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Galactic Cosmic Rays and their Origin

https://physics.aps.org/articles/v6/40

The detailed understanding of galactic cosmic rays and their origin is an important 
foundation for calculations of atmospheric and cosmogenic neutrinos,  as well as 
for calculations used in gamma-ray physics, and indirect searches of dark matter.

“Standard Model” of Acceleration and Propagation of Galactic Cosmic Rays:
1. Shock acceleration in the supernova remnant
2. Diffusive propagation in the galactic magnetic field
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Direct Measurements of Cosmic-Ray Proton Spectrum
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Protons are the most relevant source of neutrinos because 
energy of neutrinos produced in the interaction of primary 
cosmic rays scales not with the energy per particle, but with 
the energy per nucleon.
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E < 100 GeV: Percent level agreement is obtained between
magnet spectrometers (BESS-TeV, PAMELA, AMS-02)

E ≲ 1TeV: PAMELA and AMS-02 measured spectral hardening
E > 1 TeV: Calorimetric instruments measured

even harder spectrum

Status of Cosmic-Ray Proton Spectrum Measurements
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Cutoff in the 100 TeV region?
If the cutoff exists, 
is it Z-dependent?

Status of Cosmic-Ray Proton Spectrum Measurements

E < 100 GeV: Percent level agreement is obtained between
magnet spectrometers (BESS-TeV, PAMELA, AMS-02)

E ≲ 1TeV: PAMELA and AMS-02 measured spectral hardening
E > 1 TeV: Calorimetric instruments measured

even harder spectrum
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Status of Cosmic-Ray Proton Spectrum Measurements

E < 100 GeV: Percent level agreement is obtained between
magnet spectrometers (BESS-TeV, PAMELA, AMS-02)

E ≲ 1TeV: PAMELA and AMS-02 measured spectral hardening
E > 1 TeV: Calorimetric instruments measured

even harder spectrum

Universal hardening observed in heavier 
nuclei suggests a propagation effects.
⇔ Is this picture consistent with the

spectral behavior in the TeV region?

Exploration of Particle Physics and 
Cosmology with Neutrinos Workshop2019



7

It is very important to measure both 
energy regions with a single instrument. 

CALET

Status of Cosmic-Ray Proton Spectrum Measurements

E < 100 GeV: Percent level agreement is obtained between
magnet spectrometers (BESS-TeV, PAMELA, AMS-02)

E ≲ 1TeV: PAMELA and AMS-02 measured spectral hardening
E > 1 TeV: Calorimetric instruments measured

even harder spectrum
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nuclei suggests a propagation effects.
⇔ Is this picture consistent with the

spectral behavior in the TeV region?



CALET: Cosmic Ray Detector onboard the ISS

Direct cosmic ray observations in space 

at the highest energy region by combining:

✓ A large-size detector 

✓ Long-term observation onboard the ISS 

(5 years or more is expected) 

Electron observation in the 1 GeV - 20 TeV

energy range, with high energy resolution 

owing to optimization for electron detection

Search for Dark Matter and Nearby Sources 

Observation of cosmic-ray nuclei in 

the 10 GeV - 1 PeV energy range.

Unravelling the CR acceleration and 

propagation  mechanism

Detection of transients in space 

by long-term stable observations

EM radiation from GW sources, 

Gamma-ray burst, Solar flare, etc.

Overview of CALET Observations
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CALET is attached to the Japan Experiment 
Module (JEM) Exposed Facility port #9



CHD
(Charge Detector)

IMC
(Imaging Calorimeter)

TASC
(Total Absorption Calorimeter)

Measure Charge (Z=1-40) Tracking , Particle ID Energy, e/p Separation 

Geometry
(Material)

Plastic Scintillator
14 paddles x 2 layers (X,Y): 28 paddles

Paddle Size: 32 x 10 x 450 mm3

448 Scifi x 16 layers (X,Y) : 7168 Scifi
7 W layers (3X0): 0.2X0 x 5 + 1X0 x2

Scifi size : 1 x 1 x 448 mm3

16 PWO logs x 12 layers (x,y): 192 logs
log size: 19 x 20 x 326 mm3

Total Thickness : 27 X0 , ~1.2 λI

Readout PMT+CSA 64-anode PMT+ ASIC
APD/PD+CSA

PMT+CSA (for Trigger)@top layer

CHD
IMC

TASC

CHD-FEC

IMC-FEC

TASC-FEC

CHD-FEC

IMC-FEC

TASC-FEC

CALORIMETER

CHD IMC TASC

Plastic Scintillator

+ PMT

Scintillating Fiber

+ 64anode PMT

Scintillator(PWO)

+ APD/PD
or PMT (X1)

CALET Instrument
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Fe(Z=26), ΔE=9.3 TeV Gamma-ray, E=44.3 GeV 

Electron,  E=3.05 TeV Proton,  ΔE=2.89 TeV

Event Examples of High-Energy Showers

energy deposit in CHD consistent with Fe no energy deposit before pair production

fully contained even at 3TeV clear difference from electron shower
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Proton/helium separation using CHD/IMC charge
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Individual elements up to Z=28 are clearly 
identified by CHD



Fe(Z=26), ΔE=9.3 TeV Gamma-ray, E=44.3 GeV 

Electron,  E=3.05 TeV Proton,  ΔE=2.89 TeV

Event Examples of High-Energy Showers

energy deposit in CHD consistent with Fe no energy deposit before pair production

fully contained even at 3TeV clear difference from electron shower
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Proton/helium separation using CHD/IMC charge



Fe(Z=26), ΔE=9.3 TeV Gamma-ray, E=44.3 GeV 

Electron,  E=3.05 TeV Proton,  ΔE=2.89 TeV

Event Examples of High-Energy Showers

energy deposit in CHD consistent with Fe no energy deposit before pair production

fully contained even at 3TeV clear difference from electron shower
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Clear e/p separation using multivariate analysis



All Electron Spectrum: 

CALET:  Phys.Rev.Lett. 120 (2018) 261102 (~ 2 x PRL2017)

DAMPE: Nature 552  (2017)  63,  7 December 2017 

Approximately doubled statistics above 500GeV by using full acceptance of CALET
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Extended Measurement by CALET



Approximately doubled statistics above 500GeV by using full acceptance of CALET

3. CALET observes flux suppression consistent with 
DAMPE within errors above 1TeV.

4. No peak-like structure at 1.4 TeV in CALET data, 
irrespective of energy binning.

Exploration of Particle Physics and 
Cosmology with Neutrinos Workshop2019

1. CALET’s spectrum is consistent with AMS-02 below 1 TeV. 
2. There are two group of measurements:

AMS-02+CALET vs Fermi-LAT+DAMPE, indicating the 
presence of unknown systematic errors.
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All Electron Spectrum: 
Extended Measurement by CALET



Prospects for CALET All-Electron Spectrum

Extension of energy reach  & anisotropy
⇒ identification of local

cosmic-ray accelerator

Further precision 
⇒ origin of positron excess

pulsar or dark matter

Five years or more observations ⇒ 3 times more statistics, reduction of systematic errors

• The possibility of new discoveries dwells in fine 
structures of the all-electron spectrum.

• Taking advantage of localness,  the TeV all-electron 
spectrum approaches its origin.

Vela

Contribution 
from distant SNe Local young SNe
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Wide Dynamic Range Energy Measurement

1 PeV

LE-

Trigger

region

HE-

Trigger

region

The smooth distribution clearly reflects the 
power-law nature of cosmic-rays, 
demonstrating the reliability of the energy 
measurement over a wide energy range.

All Particles

(Statistical error only)

Distribution of TASC energy deposit sum
Y.Asaoka, Y.Akaike, Y.Komiya, R.Miyata, S.Torii et al. 
(CALET Collaboration), Astropart. Phys. 91 (2017) 1.
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An example of gain 
connection in one PWO log:

(PWO) 

TASC Log APD（100mm2）
S8664-1010
PD（5.8mm2）
S1227-33BR
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Cosmic-Ray Proton Spectrum from CALET
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151013—180831
Acceptance A
50 GeV —10 TeV

Using the single instrument, 
CALET measures the whole 
energy region previously covered 
by magnet spectrometers and 
calorimeters 
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CALET Collaboration, Phys. Rev. Lett. 122, 181102
Highlighted as “Editor’s Suggestion”



Cosmic-Ray Proton Spectrum from CALET
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151013—180831
Acceptance A
50 GeV —10 TeV

Using the single instrument, 
CALET measures the whole 
energy region previously covered 
by magnet spectrometers and 
calorimeters 
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Cosmic-Ray Proton Spectrum from CALET
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151013—180831
Acceptance A
50 GeV —10 TeV

Using the single instrument, 
CALET measures the whole 
energy region previously covered 
by magnet spectrometers and 
calorimeters 
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CALET Collaboration, Phys. Rev. Lett. 122, 181102
Highlighted as “Editor’s Suggestion”

Progressive hardening of the cosmic-ray 
proton spectrum identified by first direct 
measurement from 50 GeV to 10 TeV
with a single instrument in space
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1. Subranges of 50—500GeV, 1-10TeV can be 
fitted with single power law function, but not 
the whole range (significance > 3σ).

2. Progressive hardening up to the TeV region 
was observed.

3. “smoothly broken power-law fit”  gives power 
law index consistent with AMS-02 in the low 
energy region, but shows larger index change 
and higher break energy than AMS-02.

w/ Systematic Errors

Spectral Behavior of Proton Flux
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Summary and Prospects
• CALET’s proton spectrum covers for the first time in space the whole energy interval 

previously investigated in separate sub-ranges by magnet spectrometers and calorimeters,
making it possible to discuss the spectral behavior in detail.

– Includes the assessment of systematic uncertainties.

– Measured smoothness and extent of the spectral index change should have a strong impact on the 
interpretation of the spectral hardening.

• The future main target is  to verify the charge-dependent acceleration limit of supernovae  
by precisely measuring the spectra of protons and helium up to the 100 TeV region.
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(Assumption) (Assumption)

Phys. Soc. Japan vol67.12 p834
(Ohira, Yamazaki, Terasawa) in Japanese

Proton Helium
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(Assumption) (Assumption)

Phys. Soc. Japan vol67.12 p834
(Ohira, Yamazaki, Terasawa) in Japanese

Proton Helium
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The maximum energy extracted 
from  typical supernova 

parameters are much smaller 
than the “knee” energy (3 PeV)
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