIPG 2019-2-HH.0 a lungo termine per attività di ricerca e 
sviluppo di competenze innovative in ambito spazio [2019-2034]

19

Studi di radiazione NanosatellitiStudi planetari

ü Studi di radiazione: misure e modelli per l’ambiente di radiazione nello spazio.
ü Geologia planetaria – studio processi fisico-chimici, analisi spettrale e catalogazione.
ü Programma nanosatelliti – missione cubesat per esperimenti in orbita [Dip. Ingegneria].

Vasto programma di ricerca multidisciplinare, applicazioni, sviluppi tecnologici, attività di outreach
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Analisi	e	modelli:	Eliofisica e	space weather
Accordo ASI-UNIPG 2019-2-HH.0 a lungo termine per attività di ricerca e 

sviluppo di competenze innovative in ambito spazio [2019-2034]

ü Studi di radiazione: misure e modelli per l’ambiente di radiazione nello spazio.
ü Geologia planetaria – studio processi fisico-chimici, analisi spettrale e catalogazione.
ü Programma nanosatelliti – missione cubesat per esperimenti in orbita [Dip. Ingegneria].

20

Ø Analisi dati e misure di flusso 
Ø Modelli per la modulazione solare dei raggi cosmici

CAESAR: Comprehensive spAce wEather Studies for ASPIS prototype Realization
>> Proposta progettuale vincitrice del Bando ASI-INAF [http://aspis.iaps.inaf.it]
>> Network di 77 ricercatori da 10 istituzioni italiane (UniPG, INAF, INFN, ASI, … )
>> Goal: creazione e popolamento di ASPIS, centro scientifico ASI per lo Space Weather [2022-24]

DRIFT: Cosmic antimatter drifting through the Solar Wind
>> Fondo ricerca di base. Studio del trasporto dell’antimateria nell’eliosfera [2020-2022]

crisp.unipg.it
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Il	progetto	PAN	– Penetrating particle Analizer

q INFN & UniPG + Università Tecnica di Praga + Università di Ginevra
q Strumentazione di bordo in missione di esplorazione spaziale long-term
q Studio di eventi solari violenti, raggi cosmici e meteorologia spaziale
q Misure di nuclei, leptoni, antimateria a 50 MeV – 20 GeV. Long-duration missions >> yrs

Sviluppo dimostratore "Mini-PAN" (2020-23) progetto EU H2020 FET_OPEN GA 862044
White paper: Wu et al. Adv Space Res. 63 (2019)

analizzatore spettrometro compatto e modulare per misure di bassa energia
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La	missione	DAMPE	– DArk Matter Particle Explorer
• Chinese Academy of Sciences + INFN PG-BA-LE + Università di Ginevra
• Orbita su satellite a 500 km da dicembre 2015 => fino ad almeno 2024
• PG: Tracker e test di qualifica spaziale

Jiuquan Satellite Launch Center

7 Dicembre 2015

Ambrosi et al. Nature 552, 63 (2017)

è Direct detection of a break in the TeV CR spectrum of e+ + e-
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L’esperimento	HERD	sulla	Stazione	Spaziale	Cinese

proton flux [anticipated]

Direct measurements of 
CRs at the knee

all-electron flux [anticipated]
3D calo

iTR x 5PSD x 6

TRD

• HERD consortium: China + Svizzera + Spagna + Italia (INFN PG)
• Missione long-term ∼10 yrs (Exp ∼ 20 m2 sr yrs), NET 2027.
• Misure calorimetriche di leptoni (multi-TeV) e nuclei (PeV!)

PG

The High Energy cosmic Radiation Detection facility
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ALADInO:	A	Large	Antimatter Detector	In	Orbit

High Precision Particle Astrophysics as a 
New Window on the Universe 

with an Antimatter Large Acceptance Detector In Orbit  
(ALADInO)  

 
 

 
 
 

 

A White Paper submitted in response to ESA’s Call for  
the VOYAGE 2050 long-term plan  

 
 
 
 

 
 
 
 
 

Contact Person: Roberto Battiston 
Address: Dipartimento di Fisica, Via Sommarive 14, 38123 Trento  
E-mail: roberto.battiston@unitn.it  
Telephone: +39 366 687 2527 

CALO

TRK
ToF

Weight: 6 Tons
Power:  4 kW
# channels: 2.5 M

Idea per uno spettrometro di futura generazione per rivelazione di
antimateria ad energie multi-TeV in missioni long-term in L2 

High Precision Particle Astrophysics as a New Window on the Universe with an 
Antimatter Large Acceptance Detector In Orbit (ALADInO), Exp. Astron. 19 (2021) 

Presentato a ESA call VOYAGE 2050 (2019)

Core team members: IT, FR, DE, SE, CZ, CH

• Calorimetro 3D isotropo à la HERD circondato da tracciatore toroidale
• Magnete superconduttore ad alta temperatura con B= 0.8 T.
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It is also worth noticing that the pulsar scenario considered for the explanation of the positron 
fraction do not predict any excess in the antiproton flux. Models of extra-sources of antiprotons from 
astrophysical processes involve the hadronic production of secondary CR inside the shockwaves of 
supernova remnants [Cowsik 2014, Cowsik 2016, Tomassetti 2017, Lu 2016]. These models can be 
definitely tested using secondary nuclei data at multi-TeV energies. 
 
Thanks to its large acceptance, long duration and orbital operation far from the Earth magnetic field, 
ALADInO will provide more than two orders of magnitude increase in the existing antiproton statistics in 
the energy range 100 MeV-5 TeV. 
 
 

 
REQUIREMENT 3 

Testing the TeV-scale mass DM annihilation requires a collection factor of ~15 m
2
 sr yrs to 

extend at least one decade in energy the antiproton flux measurement. To achieve the needed 

sensitivity, the antiproton background must be suppressed. This requires a rejection factor 

of ~10
5
 against mis-identified protons and an electron/proton separation of ~10

4
.  

 
ANTIDEUTERIUM AND ANTIHELIUM – In addition to the measurement of the antiproton spectrum, 
complementary DM searches with antideuteron nuclei (D-) in the sub-GeV energy region would benefit 
from promising DM signals and kinematically suppressed background, thereby offering a potential 
breakthrough for new physics discoveries [Aramaki 2016]. The situation is similar with anti-

3
He in terms 

of signal/background ratio, although the absolute signal level is significantly suppressed at increasing mass 
number [Cirelli 2014b, Carlson 2014, Coogan 2017].  
The ideal requirement, for these channels, would be to reach the level of astrophysical background, testing 
any model of DM annihilation that gives rise to a detectable excess above the background. Figure 4 shows 
flux calculations for antideuteron (left) and anti-3He (right) as a function of kinetic energy per nucleon, 
including predictions for the DM models (blue lines) consistent with present antiproton data [Cuoco 2017, 
Korsmeier 2018]; an up to date calculation of the astrophysical background is also included, along with its 
uncertainties [Tomassetti 2017]. The simulated flux measurements with ALADInO are shown as red 
markers for the astrophysical background and for the DM signals. The best current upper limits are also 
shown [BESS 2012, Sasaki 2019]. Antideuteron searches are and will be performed by AMS-02 and GAPS 
during the coming years. These instruments combined will only approach 10-6 flux sensitivity, leaving 
untested a significant region of parameter space of DM models. The expected AMS-02 sensitivity in 10 
years is ~10-9 for antihelium/helium ratio at 0.1-50 GeV/n. The dotted lines show the ALADInO sensitivity 
level, for 10 years of exposure, over its optimal range of detection. 

Figure 3 Antiproton-to-proton ratio as a function of kinetic energy according to standard calculations for the 
astrophysical background: the plots illustrate the effect of two benchmark models, as discussed in the text. The two 
scenarios represent 10 TeV (right) and 60 GeV (left) mass DM particles annihilating in b-bbar [from Jin 2015]. In both 
scenarios, projections for ALADINO in 5 years of observation times are shown. 
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With a predicted sensitivity in 5 years of ~5∙10-9 part/(m2 sr s GeV/n) at the 95% C.L in the 0.1-1.5 GeV/n 
kinetic energy region, ALADInO will probe most models of light and heavy DM particles in the antideuteron 
channel, and a vast region of parameter space for in the antihelium channel.  
 

REQUIREMENT 4 
The astrophysics background level of secondary CR antinuclei can be reached with 20 m2 sr 

years of exposure on antideuteron (antihelium) in the GeV energy region. The optimal 
energy range to detect DM-induced excesses is 100 MeV/n – few GeV/n. 

 
 

 High energy CR (electrons, protons and nuclei) 
HIGH ENERGY ELECTRONS – The precise measurement of the supra-TeV e+/- spectral features could 
provide relevant information to assess the nature of the observed excess in the positron flux. The 
measurement of the total (e++e-) flux is insensitive to charge sign identification: it is an interesting 
observable for both spectrometric and calorimetric space experiments, as well as for ground observatories. 
The experimental scenario is variegated. Indirect ground measurements first revealed, although with large 
uncertainties, a sudden drop in the (e++e-) flux intensity starting at 1 TeV [HESS2009, MAGIC2011, 
VERITAS 2015]. The drop has been recently confirmed by direct space measurements [DAMPE 2017, 
CALET 2017, CALET 2018] which have studied the e± spectrum up to ≈5 TeV. However, no evidence of 
a break up to 2 TeV is observable in the Fermi-LAT measurement [FERMI 2017b] nor from the latest AMS-
02 results [AMS02 2019a, AMS02 2019b]. Finally, in the [300-1000] GeV energy range, discrepancies in 
the flux intensities up to 30% are observed between measurements from different space detectors. 

The large statistical uncertainties above the TeV region and the observed discrepancies below the 
TeV region add further complexities in the data interpretation of the origin of the spectral break and of the 
tentative feature observed at 1.4 TeV by DAMPE, which could be explained involving new astrophysical 
mechanisms or DM related effects [Athron 2018, Fan 2018, Jin 2018, Liu 2018, Lopez-Coto 2018, Lipari 
2019, Niu 2019, Mertsch 2019, Recchia 2019]. Redundant measurements of the (e++e-) energies and spectra 
are a fundamental requirement to reduce systematic uncertainties. ALADInO, taking advantage of its 
calorimetric collection factor of 20 m2 sr yrs and an hadron rejection capabilities larger than 105, will provide 
for a real advance in the field. Below 10 TeV the hadronic background will be kept below 0.1%. The 
measurement uncertainty will be consequently dominated by the knowledge of the calorimeter energy scale 
which, as for the AMS-02 experiment [Kounine 2017a], will be improved by at least a factor of 2÷3, with 
respect to calorimeter-only instruments, by the cross-calibration with the rigidity measurement of the 
spectrometer. The large collection factor will extend the sensitivity of ALADInO to characterize the 
spectrum of nearby astrophysical e+/- sources up to 50 TeV, as shown in Figure 5. In the scenario where the 
supra-TeV region will also be measured by the CTA ground observatory [CTA 2019] and the calorimetric 

Figure 4. Antideuteron (left) and anti- 3He (right) fluxes as a function of kinetic energy per nucleon. See text for 
description. 
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AMS-02 : Resp. Maura Graziani

PAN : Resp. UniPG  B.Bertucci

CAESAR : Resp. UniPG  B.Bertucci

eXTP : Resp. E. Fiandrini
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