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Galactic cosmic rays: open questions









Main physics research lines



� Balloon experiments (CREAM, ATIC, BESS-
Polar, TRACER, TIGER, SUPER-TIGER…)

� Satellite experiments (PAMELA, FERMI, 
NUCLEON, DAMPE, …)

� ISS experiments (AMS, CALET, ISS-CREAM, …) 

Existing platforms



Long Duration Balloons (LDB)





CREAM instrument



CREAM flights

Seven 191



7° CREAM- «Baccus» Flight

11/28/2016 - 12/28/2016

http://cosmicray.umd.edu/cream/cream-flights/baccus.html


The BESS program

�The BESS program had 11 successful flight campaigns
since 1993 up to 2008. 
� Aim of the program is to search for antimatter (antip, 
antiD) and to provide high precision p, He, µ spectra. 

�A modification of the BESS instrument, BESS-Polar, is
similar in design to previous BESS instruments, but is
completely new with an ultra-thin magnet and configured to 
minimize the amount of material in the cosmic ray beam, so as
to allow the lowest energy measurements of antiprotons.

�BESS-Polar has the largest geometry factor of any balloon-
borne magnet spectrometer currently flying (0.3 m2-sr).



Long duration flights of total 38 days with 
two circles around the Pole

BESS-Polar I and II  



Antiproton flux: BESS-Polar





TIGER instrument (2001 & 2003)



SuperTIGER Instrument

• acceptance ∼8.3 m2sr 
• 2 identical modules, each consists of
• 2 Scintillating Fiber Hodoscopes (H1, H2)
• 3 layers of Plastic Scinitillator (S1, S2, S3)
• Aerogel Cherenkov Counter (C0, n=1.043)
• Acrylic Cherenkov Counter (C1, n=1.49)

•Hodoscope: determines particle trajectory
• Charge determination combination of 

• S and C1 (below C0) or
• C0 and C1 (above C0) 

PV Array



SuperTIGER Balloon Flight
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Launched

9:45 AM (N ZT)

Dec 9, 2012

Termination
Feb 2, 2013

Mean atmospheric depth=4.4 g/cm2

• SuperTIGER flew for 55 days, 1 hour, and 34 minutes, December 9, 2012-February 2, 
2013 (NZ). 

• Collected over 50 million cosmic-ray events  (~44 total days of data, 82% high-priority 
telemetry)

• SuperTIGER Recovery site  82.24°S latitude and 81.91°W longitude,  1625 km from 
McMurdo.  Very successful recovery this past season.

• Next flight ? More than 16 attempts failed in Winter 2017 !!



Satellite experiments

PAMELA
DAMPE

NUCLEON

FERMI



PAMELA
Payload for Matter/antimatter Exploration and Light-

nuclei Astrophysics

•Direct detection of CRs in space
•Main focus on antiparticles (antiprotons and positrons)

Launch from Baykonur 

• PAMELA on board of Russian satellite Resurs DK1
• Orbital parameters:

- inclination ~70o (low energy)
- altitude ~ 360-600 km (elliptical) , then 500 km

à Launched on 15th June 2006
à Now switched off after 10 years of operation!



PAMELA detectors

GF: 21.5 cm2 sr                
Mass: 470 kg
Size: 130x70x70 cm3

Power Budget: 360W 
Spectrometer
microstrip silicon tracking system +   permanent magnet
It provides:  

- Magnetic rigidity à R = pc/Ze
- Charge sign
- Charge value from dE/dx

Time-Of-Flight
plastic scintillators + PMT:
- Trigger
- Albedo rejection;
- Mass identification up to 1 GeV;
- Charge identification from dE/dX.

Electromagnetic calorimeter
W/Si sampling (16.3 X0, 0.6 λI)
- Discrimination e+ / p,  anti-p / e-

(shower topology)
- Direct E measurement for e-

Neutron detector
36 He3 counters 
- High-energy e/h discrimination

Main requirements à high-sensitivity antiparticle identification and precise momentum measure+  -



FERMI OBSERVATORY



Launch!

� Launch from Cape 
Canaveral Air Station 11 
June 2008 at 12:05PM 
EDT

� Just celebrated 10 
years!

� Circular orbit, 565 km 
altitude (96 min period), 
25.6 deg inclination.

� Prolonged life-time due 
to GW multi-messenger 
observations.



NUCLEON

� Energy spectra of CR nuclei 
and chemical composition
(Z=1-30) in energy range 100 
GeV - 1 PeV

� Electrons 100 GeV – 3 TeV

G.F = 0.2 m2sr for nuclei and 
0.06 m2sr for electrons.

Planned exposition time = 5 
years.

The Resurs-P n.2 satellite was
launched on 26 December
2014 by Sojuz-2.1b.

Resurs-P n.2

Nucleon



DAMPE: launched in December 2015
DAMPE: Dark Matter Particle Explorer.
Project of Chinese Academy of Sciences, in collaboration with Italy 
(INFN) and the University of Geneva for the construction of the tracker Si. 
Precursor of HERD.





Experiments on the ISS

August 14, 2017



ALPHA MAGNETIC SPECTROMETER 
àSearch for primordial anti-matter
àIndirect search of dark matter
àHigh precision measurement of the energetic spectra
and composition of CR from GeV to TeV

AMS-01:  1998 (10 days) - PRECURSOR FLIGHT ON THE SHUTTLE
AMS-02:  Launched May 16th, 2011 and since May 19th, 2011, safely 
on the ISS. Four days after the Endeavour launch the experiment has been 
installed on the ISS and then activated.
COMPLETE CONFIGURATION FOR >10 YEARS LIFETIME ON THE ISS 

http://www.youtube.com/watch?v=RqksBepilVs


The AMS-02 detector



CALET: launched 19th August 2015 !!



CALET 
collaboration:
JAPAN, USA, ITALY



ISS-CREAM: 
launched 14/08/2017



Review of the current measurements

� Primary cosmic rays: Proton, Helium, Carbon, 

Oxygen, sub-Fe nuclei

� Secondary cosmic rays: B/C, Li, Be, B

� Composition studies

� Electrons and positrons

� Antiparticles & c.



Primary cosmic rays: Proton, Helium, 

Carbon, Oxygen, sub-Fe nuclei



PAMELA: Proton and Helium Spectra
& H/He ratio

Adriani et al., Science  332 (2011) 6025 

l First high-statistics and high-
precision measurement over three 
decades in energy

l First clear deviations from  single 
power law (SPL):                 
• Spectra gradually soften in the range 

30÷230GV
• Spectral hardening  @ R~235GV  

Dg~0.2÷0.3
SPL is rejected at 98% CLClear evidence of  different  H and 

He slopes above ~ 10 GV



CREAM: Proton and helium spectra



PAMELA & CREAM



AMS: Proton and helium spectra



PAMELA vs AMS02: protons

0.988

PAMELA data à Jul 2006 ÷ Mar 2008
AMS02 data à May 2011 ÷ Nov 2013

Adriani et al.  - Phys.Rep. – 544 (2014) 323-370 
(“Science” flux rescaled, according to solar-modulation analysis)

M. Aguilar et al., PRL 114 (2015)  171103 

ö solar modulationö



PAMELA vs AMS02: heliums

Adriani et al.  - Science - 332 (2011) 6025
Aguilar et al – PRL - 115 (2015) 211101 

1.011

ö solar modulationö



Very good agreement between exps

With PAMELA and AMS we entered a hera of high 
precision measurements !



AMS-02: Helium, Carbon, Oxygen

Spectral break occups in the 3 
primary components at R above
200 GV!

The 3 primary spectral index has
the same rigidity dependence
above 60 GV.



CREAM: C-Fe nuclei



ATIC, CREAM: He-Fe nuclei



Possible interpretations

Broken power-law:
� Diffusion effects: power-law at the source (then

non-linear, rigidity dependent diffusion?)
� Acceleration effects: features already present at

the production site (acceleration by different
sources, re-acceleration?)

� Local sources: anisotropy then visible?

Important to look at secondaries!
Extension to MultiTeV region!



Secondary cosmic rays: 

B/C, Li, Be, B



Importance of  Li, Be, B

The detailed knowledge of lithium, beryllium, and boron fluxes 
rigidity dependences is important to study the origin of the 
hardening in cosmic ray fluxes. 

For example, according to models, if the hardening in cosmic rays is 
related to the injected spectra at their source, then similar 
hardening is expected both for secondary and primary 
cosmic rays. 

However, if the hardening is related to propagation properties in 
the Galaxy then a stronger hardening is expected for the 
secondary with respect to the primary cosmic rays. 

The theoretical models have their limitations, as none of them 
predicted the observed spectral behavior of the primary 
cosmic rays He, C and O. 



Li, Be, B      by AMS

Spectral break occurs in the 3 
secondary components as well, at R
above 200 GV!

The 3 secondary’s spectral index has the 
same rigidity dependence above 30 
GV.

The rigidity dependence is distinctly
different than for the primaries.



Li, Be, B      by AMS

The spectral indices
of secondaries
harden by an 
average of 
0.13 more than
the primaries.

This additional
hardening is
consistent with 
expectations when
the hardening of 
cosmic ray fluxes
is due to the 
propagation
properties in the 
Galaxy. 



Boron/Carbon ratio: all data

In the B/C ratio no structure
at high energy can be seen.

Above 65 GV the AMS B/C 
ratio can be described by a 
single power law of 
Δ=−0.333, in good
agreement with the 
Kolmogorov theory of 
turbulence which predicts
Δ =−1/3 asymptotically.

After and He new results, several models were
predicting a deviation from a single power
law of B/C. Independently, such models tried to 
explain also the positron anomaly. 



New data needed at higher energies!

CALET expectations in 5 years



Composition studies



PAMELA: H and He isotopes

Reduntant identification cababilities

b from ToF Multiple energy deposits
from calorimeter



H isotopes
Parameter constraint
competitive/complemen
tary to B/C 
measurement with 
current instrument
precision

Probe different Z/A 
regime

Test «universality» of 
propagation

(Coste et al. 2012)

Adriani et al – ApJ 218 (2016) 

1H ® primary

2H ® secondary
90% from 4He+1H 
(40%@1 GeV/n)



He isotopes
Parameter constraint
competitve/complemen
tary to B/C 
measurement with 
current instrument
precision

Probe different Z/A 
regime

Test «universality» of 
propagation

(Coste et al. 2012)

4He ® primary + 
secondary
~10% @2 GeV/n from 
CNO

3He ® secondary
95% from 4He

Adriani et al – ApJ 218 (2016) 



PAMELA: Li&Be isotopes

Reduntant identification cababilities

b from ToF Multiple energy deposits
from calorimeter

Li and Be 
isotopes originate 
mainly from 
«secondary» 
interaction of 
high energy C, N
and O with the 
ISM, 
but also on 
«tertiary" 
interactions in 
the ISM 
(produced by
fragmentation of 
secondary Be and 
B).



PAMELA: Li & Be isotopes

Preliminary



PAMELA: Li & Be isotope ratios

W. Menn et al., ApJ, in press

In general, good agreement with Galprop simulations. 
Better for Be, worse for Li at high energies, but models suffer
from unprecise cross-sections (expecially for tertiary origin). 



TIGER: Ultra Heavy nuclei



SUPERTIGER: Results

•GCRS calculated using 
TIGER galactic propagation
•SuperTIGER uncertainties 
are statistical only
•Lines are from TIGER 
Rauch et al. ApJ  697, 2083, 
2009

CONFIRMATION OF TIGER 
RESULTS!



Electrons & Positrons



Adriani et al. , Nature  458 (2009) 607 
Adriani et al., AP 34 (2010) 1  

§ Low energy                          
à charge-dependent 
solar modulation
§ High energy                        
à (quite robust) 
evidence of positron 
excess above 10 GeV

Positron 
fraction 

CLEAR evidence 
for deviation from 
secondary 
production

Secondary production Moskalenko & Strong 98

PAMELA: Positron fraction



FERMI: Positron Fraction

Confirmation of PAMELA
positron excess



AMS: Positron fraction
M. Aguilar et al, PRL 110, 2013

Further confirmation of the positron fraction excess



PAMELA & AMS: Positron flux
Adriani et al. , PRL 111 (2013) 081102 

In the highest bin a lower limit has been estimated with 90% 
confidence level, due to a possible overestimation of the proton 
contamination. 

§Clear evidence à

§The positron 
fraction increase 
is due to an 
harder positron 
spectrum and not 
to a softer electron 
one.

Solar modulation



PAMELA:
Anisotropy in 
e+/e- arrival
directions

No evidence
for  e+/e-
anisotropies

Positrons (bk: protons)

Electrons (bk: MC)

•Significance galactic maps for 
back-traced positrons and 
electrons > 10 GeV (angular
scale 10°) 

•Distribution of angular-
distance from the Sun

O
. Adrianiet al., ApJ

811 (2015) 21

AMS:
Analysis in good
progress



PAMELA&AMS:
pure electron spectrum

Solar modulation



AMS and FERMI: electron+positron flux

AMS flux at high energy: 
� is smooth and shows no 

structures;
� single power law > 30 

GeV with spectral index
about 3.170 

FERMI flux at high 
energy: 
� broken power-law 
� the break energy is 53 

GeV;
� the spectral indices below

and above the break are 
3.210 and 3.070, 
respectively.

� No HESS break at 2.1 TeV.

Abdollahi, S. et al. (The Fermi LAT Collaboration). Phys. Rev. D 95, 082007 (2017).



DAMPE all-electron spectrum

Spectral hardening 
at about 50 GeV 
(agreement with Fermi-
LAT).

Data from 55 GeV to 
2.63 TeV fit to a broken 
power-law model, 
with spectral break at E 
≈ 0.9 TeV, with the 
spectral index changing 
from γ 1 ≈ 3.1 to γ 2 ≈ 3.9.

Confirms the previous 
evidence found by 
H.E.S.S. 

G. Ambrosi et al., Nature 552, 63 (2017).



CALET all-electron spectrum

O. Adriani et al, PRL, accepted May 2018

CALET - AMS02
FERMI - DAMPE



DAMPE - CALET

� Same energy
binning;

� Data 
somehow
lower than
DAMPE;

� Both single 
and broken-
power law fit
possible.



Possible interpretations

Positron excess from astrophysical sources:
� Pulsars producing e+e- pairs then accelerated away 

from the neutron star
� SNR
� Local sources: 0.1% anisotropy expected at 100 

GeV?

Positron excess from exotic sources:
� Though not excess in antiprotons, still room for 

DM exists. 



A N T I P R O T O N S &  A N T I H E L I U M S

Antiparticles &co.



BESS-Polar: Antiproton spectrum



PAMELA : Antiprotons

Secondary production 
calculations

O. Adriani et al,
PRL 102 (2009) 051101; 
PRL 105 (2010) 121101;
Phys. Rep. (2014).



BESS-Polar & PAMELA : Antiprotons



AMS: Antiproton/proton ratio

Flat p-bar/p ratio at high energy
can be explained in terms of 
secondary production by 
new propagation models (i.e. 
taking into account spectral
breaks,  and updated cross-
sections data) 



BESS-Polar: Search for antihelium





Travel of Voyager: GCR



VOYAGER: H and He in the LISM



The future: GAPS experiment

A balloon-borne detector approved by NASA: launch 2020-2021





The future: HERD



2020-2021



Conclusions
High energy line
A new vision appears from the current data:

� H and He spectra harden with energy (>230 GV);
� H and He spectra are different;
� He, C, O also harden with energy (>230 GV)  with same

spectral index;
� Li, Be, B behave the same, with same spectral index but

harder than primaries;
� Hi-Z spectra show a hardening of the spectral index

w.r.t. protons.

Composition line
� Source matter must be a composition of old ISM with newly

synthetized matherial, in percentage 80%-20% (sites of 
acceleration rich in massive stars, like OB associations) 



Antimatter line

� Positrons show enhancement in the E>10 GeV region (new 
e+ e- source)

� No antiproton excess observed both at low and high 
energy (several DM models and exotics ruled out), despite 
some room seems to be left in AMS data;

� Controversary data above 300 GeV for the all-electron 
spectrum and at the HESS cutoff;

� No heavier anti-nucleus observed (very stringent limits)

Conclusions

The new instruments just taking data such as CALET, DAMPE, 
ISS-CREAM, NUCLEON, as well as space instruments 
continuing to operate and new balloon flights of existing 
instruments, promise a robust future for cosmic ray research.


