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- Brief history of early measurements 
 

- Selected recent results at high energies 
 

- Ideas for future projects 
 

 
Disclaimer: 
- I will not go into theoretical aspects  (see May 18 DPCN seminar ) 
 
- I will concentrate on charged cosmic rays measurements  
  (i.e. not going to cover neutrino and gamma ray astronomy) 
-  
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Discovery and first measurements 
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1887 1889 
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EXPLORER II – 11 Nov 1935 – 22000 m 
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Many studies “at ground” 
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Bruno Rossi,1933.  
Hints for evidence of extensive air showers 
 
Pierre Auger, 1938 
First clear Evidence for extensive air showers 

P. Auger et al. 
Rev. Mod. Phys. 11 (1939) 288 
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A 10 TeV proton initiated Extensive air Shower 
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The very beginning of space exploration 
USSR USA Notes Detectors 

Sputnik I 
Oct. 4, 1957 

Same time: all-particle knee discovered in EAS 
experiment (G.B. Khristiansen & G.V. Kulikov) 

Sputnik II 
Nov.  3, 
1957 

First CR detector in space ! 
(above Laika’s,  i.e. Kudrjavka’s,  cabin) 
Anomalous counting above a given altitude 
(S. N. Vernov) 

Geiger-Muller 
(G-M) tubes 

Explorer I 
Fe. 1, 1958 

Detector saturation 
above a given altitude !?! 

G-M tubes 

Explorer III 
Mar. 26, 
1958 

Dectors saturation   
above a given altitude !?! 
May 1, 1958: J. A. Van Allen’s hypothesis:   
particles trapped by the geomagnetic field 

G-M tubes 

Sputnik III 
 

CR measurements up to about 2000km 
Van Allen’s (belts) explanation fully confirmed 

Explorer IV 
Jul. 26, 1958 

Further studies on Van Allen’s hypothesis 
(the ARGUS project) 

G-M tubes,  
CsI(Tl)  and 
plastic scint. 
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Sputnik II: november 3, 1957 

UV-Xray 
detector 

Two Geiger-Muller  
10cm long tubes 

(first transistors/diodes in space) 

Observed anomaly where we know now that  
fluctuating outer radiation belt approaches Earth. 
 
No memory elements onboard and information 
received only above USSR, corresponding to 
altitudes in the range of 225 to 600 km.  

Payload mass: 500 kg 
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Sputnik III: may 15, 1958 

Payload mass: 1300 kg 
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Čerenkov counter NaI scintillator counters Silicon solar battery 



1958:Explorer I,(II),III and… IV J. Van Allen 

DPNC Seminar, April 27, 2022 I. De Mitri: Recent advances in the observation of high energy cosmic rays 13 



1954-57: The first “ionization” calorimeter 

First samples of what we now call “sampling calorimeters” (N. L. Grigorov et al.)  

1957: Tests at high altitude EAS 
arrays in Pamir. 
 
 
 
 
 
 
 
 
 
 
Used in the 1960’s in large 
scale calorimetric experiments 
in space   

DPNC Seminar, April 27, 2022 I. De Mitri: Recent advances in the observation of high energy cosmic rays 14 



1965-68. The Proton satellites 

Four heavy satellites of the Proton series. 
Proton-4 carried was the IK-15 calorimeter   

SEZ-14 (an acronym of russian 
words Spectra, Energy, and 
Charge, up to 1014 eV) : 7 tons 
 
IK-15 (an acronym of russian 
words Ionization Calorimeter 
up to 1015 eV) : 12.5 tons 
Geometric factor 10 times 
larger than SEZ-14 
 
 All particle 

Spectrum by  
Proton 1-4 
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1970: p and He with Calorimeter on a balloon 

The begining of a long series of 
experiments by GSFC 
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Basic questions 

• What are the sources of cosmic rays ? 
• How cosmic accelerator work ? 
• What happens during cosmic ray propagation ? 
• ………… 

Observable quantities 

• Energy spectra 
• Arrival directions 
• “Chemical” composition 
• ………… 
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Measuring cosmic rays…. 
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Unbiased study of 
 galactic CR 
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Our landscape(s) 



The electron+positron flux 
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The electron + positron signal (5yrs ago)  

- Small fluxes and ~ E-3 spectra 
- Cut-off at about 1 TeV ? 
 
TeV sources:   
- T < 105 yr  and D < 1 kpc 
- Nearby CR sources: large anisotropies ? 
- Contributions from DM  annihilation/decay ? 
 

L. Baldini, arXiv:1407.7631v2 



Nov 29, 2017: first DAMPE result 
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Evidence for a spectral 
break at 0.9 TeV 

Plastic Scintillator 
Detector (PSD)  

Silicon-Tungsten 
Tracker (STK)  

BGO Calorimeter 
(CALO)  

Neutron Detector 
(NUD) 

- 530 days 
- 2.8 billions CR events 
- 1.5 million CREs above 25 GeV  

Stat ⊕ Sys 
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The all-electron flux today 



Antimatter: the positron fraction 
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First “anomalous” results from PAMELA (april 2009) 
FERMI contribution, even with large systematics. 
Extended and precise measurements by AMS-02 
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The e+ and e- fluxes with AMS-02 



Antimatter: antiprotons 
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Antiproton flux 
consistent with 
secondary production 
calculations 

New measurements at 
accelerators (e.g. LHCb) 
in order to lower the 
systematic uncertainty 
on secondary production 
calculations  



Proton and helium: (discrepant) hardenings 
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CREAM  
First hints for  
Hardenings. 
 
PAMELA and AMS 
Direct detection fo 
the break at about 
250GeV/n 

p 

He 

PAMELA p and He 
Science 2011 

AMS-02: p 
AMS-02: He 



Similar hardenings for other nuclei 
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AMS-02 

AMS-02 

Acceleration or propagation effect ? Both ? 
Need for precise measurements of secondary productions  (B/C,..) 

and  
extensions in the 1-100 TeV energy region with large acceptance  

(an good resolution) calorimeters in space 



CALET confirmation of the p hardening 
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Wh What happens above 10 TeV ? 

? 



New findings by DAMPE: protons 
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September 27, 2019 
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First clear 
evidence for a 
softening  
at about 34 TeV 
 
Suggesting a Z 
dependent 
softening energy 
(~ 14 TeV for protons)  

New findings by DAMPE: helium 



The iron flux: AMS-02 and CALET 
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Other nuclei and larger energies 
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He 

p 

C 

Ca 

p He 

Z=6-27 All-particle 

Nuclear spectra from NUCLEON 

A spectra feature seems to be present in all nuclear 
species at the same rigidity ( about 10 TV ) 



Anisotropies below the knee 
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Large Scale anosotropies (LSA) at the 
level of 10-4-10-3 in the multi TeV 
region with stable phase. 
Change in phase and amplitude above 
100TeV, below the all-particle knee.  

ARGO-YBJ 

IceCube 

Medium/Small scale anisotropies 
(MSA) in the few TeV range 

3 PeV: the knee 



HERD: towards the knee from space 
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Large acceptance, deep, 3D calorimeter, equipped with 
silicon tracker and plastic scintillators for primary 
identification, onboard the Chinese Space Station for a 
long duration mission. 
One order of magnitude jump in exposure wrt current 
generation CR experiment: 10-15 m2 sr yr 

HERD 3yrs   



HERD: collaboration and main features 
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HERD DAMPE CALET AMS-02 Fermi LAT 

e/γ Energy res.@100 GeV (%) <1 1.5 2 3 10 

e/γ Angular res.@100 GeV  (deg) < 0.1 0.1 0.2 0.3 0.1 

e/p discrimination >106 105 105 105 - 106 103 

Calorimeter thickness (X0) 55 32 27 17 8.6 

Geometrical acceptance (m2sr) >3 0.29 0.12 0.09 1 

CHINA 
Institute of High Energy Physics, CAS (IHEP) 
Xi'an Institute of Optical and Precision Mechanics, CAS 
(XIOPM) 
Guangxi University (GXU) 
Shandong University (SDU) 
Southwest Jiaotong University (SWJTU)  
Purple Mountain Observatory, CAS (PMO) 
University of Science and Technology of China (USTC) 
Yunnan Observatories (YNAO) 
North Night Vision Technology (NVT) 
University of Hong Kong (HKU) 
Academia Sinica 

ITALY 
INFN Bari and Bari University 
INFN Firenze and Firenze University 
INFN LNGS and GSSI Gran Sasso Science Institute 
INFN Lecce and Salento University 
INFN Napoli and Napoli University 
INFN Pavia and Pavia University 
INFN Perugia and Perugia University 
INFN Pisa and Pisa University 
INFN Roma2 and Tor Vergata Universit 
INFN Trieste and Trieste University 

SPAIN 
CIEMAT - Madrid 
ICCUB – Barcellona 
IFAE – Barcellona 
 

SWITZERLAND 
University of Geneva 
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HERD: the detector and the CSS orbit 

~7500 LYSO crystals (55 R.L, 3 N.I.L.) 
Dual readout with IsCMOS & PD 

Envelope (L*W*H) ~ 2300*2300*2000 mm3 

Weight ~ 3500 kg 

Power Consumption ~ 1400 W 

Threshold at tens of GeV 



Space-Balloon vs Ground based 
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Requirements: 
Calorimetry vs Spectrometry 
Large acceptances 
<20% resolutions 
 
Output: 
Fully explore the sub-PeV region 
Individual spectra  
 
Limitations: 
Surface/weight limited 
Hard to reach the all-particle knee 
Need high technology  

Requirements: 
Multi-Hybrid approach 

Operate at (not too) high altitude 
Large surfaces / samplings 

 
Output: 

Reach the highest energies 
Detect small anisotropies 

 
Limitations: 

Poor mass resolution 
Intrinsically limited by systematics 

Large model dependence 

Direct 
measurements 

Indirect 
measurements 



Not simple evolution toward the ankle 
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( “Break a leg !“ ) knee 

ankle 



The Pierre Auger Observatory 
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Plus a Scintillation detector 
on top 

Surface Detector 
1670 Water Cherenkov tanks 
3.6 m diameter , 1.2 m depth 
3 9’’ PMTs + 1 Small 1’’ PMT 

Fluorescence Detector 
6 telescopes /eye x 4 eyes 
3.6 x 3.6 m2 spherical mirrors 
80x80 cm2 cameras 
440 PMTs, 30x30 deg2 FoV 
+ HEAT telescopes 



AUGER : hybrid detection of EAS 

Calorimetric energy 
measurement with the FD 
 
Energy calibration of  
SD observables  
using FD data 

Very good energy (8% stat , 15% sys)  
and Xmax (lower than 10g/cm2 stat and 10g/cm2 sys) 
resolutions and uncertainties. 

DPNC Seminar, April 27, 2022 I. De Mitri: Recent advances in the observation of high energy cosmic rays 43  



At the highest energies…. 
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 The UHECR energy spectrum measured by  
  the Pierre Auger Observatory 

No dependence on the declination has been observed 
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At the highest energies…. 
UHECR mass composition studies performed by the  
Pierre Auger Observatory,   
using the atmospheric depth of the shower maximum  
and its fluctuations 



At the highest energies: 
AUGER large scale anisotropy 
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New techniques at the highest energies 
Improve the statistics by a jump in exposure, for UHE CR and neutrinos:   
                                                                 a giant ground array  and/or a space-based observatory  

POEMMA: Probe Of Extreme Multi-Messenger Astrophysics 

GRAND:  Giant Radio Array for Neutrino detection 



Summary 
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Continuous , steady improvements in CR physics. 
 
New data gave some anwers but also raised new questions. 
 
Many “unexpected” results:  
Exciting opportunities  
 
 
New ideas will (as always)  
make the difference 
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Continuous , steady improvements in CR physics. 
 
New data gave some anwers but also raised new questions. 
 
Many “unexpected” results:  
Exciting opportunities  
 
 
New ideas will (as always)  
make the difference 
 
         Merci ! 
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