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Discovery of Cosmic Rays

• In 1912 Victor Hess discovered cosmic rays with an 
electroscope onboard a balloon 
– Reached  only ~ 17,000 ft but measured an increase in the 

ionization rate at high altitude (1936 Nobel Prize in Physics for 
this work)

• Discoveries of new particles in cosmic rays
- Positrons by Anderson in 1932 (Nobel ‘36)
- Muons by Neddermeyer & Anderson  in 1937
- Pions by Powell et al. in 1947 (Nobel’ 50)
- And many more…....

• Man-made particle accelerators were built to 
investigate the properties of newly discovered particles, 
marking the beginning of particle physics and nuclear 
physics.
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Energy-Dependent Detection and Measurement Techniques  
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J. Cronin, T.K. Gaisser, and S.P. Swordy, 
Sci.Amer. 276 (1997) 44.

JACEE 
γP = 2.80 ± 0.04
γHe = 2.68+0.04-0.06AMS

γP = 2.78 ± 0.009
γHe = 2.74 ± 0.01

RUNJOB
γP = 2.78 ± 0.05  
γHe = 2.81± 0.06  
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Flight Data

ATIC Advanced Thin Ionization Calorimeter
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Beam test: electrons

Seo et al. Adv. in Space Res., 19 (5), 711, 1997; Ganel et al.  NIM A, 552(3), 409, 2005

• Beam measurements for 150 GeV electrons show 91% containment 
of incident energy, with a resolution of 2% at 150 GeV

• Proton containment ~38%



Backscatter Effect
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Seo et al.  Proc. SPIE  2806, 134-144, 1996 

2 x 2 cm2 pixel

2 cm  wide strip

Fraction of misidentified protons 
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Calorimeter Performance

proton electron gamma

Reject all but 1 in 5000 protons while keeping 84% of the electrons

Energy deposit



Cited > 200 times in ~ 9 mo

620 GeV Kaluza-Klein particle
boosting factor 230

  ATIC 1+2,   AMS,   HEAT   BETS,    PPB-
BETS,    Emulsion chambers

Surprising Electron (e- + e+) Excess 
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BESS

ATIC

ground based Indirect 
measurements

How do cosmic accelerators work?

Elemental Charge
CREAM

AMS

&
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Mission Goal
Extend the energy reach of direct 
measurements of cosmic rays to the 
highest energy possible to investigate 
cosmic ray origins, acceleration and 
propagation.
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SNR acceleration limit:

Ankle

Knee

• The all particle spectrum extends 
several orders of magnitude beyond 
the highest energies thought possible 
for supernova shock acceleration

• And, there is a “knee” (index change) 
above 1015 eV

• Acceleration limit signature:  
Characteristic elemental composition 
change over two decades in energy 
below and approaching the knee 

• Direct measurements of individual 
elemental spectra can test the 
supernova acceleration model
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Is the “knee” due to a limit in SNR acceleration?

Emax_z = Z x Emax_p,



Seo et al. Adv. in Space Res., 33 (10), 1777, 2004

• Transition Radiation Detector (TRD) and 
Tungsten Scintillating Fiber Calorimeter 

     - In-flight cross-calibration of energy scales
• Complementary Charge Measurements

- Timing-Based Charge Detector
- Cherenkov Counter
- Pixelated Silicon Charge Detector

CREAM Cosmic Ray Energetics And Mass
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TRACER

Ave et al.  Ap J.  678, 262, 2008



• The CREAM 
instrument had 
seven successful 
Long Duration 
Balloon (LDB) 
flights over 
Antarctica and 
accumulated 191 
days of data. 

• This longest known 
exposure for a 
single balloon 
project verifies the 
instrument design 
and reliability. 

Seo’s lab at UMD

Seo’s lab at UMD
Instruments are fully recovered, refurbished & reflown. 

Typical duration: ~1 month/flight
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Seo et al. Adv. in Space Res., 33 (10), 1777, 2004
CREAM Cosmic Ray Energetics And Mass

Antarctica
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γ < 200 GeV/n = 2.77 ± 0.03
γ > 200 GeV/n = 2.56 ± 0.04

CREAM C-Fe

He

γCREAM = 2.58 ± 0.02

γAMS-01 = 2.74 ± 0.01
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(Ahn et al., ApJ 714, L89, 2010)

Yoon et al. ApJ 728, 122, 2011; Ahn et al. ApJ 714, L89, 2010

CREAM-I
γP = 2.66 ± 0.02
γHe = 2.58 ± 0.02

It provides important constraints on cosmic ray 
acceleration and propagation models, and it 
must be accounted for in explanations of the 
e+e- anomaly and cosmic ray “knee.” 

Unexpected Discrepant Hardening 

Cosmic Rays

PAMELA (Adriani et al., Science 332, 69, 2011)
AMS-02 (Aguilar et al., PRL 114, 171103 & 
115, 211101, 2015)
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T. K. Gaisser, T. Stanev and S. Tilav, Front. Phys. 8(6), 748, 2013

CREAM data to explain the knee and beyond

Acceleration limit: Emax_z   = Z x Emax_p,𝐹𝐹𝑖𝑖 = �
𝑗𝑗=1

4
𝑎𝑎𝑖𝑖, 𝑗𝑗 𝐸𝐸

𝛾𝛾𝑖𝑖,𝑗𝑗 ∗ exp
−𝐸𝐸
𝑍𝑍𝑖𝑖𝑅𝑅𝑐𝑐,𝑗𝑗

 



ISS-CREAM: CREAM for the ISS
SpaceX-12 Launch on 8/14/2017
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Recent calorimeter-based experiments for multi-TeV

Cosmic Rays Eun-Suk Seo 17

CALET

DAMPE

ISS-CREAM

PWO, 27X0, 1.2 λ

Scn-fi 1mmx448 mm + 7W

SCN 3.2 cm x 45 cm

2.8 cm x 88.4 cm

2.12 cm2 pixels
4 layers



Series of beam tests at CERN
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Zhang et al. ApP 130 (2021) 102583; Picot-Clemente et 
al., PoS(ICRC2017)247; Han et al., ICRC 2011, 6, 392; 
N. Park et al., NIM A, 581, 133, 2007; Ahn et al. Nucl. 
Phys. B (Poc. Suppl.), 150, 272, 2006; Ahn et al. CALOR 
2004, 532, 2005. I. Park et al., NIM A535, 158, 2004 etc.
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Monte Carlo Simulations
J.Wu et al., PoS(ICRC2019)154; PoS(ICRC2021)056Bagga et al. (ISS-CREAM Collaboration) ASR, in press

200 TeV C



G. H. Choi & E. S. Seo et al. (ISS-CREAM Collaboration) ApJ 940/107, 2022 
ISS-CREAM Proton Spectrum (2.5 – 655 TeV)
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• A broken power law fit to 2.5 – 
164 TeV data: γ = 2.57 ± 0.03 
and a break at  9.0 ± 1.3 TeV 
with ∆γ = 0.25 ± 0.05.

• At higher energies, the 
softening does not continue.

• The deviation from a single power 
law near 10 TeV is consistent with 
the softening reported by CREAM-
I &III, DAMPE, NUCLEON, and 
CALET,  but ISS-CREAM extends 
measurements to higher energies 
than those prior measurements. 

Proton knee
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Emax_p = 400 GV
Emax_p = 50 TV
Emax_p = 4 PV
Emax_p = 500 PV

• The spectral hardening at ~ 200 GV 
and softening ~ 10 TeV  form a “proton 
knee” consistent with a simple rigidity 
dependent acceleration limit.

Populations of Cosmic Rays

Acceleration limit: 
Emax_z = Z x Emax_p,

Bowman, Scrandis & Seo, ASR, 70/9, 2703, 2022
Gaisser et al. Frontiers of Phys. 8 (2013) 248.𝐹𝐹𝑖𝑖 = �

𝑗𝑗=1

4
𝑎𝑎𝑖𝑖, 𝑗𝑗 𝐸𝐸

𝛾𝛾𝑖𝑖,𝑗𝑗 ∗ exp
−𝐸𝐸
𝑍𝑍𝑖𝑖𝑅𝑅𝑐𝑐,𝑗𝑗

 

E. S. Seo for the ISS-CREAM Collaboration, PoS(ICRC2021)095 

Allen, Biermann et al. 
Astropart. Phys. 161, 
102976, 2024

Ptuskin et al.  ApJ 
718,31, 2010



Consistent with all particle spectrum and lnA
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Bowman, Scrandis & Seo, ASR, 70/9, 2703, 2022

Case 1
Case 2
H3a (Gaisser et al. 2013)



Solar Modulation

Cosmic Rays Eun-Suk Seo 23

Abe et al., ApJ 822, 65, 2016



Yue et al. ApJ 998:264, 2026
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Proton

SDP model

Spatial diffusion plus a nearby source



Using GALPROP
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Chen, Dorris, Seo, Ptuskin, ASR, in press, 2026; 

--- charge-symmetric e+ and e- source

POS(ICRC2025)026, 2025.



 

Recent experiments fill the data gap
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J. Cronin, T.K. Gaisser, and S.P. 
Swordy, Sci.Amer. 276 (1997) 44.

Space & Heliospheric Physics

Seo, Encyclopedia of Particle Physics, in press.  



Summary
• Significant advances in CR measurements have been made in recent years.

 An excess in positron spectrum.
 Spectral hardening above ~200 GV. 
 Spectral softening at ~10 TeV.  
 Harder He spectrum than the proton spectrum.   

• These results contradict the traditional view that a simple power law can 
represent CR without deviations below the “knee”, and they should be 
incorporated in a coherent model for CR origin/propagation. 

• Many open questions remain: 
– What is the origin of the excess positrons above 25 GeV? 
– What is the origin of the hardening in the CR nuclei above ~200 GV? 
– What is the origin of the softening at an energy of ~10 TeV/n? 
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Future Outlook
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China Seismo-Electromagnetic 
Satellite (CSES)
3 - ~100  MeV e, p, light nuclei 

Antimatter Large 
Acceptance Detector
In Orbit (ALADInO)
10 m2sr
MDR 20 TV
 

AMS-100
100 m2sr
MDR 100 TV
 

The High Energy cosmic-Radiation 
Detection (HERD) facility ~ 2027

Trans-Iron Galactic 
Element Recorder for 
the International 
Space Station 
(TIGERISS) 
5B - 82Pb

General Antiparticle 
Spectrometer 
(GAPS)
dbar < 0.25 GeV/𝑛𝑛



Lunar Calorimeter 
Modular observatory at the 
South Pole of the Moon to 
study  cosmic rays and
gamma rays of Very High 
Energy (1-107 GeV). 
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Marrocchesi, Astroparti. Phys. 152 (2023) 102879 
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