
Cosmic Rays 
measurement in 
space
V. Formato – INFN Sezione di Roma Tor Vergata

25/01/2023 – Status and prospects of astroparticle physics



What are cosmic rays?

Particles coming from outer space

Mostly of galactic origin (at least in this talk...)



What are cosmic rays?

Particles coming from outer space

Mostly of galactic origin (at least in this talk...)

Accelerated by SNE shocks in the Galaxy**

Spend ~Myr random-walking against the 

galactic magnetic field, traversing the 

Interstellar Medium (ISM)***



What are cosmic rays?

Particles coming from outer space

Mostly of galactic origin (at least in this talk...)

Accelerated by SNE shocks in the Galaxy**

Spend ~Myr random-walking against the 

galactic magnetic field, traversing the 

Interstellar Medium (ISM)***

Some will eventually reach the solar system and 
diffuse through the heliosphere



The early days

Discovered in the early 1900s

Started as “spontaneous discharge of 

electroscopes”, which increased in rate with 

altitude (and decreased underwater)



The early days

Discovered in the early 1900s

Started as “spontaneous discharge of 

electroscopes”, which increased in rate with 

altitude (and decreased underwater)



The early days

Discovered in the early 1900s

Started as “spontaneous discharge of 

electroscopes”, which increased in rate with 

altitude (and decreased underwater)

Eventually gave birth to what we know today as 

“Particle physics”. All major discoveries came 

through the study of cosmic rays.



The early days

Discovered in the early 1900s

Started as “spontaneous discharge of 

electroscopes”, which increased in rate with 

altitude (and decreased underwater)

Eventually gave birth to what we know today as 

“Particle physics”. All major discoveries came 

through the study of cosmic rays.

...well, at least until the advent of particle 
accelerators.
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Opportunities for "new physics"?

The low amount of secondary antimatter makes 
it a golden channel for any search for new 

physics

Any new effect should then produce an excess of 

positrons and/or antiprotons.

(And heavier antimatter is even rarer)
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Space: The final frontier

Fortunately, we are surrounded by several km of 
atmosphere.

But this makes measuring cosmic rays more 

difficult.

For several decades cosmic rays research has 

been based on using balloons to elevate the 

instrumentation as high as possible, and still 

does today.

But several efforts have been made to study 

cosmic rays outside of the Earth atmosphere.



Challenges for space experiments

Pro: 
- No atmosphere

Con: 

- Extremely expensive

- Instruments are very limited in terms of 
weight budget (and thus size/sensibility)

- Instruments are very limited in terms of 

power budget (especially on free-flying 

satellites)

- Every electronic component must be space-
qualified (and radiation-hard)

Is it worth the effort?
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Yes



Disclaimer

This talk is focused on space-borne experiments

This talk is focused on galactic cosmic rays

...so apologies if some missions or detectors are missing
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The Cosmic Ray Isotope Spectrometer on the 
Advanced Composition Explorer (1997-today)

Composed by 4 stacks of silicon detectors with a 

scintillating fiber tracker on top. 

Particle ID by measuring dE/dx in the silicon 

detectors and total energy by absorption in the 

silicon stack.

Can measure a wide variety of nuclear species, 
separating isotopes although at very low energy 

(~ GeV).
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Prototype for the AMS-02 detector, flown on the 
Space Shuttle Discovery in June 1998

Demonstrated the feasibility of silicon 

microstrip trackers in space

First “real” particle detector flown in space

It was a real demonstrator of what a full-fledged 

particle detector could do outside the 

atmosphere for cosmic ray physics



The ghost of experiments past
(PAMELA)

Payload for Matter, Antimatter and Light-Nuclei 
Astrophysics (2006-2014)



The ghost of experiments past
(PAMELA)

Payload for Matter, Antimatter and Light-Nuclei 
Astrophysics (2006-2014)

First detector in space to reach the TeV range, 

highly optimized for Z=1 particles (especially 

antimatter)



The ghost of experiments past
(PAMELA)

Payload for Matter, Antimatter and Light-Nuclei 
Astrophysics (2006-2014)

First detector in space to reach the TeV range, 

highly optimized for Z=1 particles (especially 

antimatter)

First comprehensive set of measurements of 

multiple cosmic rays species from the same 

detector.



The ghost of experiments past
(PAMELA)

Payload for Matter, Antimatter and Light-Nuclei 
Astrophysics (2006-2014)

First detector in space to reach the TeV range, 

highly optimized for Z=1 particles (especially 

antimatter)

First comprehensive set of measurements of 

multiple cosmic rays species from the same 

detector.

2009 – Found a significative positron excess at 

high energy



The ghost of experiments past
(PAMELA)

Payload for Matter, Antimatter and Light-Nuclei 
Astrophysics (2006-2014)

First detector in space to reach the TeV range, 

highly optimized for Z=1 particles (especially 

antimatter)

First comprehensive set of measurements of 

multiple cosmic rays species from the same 

detector.

2009 – Found a significative positron excess at 

high energy

2011 – First proof that cosmic ray spectra 

deviate from the single power-law assumption



The antimatter puzzle (2011)
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The ghost of experiments present
(AMS-02)

Alpha Magnetic Spectrometer (2011-today)

Taking data on the truss of the ISS for the last 

12 years. Largest magnetic spectrometer in 

space so far.



The ghost of experiments present
(AMS-02) Full-fledged particle detector, redundant 

measurement of particle charge and momentum
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Electron and positrons

Clear hardening of the positron spectrum, followed by a 
steep descent (clearly visible also in the positron fraction)

The electron flux also hardens at higher energies

M. Aguilar et al., Phys.Rept. 894 (2021) 1-116



Electron and positrons

Measurements cluster into two groups: AMS-
CALET, Fermi-DAMPE

Both CALET and DAMPE report a significant 

flux reduction above 1 TeV

Conventional diffusive models struggle to 

reproduce these data, and rely on the addition of 

CR sources to make up for the “missing flux” 

(DM, PWNe, close and/or old SNRs, millisecond 

pulsars, unknown nearby sources, etc…)

G. Ambrosi et al., Nature 552 (2017) 63-66
O. Adriani et al., PRL 119, 181101 (2017)

M. Aguilar et al., Phys.Rept. 894 (2021) 1-116



Antiprotons

Unfortunately, no extra contributions 
are visible in the antiproton spectrum 

or in the pbar/p ratio.

Eventual DM signals are hard to fit 

(especially since the high-energy 
behavior of the pbar flux predictions is 

highly dependent the pbar production 

cross-sections which are not well 

known in this energy range)



Antiprotons

Nevertheless, the fact that the positron/pbar ratio appears to be constant above 60 GV 
poses an interesting puzzle



Cosmic ray nuclei

• What is the origin of the spectral break?
• Is the same break present in secondaries? 

• H and He are just the tip of the iceberg, what about 

higher-charge nuclei?



The situation in 2019

M. Aguilar et al., PRL 119, 251101 (2017)
M. Aguilar et al., PRL 120, 021101 (2018)
M. Aguilar et al., PRL 121, 051103 (2018)

He, C, O

• Are mostly primary species 
• Show the same spectral shape above ~50 GV 

• Show the same spectral break at ~300 GV 

Li, Be, B

• Are mostly secondary species 
• Show the same spectral shape above ~20 GV 

• Show the same spectral break at ~300 GV

But the magnitude of the break in secondaries is 

double the one in primaries, pointing to a 
propagation effect  

N
• Shows a spectral shape with mixed primary 

and secondary components



Proton and Helium
A spectral softening at tens 
of TeV appears after the 

break at ~500 GeV

Among the possibilities:

This is the contribution of 
an individual source (Shape 

of the bump determined by 

the source spectrum, age 

and distance)

This is a new population of 

CRs 

(And the position in energy 

of the spectral features is 

related to environmental 
parameters)



Heavier nuclei

Measurements up to several TeV/n
Similar spectral break observed in both C and O

C/O ratio flat above 25 GeV/n similarly to what 

observed by AMS-02

B/C and B/O exhibit spectral break at ~200 

GeV/n similarly to what observed by AMS-02



Heavier nuclei

To examine the rigidity dependence difference between low-Z He, C and O and high-Z Ne, Mg and Si
primaries the Ne/O, Mg/O, and Si/O flux ratios were studied. Their ratios differs by a power law by 

more than 5σ above 86.5 GV showing that Ne, Mg and Si is a different class of primary CRs than 

He, C and O.

M. Aguilar et al., PRL 124, 21102 (2020)



Heavier nuclei - Iron
M. Aguilar et al., PRL 126, 041104 (2021)

First precise measurements 
of the Iron flux up to the TeV 

region

Fe belongs to the He, C, and 

O class of primary cosmic 
rays,  which have a different 

rigidity dependence with 

respect to Ne, Mg, and Si.



A complex picture...



Open questions



Current operating “telescopes”
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The ghost of experiments yet to come
(HERD)

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



The ghost of experiments yet to come
(HERD)

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

@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



The ghost of experiments yet to come
(HERD)

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



The ghost of experiments yet to come
(HERD)

Proton He

B/C Fe

e++e-

Li



The ghost of experiments yet to come
(ALADInO)

High Precision Particle Astrophysics as a 
New Window on the Universe 

with an Antimatter Large Acceptance Detector In Orbit  
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The ghost of experiments yet to come
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The ghost of experiments yet to come
(ALADInO)
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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 



The ghost of experiments yet to come
(ALADInO)PERUGIA
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The ghost of experiments yet to come
(ALADInO)
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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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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.  
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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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• 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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Conclusions

The last decade represented a major advance in the experimental knowledge of CR 
entering the field in the “precision era”

Interpretation of the new data leads to a lively debate, especially since new 

features and patterns start to emerge in the hadronic component of CRs, and no 

definite answer has emerged for the antimatter component puzzle

New space experiments are being planned or dreamed to connect the direct 

measurements with indirect measurements and push forward the boundaries of 

existing measurements


