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Φ(E) ∝ E-γ

(γ ~ 2.7-3.1) measuring in Space (or 
balloon) permits to 

measure at single particle
level

à precise composition
and spectra measurement

BUT

cosmic ray spectra are 
tipically power laws:

1 order of magnitude in 
energy à 3 orders of 

magnitude in flux (i.e. in 
statistics)

10's of TeV: we're here, now, with Space Detectors
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• Current experiments: key concepts/detectors

• Future/proposed 4π experiments
– HERD
– ALADInO
– AMS-100



3(58*,$

22/09/21 Matteo Duranti 4

Current experiments: key concepts/detectors
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Charge sign measurement:
• matter/anti-matter

Techniques:
• Spectrometry + ToF

The intensity of the magnetic
field (B), the lever arm (L) and the
spatial resolution (σx) determine the
momentum resolution (δp) and the
detector Maximum Detectable Rigidity,
MDR (δp/p=1):

MDR ∝ B L2 / σx

The measured quantity is
Rigidity, R:

R = p/q
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Energy/momentum measurement:
• search for spectral features

Techniques:
• Spectrometry

• Calorimetry
• Transition Radiation

(measuring γ)
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Electron/proton separation:
• e- wrt the p background
• e+ wrt to the p background
• anti-p wrt to the e- background
• γ's wrt the p background 

Techniques:
• Transition Radiation
• Shower development

topology

• Energy/Momentum (E/p) 
match

• neutrons produced in the 
hadronic shower
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Shower development topology: segmentation
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PSD: double layer of 
scintillating strip 
detector acting as ACD 
(anti-counter) + charge 
measurement

STK: 6 tracking 
double layer + 3 

mm tungsten plates.
Used for particle 

track, charge 
measurement and 
photon conversion 

(~ 2 X0)

BGO: the calorimeter is made of 308 BGO 
bars in hodoscopic arrangement (~31 X0).
Performs energy measurements, hadron/lepton 
identification (e/p rejection), and trigger

NUD: it’s complementary to the 
BGO e/p rejection, by measuring 

the thermal neutron shower activity.
Made up of boron-doped plastic 

scintillator

g

C
RIn orbit since 17 December 2015
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Shower development topology: segmentation

DAMPE BGO:
• homogeneous 

calorimeter
• ~ 31 X0
• 14 layers

(~ 2X0 per layer)

308 bars
616 PMTs

R5610A-01
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Future/proposed 4π experiments
– HERD
– ALADInO
– AMS-100
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DAMPE Field of View ~ 1 sr
à Acc ~ 0.3 m2 sr

AMS Inner ~ 0.5 m2 sr
AMS Full Span ~ 0.05 m2 sr

All the current and past detectors are 
designed as 'telescopes': they're sensitive 
only to  particles impinging from "the top"

limited FoV à small acceptance
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• Exploit the CR "isotropy" to maximize the 
effective geometrical factor, by using all 
the surface of the detector (aiming to 
reach Ω = 4π) 

• The calorimeter should be highly 
isotropic and homogeneous:
– the needed depth of the calorimeter 

must be guaranteed for all the sides 
(i.e. cube, sphere, …)

– the segmentation of the calorimeter
should be isotropic

à this is in general doable just 
with an homogeneous calorimeter

CR

CR

CR

CR

CaloCube is an INFN R&D initiated in Florence (Adriani et al.), almost always inspiring the 
next generation of large space cosmic rays detectors
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• HERD on the Chinese Space Station (CSS)

• ALADInO (in L2)

• AMS-100 (in L2)
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High Energy 
Radiation Detector

Life time > 10y

Orbit Circular LEO

Altitude 340-450 km

Inclination 42°

CSS expected to be 
completed in 2025

HERD expected to be 
installed around 2026

Life time > 10y

FOV +/- 70°

Power < 1.5 kW

Mass < 4 t
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PSD, 5 sides
γ identification
Charge

TRD
TeV CR calibration

CALO: 3-D
Energy
e/p separation

~7500 LYSO crystals (55 X0, 3 λI)
Trigger sub-system
Dual readout with IsCMOS & 
PD/SiPM

@Guangxi Univ.

@IHEP

@INFN Florence
@CIEMAT Madrid

@XIOPM

@INFN Perugia

@Univ. of Geneva
@CIEMAT Madrid

@INFN BA-GSSI-LE-PV-NA & IHEP

~ 300k readout channels

Tracker (SCD + 
FIT), 5 sides
Charge
CR trajectory
γ conversion & 
tracking
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Item Value
Energy range (e/γ) 10 GeV - 100 TeV (e); 0.5 GeV-100 TeV (γ)

Energy range (nuclei) 30 GeV - 3 PeV

Angle resolution 0.1 deg.@10 GeV

Charge resolution 0.1-0.15 c.u

Energy resolution (e) 1-1.5%@200 GeV

Energy resolution (p) 20-30%@100 GeV - PeV

e/p separation ~10-6

G.F. (e) >3 m2sr@200 GeV

G.F. (p) >2 m2sr@100 TeV
Field of View ~ 6 sr
Envelope (L*W*H) ~ 2300*2300*2000 mm3

Weight ~ 4000 kg
Power Consumption ~ 1400 W
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Proton He

B/C Fe

e++e-

ORIGIN OF COSMIC RAY 17

of supernova explosions or neutron star mergers. The heavy nuclei in CRs are thus very
good tracer of the acceleration sites of CRs. The current measurements of CR Iron nuclei
are very limited, and the measurements of even heavier elements are typically lack. HERD
is expected to significantly improve such measurements, as shown in Fig. 2.14.
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Figure 2.14 Expectation of measurement of the Iron spectrum with 5-yr exposure of HERD,
compared with earlier measurements of HEAO-3 [49], ATIC-2 [22], and CREAM [54].

Identifying potential acceleration of primary Lithium. Lithium in CRs is widely
believed to be secondary production of C and O when they propagation in the Galaxy.
However, it was expected that there might be primary acceleration sources of Lithium, such
as Type Ia supernova [55]. Thousands of times of nova explosions before the supernova
generate Li-rich ejecta [56], which provides a natural acceleration site of primary Li. The
current AMS-02 data suffer from large uncertainties at high energies, and can not crucially
test the difference between the spectra of Li and that of Be and B. The measurement of
Li, Be, and B spectra by HERD can extend to much higher energies (see Fig. 2.15 for an
illustration of the Li spectrum).
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Figure 2.15 Expectation of measurement of the Lithium spectrum with 5-yr exposure of HERD,
compared with measurements of AMS-02 [48].
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• The HERD consortium includes 130+ scientists from China, Italy, Switzerland, 
Spain: most of the members have been collaborating on previous high 
energy experiments, both on hardware development and data analysis

• 9 HERD international workshops have been organized in China and Europe 
since 2012. Last one"f2f" in China in December 2019. Last, "remote", on 22-
23th February 2021…

• 3 CERN beam tests on HERD prototypes have been successfully implemented 
by Chinese and European colleagues. Next will be in Oct-Nov. 2021…
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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 

https://www.cosmos.esa.int/web/voyage-2050/white-papers
https://www.cosmos.esa.int/documents/1866264/3219248/BattistonR_ALADINO_PROPOSAL_20190805_v1.pdf

CALO

ToF

TRK

ToF



3(58*,$
ALADInO calorimeter

Length: 9
5 cmDiameter: 94 cm

X

Z Y
Z

X

Weight~(2300+300) kg
N. crystals: ~20.000

3 cm

3 cm

LYSO

Basic crystal: 
hexagonal base 

prisma
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ALADInO magnet
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Weight ~ 1000 Kg
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High Precision Particle Astrophysics as a New Window on the Universe  16 

bending power over a large acceptance, while also maintaining a theoretical null magnetic 
momentum;  

- a tracking system, composed of silicon detector layers, to provide a measurement of the particle 
trajectory into the magnet field. Each of the detector layers is divided in ladders and arranged 
cylindrically around the calorimeter; 

A proposed overall arrangement of the magnet coils and of the tracking system can be seen in Figure 8. 

 Magnet 
 Superconducting magnets (SM) allows for high momentum resolution at the TV scale and over large 
detection surfaces. The main requirements of SMs for space applications are: (i) low mass budget, i.e. high 
stored energy to mass ratio; (ii) low power consumption, i.e. efficient cryogenics; (iii) very high stability. 
The first requirement is obtained by using low density materials and high current density.  
Stability and helium cryogenics have been the major problems which have hindered the use of SM 
technology in space, so far. Stability is the capability of a SM to sustain a sudden energy release without 
quenching. It is a sensitive issue in designing SMs operating at liquid helium temperature: the problem 
became less important increasing the operational temperature, due to the cubic temperature dependence of 
superconductor specific heat. 

During the last decades, technological advances have made it possible to envisage solutions for 
space magnets based on high-temperature superconductors (HTS). HTS magnets are operable at 
temperatures up to 40 K with the double benefit of solving the problems related to stability and avoiding 
cryogenics based on liquid He . Among HTS, ReBCO (Rare Earths-Barium Cuprates) tapes are particularly 
promising for space applications. At present, commercial ReBCO can be operated at 400 A/mm2 at 30 K in 
a 3 T field. Recent developments indicate that the current density can be pushed to 2000 A/mm2 in the next 
years [Majkic 2018]. The use of magnesium diboride wires, despite its poorer current properties, is also a 
possible option, due to the low average mass density [Musenich 2016, Kovác 2018]. 
Quench protection techniques is quickly rapidly evolving towards fast and safe procedures guaranteeing 
magnet integrity even in critical conditions [Zhang 2018]. 

 

 
The proposed magnet design for ALADInO is based on the SR2S design [Musenich 2014, Bruce 2015, 
Juster 2015]: a toroidal configuration guarantees a large geometric acceptance, confining the field within 
the coils and minimizing the dipole moment. Low density structural materials (Aluminum and Titanium 
alloys, Al-B4C and Al-Al2O3 cermets, aramid fibers) will be used to counter the Lorentz forces. It is worth 
noting that one of the components of ReBCO tapes is hastelloy, therefore the conductor will contribute to 
the magnet mechanical structure.  
Bending power: the coil number and shape (round, racetrack, D-shaped) will be optimized to maximize the 
detector performance. Figure 9 shows a possible magnet configuration having 4.3 m overall diameter 
dimension with a 1 m inner bore to host the calorimeter. 
With 4.4 MA-turns, the average field on the tracker is 0.8 T providing a 1.1 T·m bending power. The mass 
of the magnet, with the present technology and including the mechanical structure, is 1200 kg. We estimate 
that the superconductor technology evolution and a targeted R&D will allow a mass reduction to less than 
900 kg. 

Figure 9. Scheme of a possible magnet configuration with its field map 
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The	best	place	to	operate	a	cryogenic	superconducting	magnet	  
is	Lagrange	Point	2,	like	the	Webb	space	telescope.
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The best place where to operate a 
cryogenic superconducting magnet is the 

Lagrange Point 2, like the Webb space 
telescope

Main mirror

Sun-shield
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High Precision Particle Astrophysics as a New Window on the Universe  15 

and ground based instruments (gravitational wave observatories, ground-based and space-based, from keV-
to TeV, gamma-ray telescopes). 

 

 
 ALADInO is based on two innovative techniques:  

- the use of a superconducting magnet based on a High Temperature lightweight superconductor 
material. This design allows to reach an intense magnetic field over the large volume of the 
spectrometer. Tanks with the excellent spatial resolution of silicon strip detectors/pixel detector the 
maximum detectable rigidity of the spectrometer will exceed 20 TV;  

- the use of a cylindrical calorimeter made of a 3D mesh of small hexagonal prism-shaped scintillating 
LYSO crystals. It ensures a nearly isotropic response to particles entering from different directions 
maximizing the detector acceptance. The highly segmented design together with the depth of ~60 
X0 allows a good energy resolution, also for hadronic particles, and the required particle 
identification capability, independent on the particle incoming direction. 

 
 The ToF and silicon tracker detectors are based on the successful design used in AMS [Alvisi 1999, Alcaraz 
2008] and PAMELA experiment [Osteria 2004, Straulino 2006]. 

The main characteristics of the ALADINO experiment are summarized in Error! Reference source not 
found.. A short description of the different subsystems is presented in the following sections.  

 
Calorimeter acceptance ~ 9 m2 sr 
Spectrometer acceptance >10 m2 sr (~ 3 m2 sr w/i CALO) 
Spectrometer Maximum Detectable Rigidity (MDR) > 20 TV 
Calorimeter depth 61 X0, 3.5 λI  
Calorimeter energy resolution 25% ÷ 35% (for nuclei) 

2% (for electrons and positrons) 
Calorimeter e/p rejection power > 105 
Time of Flight measurement resolution ~100 ps 
High energy γ-ray acceptance (Calorimeter) ~ 9 m2 sr 
Low energy γ-ray acceptance (Tracker) ~ 0.5 m2 sr 
γ-ray Point Spread Function < 0.5 deg 

Table 1: Key performance parameters of the ALADINO apparatus 

 Spectrometer 
As previously stated, the physics requirements for the ALADInO spectrometer mandate an average MDR 

greater than 20 TV over a large acceptance. A possible design capable of accommodating such targets must 
rely on:  

- a high-intensity magnetic field generated by a superconducting magnet system surrounding the 
calorimeter. By choosing a toroidal field configuration it is possible to achieve the required 

Figure 8 Left: silicon ladder orientation devised for ALADInO. Right: overall assembly of the hexagonal-prism-shape 
crystals and design of two adjacent strings of crystals – crystals are staggered by half-length to avoid dead space. 
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4 Measurement concept 
A possible ALADInO detector configuration matching the measurements requirements discussed in the 

previous chapter is briefly presented here. The detector is equipped with a magnetic spectrometer for reliable 
identification of the sign of the charge of cosmic rays up to a given Maximum Detectable Rigidity (MDR), 
an imaging, high resolution 3D calorimeter for precise measurement of the e+/- and hadronic spectral features, 
and a Time of Flight for accurate velocity measurements.  

The detector concept exploits the isotropy of the cosmic-ray flux, maximizing the collection power within 
a classical toroidal magnetic configuration: particle detection and identification is based on well-established 
and reliable space qualified technologies.  

The basic ALADInO payload is based on three key elements:  
1. A High Temperature Superconducting (HTS) magnetic spectrometer (SMS) to measure the 

particle rigidity, charge magnitude and sign, with a maximum detectable rigidity exceeding 20 TV 
and an acceptance >10 m2 sr (~3 m2 sr in combination with the calorimeter);  

2. a Time of Flight (ToF) system to measure the particle velocity and charge magnitude;  
3. a large acceptance (~9 m2 sr) 3D imaging calorimeter (CALO) to measure particle energy and 

separate the rare electromagnetic component (e±�γ) from the overwhelming hadronic component 

of cosmic rays. 
The ToF and the CALO also provide signals to trigger the start of data acquisition on minimum ionizing 
and showering particles respectively. 

 
A possible design of the ALADInO detector that maximizes the acceptance while keeping the overall 

payload size compact is presented in Figure 7. The detector has a cylindrical shape with a diameter of 440 
cm and 200 cm in length, designed to fit within the fairing volume of an Ariane 6 class launcher. This design 
fully exploits the CR isotropy: particles are collected over a wide solid angle on the lateral surface of the 
cylinder. The axial symmetric configuration of the detectors guarantees a uniform response of detectors 
independent on the particle arrival direction. 

It should be noted that ALADInO could also detect gamma rays in the GeV – TeV energy range: this 
capability would allow a variety of studies in high energy astrophysics and fundamental physics, including 
indirect dark matter searches. Thanks to its large acceptance and to the all-sky coverage, ALADInO can 
monitor high-energy gamma ray sources and detect transient events as well. These observations would fit 
in the framework of a multi-messenger and multi-wavelength strategy of the next generation of space born  

Figure 7 Left: rendering of the ALADInO detector. The core of the apparatus is a cylindrical calorimeter, (dark 
orange). Ten circular magnetic coils (blue), surround the calorimeter. A silicon tracking system (gray), is arranged in 
six layers each composed of several units (i.e. ‘ladders’). Two time-of-flight layers segmented in paddle (green), are 
located outside the outer tracker layer and below the innermost tracker layer. Right: detail of the central part of the 
apparatus; the segmentation of the calorimeter in (x-y) view is clearly visible, as well as the time of flight inner layers 
placed between the calorimeter surface and the first tracker layer. The adaptive orientation of the tracker sensors is 
set to maximize the trajectory measurement resolution 
 

Weight: ~ 6 Tons
Power: ~ 4 kW
# channels: 2.5 M
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space mission HERD [HERD 2017], ALADInO will provide the most accurate characterization of the (e++e-

) flux at 1 TeV and above, determining with the unique precision the only observational feature that is 
planned to be used by CTA to calibrate its energy scale [Parsons 2016].  

 
REQUIREMENT 5 

 The measurement of (e++e-) up to ~ 50 TeV requires a collection factor of ~20 m2 sr yrs. A 
lepton/hadron separation larger than ~105 is essential to avoid proton contamination. The 

cross-calibration of the calorimeter energy scale with the rigidity spectrometer measurement 
will allow to determine spectral features with an accuracy better than 1%.  

 
 

 

 
CR PROTONS AND NUCLEI UP TO 50 TEV/n – Recently, measurements of CR proton and helium 
fluxes performed by PAMELA and AMS-02 revealed unexpected anomalies in the high-energy range of 
CR spectra [Serpico 2015]. In particular, the proton spectrum from ~10 GeV up to 1.8 TeV of energy was 
reported to be appreciably harder than the helium spectrum while, in the energy spectra of both species, a 
remarkable change of the spectral index (or spectral hardening) was observed to occur at about 200 GeV of 
energy [PAMELA 2011, AMS-02 2015a, AMS-02 2015b, CALET 2019]. More recently, Z>2 
measurements from AMS-02 reported that the hardening effect is present in essentially all charged elements 
of the cosmic radiation, including primary, secondary fluxes, and even in secondary/primary ratios [AMS-
02 2017, AMS-02 2018, Yan 2019]. Explanations for the CR spectral anomalies may involve the interplay 

Figure 5. Left: Sensitivity for the measurement of (e++e-) flux break energy (EBREAK) and index variation (Δγ) based 
on the parametrization used in [DAMPE 2017]. Right: Projected (e++e-) flux measurement with ALADInO in a 
scenario with a diffuse flux and with a contribution of a nearby astrophysical source in the supra-TeV energy range. 
Fluxes are multiplied by E3 for display purposes. 
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Figure 6 ALADINO expectation for the B/C flux ratio, for an exposure of 20 m2 sr yrs. Two benchmark models for the 
B/C are shown, both consistent with the existing data. The simulations are shown for both the spectrometric and 
calorimetric modes. 
 

The calorimeter is slightly bigger than 
the HERD one but is very similar:
• similar statistical errors similar energy 

reach
• similar energy resolution, both for 

electromagnetic particles and nuclei

The possibility to crosscheck the Energy 
in the Calorimeter with the Rigidity (i.e. 
Momentum) in the Spectrometer will 

permit lower systematics
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the background rejection capabilities and the instantaneous coverage of almost full sky of ALADInO, 
resulting in an expected sensitivity better than 0.2% in the e+ dipole anisotropy above 16 GeV. This will 
reveal novel and unprecedented information, improving the current limits by a factor 10 and probing for the 
first time e+ anisotropies at TeV energies, possibly providing conclusive information on the origin of high-
energy e+/-. 

 
 
 
 
 
 

 

 REQUIREMENT 2 
The measurement of electrons and positrons up to ~5 TeV of energy with a % accuracy, 
translates into a requirement on the collection factor of ~15 m2 sr yrs. A lepton/hadron 

separation factor larger than 105 is essential to avoid proton contamination. 
Misidentification of electrons as positrons due to charge confusion must be kept below 10-2 at 

all energies to prevent electron-induced background.  

 
ANTIPROTON/PROTON RATIO – The most recent measurements on CR antiprotons are made by the 
AMS-02 experiment [AMS02 2016]. The AMS-02 data show an unexpectedly flat antiproton-to-proton 
ratio (%̅ %⁄ ), in the high-energy region between ~60 and 450 GeV, which is at tension with the astrophysical 
background models based on secondary production of antiprotons from CR collisions with the gas. In fact, 
background models predict a rapid decrease for the high-energy %̅ %⁄  ratio, similarly to the B/C ratio. Such 
a tension hints at scenarios with extra (DM) sources of high-energy antiprotons though, in contrast to 
positrons, it could in principle be ascribed to undetected uncertainties in the astrophysical background [Salati 
2015, Boudad 2019]. The current %̅ %⁄  data favor two classes of DM scenarios, as illustrated in Error! 
Reference source not found. [Jin 2015, Jin 2017]. In the left panel of the figure, it is shown a scenario with 
~60 GeV mass DM annihilating into hadronic channels (("	pairs, giving rise to an antiproton signal at the 
0.1-10 GeV energy scale, where the background models underpredict the antiproton flux. In the right panel, 
the figure shows a scenario with ~10 TeV mass scale DM and giving rise to a high-energy excess of 
antiprotons, from ~100 GeV to 10 TeV. In both figures, the gap between the AMS-02 data and the predicted 
background leaves room for DM annihilation contributions. Claims for DM evidence were recently made 
in many recent theoretical works, roughly based on these two classes of scenarios [Cirelli 2015b, Cui 2017, 
Cuoco 2017, Cholis 2019, Cuoco 2019]. From the projected antiproton measurements for ALADInO, shown 
in Figure 3, it is clear that the discovery potential for DM spans over a large range of mass scales, from 
O(10 GeV) to multi-TeV. Regarding the astrophysical background estimation, the situation with antiprotons 
is highly model dependent. Improved background calculations can relieve either the low-energy or high-
energy tensions, but not both tensions at the same time, and not without testable consequences for the high-
energy spectra of secondary nuclei (see below). Precision multi-TeV data on secondary nuclei will then be 
crucial at discriminating among CR propagation scenarios for astrophysical background.  

PRL$122$(2019)

stat.$uncertainty

POSITRONS

AMS=02$$$$$PRL$122,$041102$(2019)
ALADINO 15$m2 sr yrs

stat.$uncertainty

ELECTRONS$(⨯0.1)
AMS=02$$$$$PRL$122,$101101$(2019)
ALADINO 15$m2 sr yrs
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Figure 2. Left) Projected measurement of ALADINO for e+/- fluxes in the descriptive model of [AMS02 2019a, AMS02 

2019b] with a TeV break compatible with observations of [DAMPE 2017]. Fluxes are multiplied by E3 and the e- flux scaled 

down of a factor 10 for display purposes. Right) Projected e+ flux measurement in 4 different scenarios invoking 

astrophysical and DM origin of high-energy e-. The accuracy of ALADINO data in the supra-TeV region will allow to 

disentangle the dominating source of high-energy e+-. 
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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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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. 
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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 
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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, 
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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 
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Figure 4. Antideuteron (left) and anti- 3He (right) fluxes as a function of kinetic energy per nucleon. See text for 
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Figure 12: Schematic view of the AMS-100 detector and its response to protons and
positrons. The magnetic field inside the main solenoid is oriented in the z-direction, i.e. the
bottom left view shows the bending plane of the magnet, and a transverse view is shown
on the bottom right. The upper panel shows a zoom into the bending plane view.

the Sun in one year, together with Earth and L2. This will guarantee homogenous sky
coverage for “-ray astronomy. The weight estimate of the instrument is given in Table 3.
It has eight million readout channels in total and an estimated total power consumption
of 15 kW.

3.3.1 Event trigger

Reducing the 2 MHz rate of incoming particles to an acceptable level of a few kHz for the
higher level DAQ systems and to a data rate of ≥28 Mbps [112] for the transfer to Earth
with on-board computers will be a major challenge. To overcome it, the fast information
provided by the outer detector (ToF-system and SciFi-tracker) will be used for the trigger
decisions, in combination with calorimeter measurements: The track segments of the
higher energy particles reconstructed in the SciFi tracker will provide a first estimate of
the particle’s rigidity up to the TV scale, and the ToF signal amplitudes will determine the
particle’s charge. This will allow the configuration of flexible trigger menus. For example,
light nuclei with rigidity below 100 GV have to be mostly rejected. Charged particles with
an energy below ≥ 100 MeV will be deflected by the magnetic field of the main solenoid

15

• The Calorimeter is 
essentially based on 
the HERD design

• A Pre-Shower 
(silicon detectors + 
tungsten) is foreseen 
to provide an angular 
resolution for γ-rays 
similar to the Fermi-
LAT one

• An additional 
external γ-ray 
converter on the 
end-cap is foreseen 
to increase the γ-ray 
acceptance
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Figure 8: Magnetic field lines in the AMS-100 magnet system (black) and amplitude of
the z-component of the magnetic field (color map). The compensation coil cancels the
magnetic moment of the main solenoid, without substantially a�ecting the magnetic field
inside the main solenoid.

Figure 9: Simplified thermal model for AMS-100 taking only the radiation between the
surfaces, the Sun and deep space into account. The color scale indicates temperature in
Kelvin. Left: Warm side facing the Sun. Right: Cold side facing deep space.
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An (expandable) compensation coil 
balances the magnetic moment of the 

solenoid and allows the attitude control of 
the instrument within the heliospheric 

magnetic field 

The High Temperature Superconducting 
magnetic system is based on REBCO 

tapes operated at 50-60°K

The sunshield is a key 
component of AMS-100, 
allowing the HTS magnet 
to operate without 
cryogens. It has a radius 
of 9 m and is designed 
similar to the concept 
developed for the James 
Webb Space Telescope
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questions need to be worked out in detail to make such a large space mission possible.
These questions are of similar complexity as the ones that had to be solved to realize
AMS-02 after the proposal in 1994 [118]. The AMS-100 concept as outlined in this article
(Tab. 5) has the potential to improve the sensitivity of AMS-02 by a factor of 1000. This
means that we will reproduce 20 years of AMS-02 data within the first week of operation
at Lagrange Point 2. In the second week, we will start exploring completely new territory
in precision cosmic-ray physics.

Quantity Value
Acceptance 100 m2 sr
MDR 100 TV for |Z| = 1

Material budget 0.12 X0
of main solenoid 0.012 ⁄I

Calorimeter depth 70 X0, 4 ⁄I

Energy reach 1016 eV for nucleons
10 TeV for e+, p̄

8 GeV/n for D̄
Angular resolution 4ÕÕ for photons at 1 TeV

0.ÕÕ4 for photons at 10 TeV
Spatial resolution (SciFi) 40 µm
Spatial resoultion (Si-Tracker) 5 µm
Time resolution of single ToF bar 20 ps
Incoming particle rate 2 MHz
High-level trigger rate few kHz
Downlink data rate ≥28 Mbps
Instrument weight 43 t
Number of readout channels 8 million
Power consumption 15 kW
Mission flight time 10 years

Table 5: Important quantities in the AMS-100 design.

20
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Figure 2: Cosmic-ray proton spectrum. Expected data from AMS-100 (blue) (statistical
uncertainties only), for the case that the proton flux is described by a power law with several
smooth breaks, inserted for the purpose of illustration (dashed curve). Recent magnetic
spectrometer measurements from BESS [29], PAMELA [30], and AMS-02 [24]. Recent
calorimeter measurements from ATIC-2 [31], CALET [32], and CREAM-III [33].

2.1 Protons and other nuclei
Protons are the most abundant species in cosmic rays. PAMELA and AMS-02 have reported
a spectral break above ≥200 GV in protons and other light nuclei [24–26]. Such spectral
breaks encode information about the sources and propagation history of cosmic rays [27,
28], but thus far, no coherent and well-accepted description of the various observed features
has emerged. AMS-100 will have the size and energy reach to directly measure, for the
first time ever, protons and light nuclei in cosmic rays up to and through the energy of
the cosmic-ray knee (Fig. 2), as well as heavier nuclei with vastly improved statistics. The
detailed spectral and composition studies enabled by AMS-100 through the knee region
will directly address several unresolved decades-old questions in cosmic-ray astrophysics
including, for instance, what is the maximum energy that can be reached by galactic
cosmic-ray accelerators. This information also forms an essential context for the other
studies detailed below, such as the origin of cosmic-ray positrons, electrons, antiprotons,
and antimatter. In addition, these direct measurements at the highest energies will allow
us to investigate the change of the chemical composition of cosmic rays at the knee and
gather invaluable information about the transition from galactic to extragalactic cosmic
rays.

2.2 Positrons and Electrons
The unexpected excess of high-energy positrons observed above the predicted yield from
cosmic-ray collisions has been one of the most exciting developments in high-energy as-
trophysics in the last generation. Possible interpretations range from new e�ects in the
acceleration and propagation of cosmic rays [34–36] to acceleration of positrons to high
energies in astrophysical objects [37–45] and to dark matter [46–54] as a new source of
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cosmic-ray positrons. The latest data on the positron flux from AMS-02 show a spectral
break at 300 GeV followed by a sharp drop [7]. The detailed understanding of the shape
of the spectrum above this energy is the key to deduce the origin of these high energy
positrons.

A generic source term, that describes the contribution of the new source responsible for
the positron excess, is given by a power law with an exponential cuto� (e.g., Ref. [7]).
AMS-100 will be able to precisely measure the cosmic-ray positron spectrum up to 10 TeV
(Fig. 3).

If the origin of the source term is a process producing electrons and positrons in equal
amounts, the e�ect should also be detectable in the cosmic-ray electron spectrum. Both
pulsar models and dark matter models generically predict such a charge-symmetric source
term. H.E.S.S. [60], VERITAS [62], and DAMPE [58] have observed a spectral break of
the combined electron and positron flux at about 1 TeV followed by a sharp drop, which
might be related to this question. AMS-100 will be able to precisely measure the cosmic-
ray electron spectrum up to 20 TeV (Fig. 4) and detect features associated with the local
sources of electrons predicted in propagation models. Identifying such features will shed
light on the origin of positrons, electrons, and other cosmic-ray species.

2.3 Antiprotons
A key discriminator between various models for the origin of positrons is the presence or
lack of antiprotons. Pulsars will not generate these antiparticles, but according to most
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are shown as they extend to higher energies and provide an upper limit for the electron
flux.

dark matter models, pair annihilations of dark matter particles will create antiprotons.
Therefore, antiproton measurements may provide support to the dark matter hypothesis for
the origin of the positron excess or rule it out. Independently, they provide another crucial
probe of the processes in the interstellar medium, as well as production and acceleration
of secondary species in the sources [63]. AMS-100 will be able to measure the antiproton
spectrum up to the 10 TeV energy scale and provide precise information on the spectral
shape. Hence it will shed light on many questions associated with the origin of cosmic rays
and with the nature of dark matter (Fig. 5).

2.4 Antihelium
AMS-02 has shown both 3

He and 4
He candidate events at a CERN Colloquium in 2018 [8].

These unexpected events are observed in AMS-02 at a rate of 1 event/year or 1 He event
in 100 million He events, well above the rate of secondary He production in coalescence
models. Their origin is presently unclear, however, the statistically significant detection of
unambiguous He events could have the most profound implications for physics and astro-
physics. Progress in this direction requires new instrumentation achieving high-confidence
particle identification, a solid understanding of potential backgrounds, and powerful sys-
tematic checks. AMS-100 will have the performance and exposure to do exactly this –
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Figure 5: Cosmic-ray antiproton spectrum. Recent experimental data from BESS-
Polar [64], PAMELA [65] and AMS-02 [6], together with the expected data from AMS-100
(blue) (stat. uncertainties only) based on a model prediction [40] which was published
before the AMS-02 data.

Experiment Energy range D̄ sensitivity Ref.
(GeV/n) ([m2 s sr GeV/n]

≠1)
GAPS 0.1 to 0.25 2.0 · 10

≠6 [69]

AMS-02 0.2 to 0.8 4.5 · 10
≠7 [70]

2.2 to 4.2 4.5 · 10
≠7 [70]

AMS-100 0.1 to 8.0 3 · 10
≠11

Table 1: Comparison of antideuteron sensitivities. (The AMS-02 sensitivity was estimated
in Ref. [70] for the superconducting magnet instead of the permanent magnet used in the
flight configuration.)

extrapolating the AMS-02 candidate He event rate to the AMS-100 acceptance results in
the prediction of ≥ 1000 He events/year. The precision measurement of the spectral shape
of the He flux would allow tests of the origin of He. Additionally, the rotational symmetry
of AMS-100 allows detailed systematic cross-checks of such a result equivalent to inverting
the magnetic field.

2.5 Antideuterons
Antideuterons potentially are the most sensitive probe for dark matter in cosmic rays [71,
72]. While antiprotons are predominantly produced in secondary interactions in the inter-
stellar medium, antideuterons at low energy have no other known origin. No antideuterons
have ever been identified in cosmic rays. The current best limit has been set by BESS [73],
excluding a flux of 1.9 ◊ 10≠4

(m2 s sr GeV/n)
≠1 between 0.17 GeV/n and 1.15 GeV/n at the

95 % confidence level. The expected sensitivity of AMS-100 is 3 ◊ 10≠11
(m2 s sr GeV/n)

≠1

in the energy range between 0.1 GeV/n and 8 GeV/n. It is compared to other experiments

6
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ToF resolution:
(50 ps 40 ps 30 ps) 20 ps (10ps)
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Item HERD ALADINO AMS-100
Electromagnetic calorimeter 
depth

55 X0 61 X0 70 X0

Hadronic calorimeter depth 3 λI 3.5 λI 4 λI
MDR - 20 TV 100 TV

Acceptance
(spectrometer)

- ~ 10 m2 sr ~ 100 m2 sr

Acceptance
(spectrometer + calorimeter

- ~ 3 m2 sr ~ 30 m2 sr

Acceptance
(calorimeter)

~ 3 m2 sr ~ 9 m2 sr ~ 30 m2 sr

# of channels 300 k 2.5 M 8 M

Weight ~ 4000 kg ~ 6000 kg ~ 40000 kg

Power Consumption ~ 1400 W ~ 4000 W ~ 15000 W
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Stay tuned…


