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Primary vs. secondary nuclei 
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Some species in the CR flux are overrepresented compared to local 
Galactic (i.e. Solar System) abundances 
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Cycle of matter in the Galaxy 
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Abundances of cosmic-ray species 
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Abundances as measured at Earth 



Abundances of cosmic-ray species 
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Abundances as measured at Earth Normalized to Solar System abundances 



Abundances of cosmic-ray species 
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Abundances as measured at Earth Normalized to Solar System abundances 

Normalized to 19% 
massive star material 
(WR winds and SNe 

ejecta) and 81% Solar 

Plot: Murphy et al. 2016 
Incl. HEAO, TIGER, and 

SuperTIGER measurements 
 

SS: Lodders 2003 
MSM: Woosley & Heger 2007 



OB Association model of injection 
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Synthesis of 
MSM in OB 

Associations 



OB Association model of injection 
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Synthesis of 
MSM in OB 

Associations 

Condensation onto grains, along 
with other nuclei and p 

Collection of charge on outside of grains  
-> increase rigidity for same momentum 

e.g. Ivlev et 
al. 2018 
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Synthesis of 
MSM in OB 

Associations 

Condensation onto grains, along 
with other nuclei and p 

Collection of charge on outside of grains  
-> increase rigidity for same momentum 

e.g. Ivlev et 
al. 2018 

Efficient acceleration of grains 
to supra-thermal energies 

Grains are dissociated through 
collisions, fragments accelerated 

to CR energies 

Z2/3 

Z2/3 

Charge sputtering cross section 
Lingenfelter et al. 2019 



Stages of GCR lifetime 
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Synthesis: 
 

Stellar fusion 
processes, massive 

star ejecta, explosive 
nucleosynthesis 

Injection: 
 

Dust grain 
acceleration to 
supra-thermal 

energies in strong 
shocks 

Acceleration: 
 

Grain sputtering and 
acceleration to GCR 
energies in strong 

shocks 

Propagation: 
 

Accelerated GCRs 
escape local 

environment and 
transport throughout 

the Galaxy 



Primary vs. secondary nuclei 
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Some species in the CR flux are overrepresented compared to local 
Galactic (i.e. Solar System) abundances 
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Not due to enrichment of MSM, must arise from fragmentation of 
heavier nuclei producing significant secondary component 



Transport equation for nuclei 
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For a nuclear 
species i, 

Collisions converting 
species i to lighter 

nuclei through 
spallation 

Collisions converting 
heavier species j to 

species i 

Probability 
of j -> i in 
collision 



Transport equation for nuclei 
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For a nuclear 
species i, 

[ŜǘΩǎ ƭƻƻƪ ŀǘ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ǇǊƛƳŀǊȅ ǎǇŀƭƭŀǘƛƻƴ ƛƴǘƻ ǎŜŎƻƴŘŀǊƛŜǎΥ 
Neglect diffusion, energy losses, and source injection 
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For a primary 
species P, 

Assumption: nothing significantly 
contributing to secondary P 

For a secondary 
species S, 
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Secondary-to-primary ratio for light nuclei 
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ά
Ⱦὧά  

Observed abundance ratio of  
LiBeB / CNO ~ 0.25 

Corresponds to grammage passed 
through of ‚ τψ ὯὫ ά  
or ~100s kpc distance scales 
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Observed abundance ratio of  
LiBeB / CNO ~ 0.25 

Corresponds to grammage passed 
through of ‚ τψ ὯὫ ά  
or ~100s kpc distance scales 

More realistic results require (at least) reintroduction of the diffusion term to account for 
distribution of path lengths traveled by particles (rather than assuming the average) 



Secondary-to-primary ratios 
Beyond this small illustrative example, the real situation is much more complex: 

ÅDiffusion, energy loss, and source terms that we neglected 

- Treatment of diffusion leads to different distributions of pathlengths which 
modify the resulting secondary/primary ratios 

- Isotropic diffusion ς Gaussian distribution of pathlengths 

- Leaky box model ς exponential distribution of pathlengths 

ÅEnergy dependence of parameters in the transport equation 

- Diffusion coefficient 

- Energy loss and source injection terms 

Å±ŀǊȅƛƴƎ ƭŜǾŜƭǎ ƻŦ άǇǊƛƳŀǊȅ-ƴŜǎǎέ ŦƻǊ ŜŀŎƘ ǎǇŜŎƛŜǎ ƳŜŀǎǳǊŜŘ ǎŜǇŀǊŀǘŜƭȅ 

- aƻǎǘƭȅ ǇǳǊŜ ǇǊƛƳŀǊƛŜǎΣ ŜΦƎΦ ǇΣ IŜΣ /Σ hΣ ΧΣ {ƛΣ ΧΣ CŜ 

- Mixed, e.g. N with significant primary component and secondary component 
from interactions of primary O 

- Mostly pure secondaries, e.g. Li, Be, B 
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Energy-dependent measurement of elemental CR spectra up to the limits of Galactic 
accelerators are critical input for models of acceleration and propagation of GCRs 



Cosmic-ray all-particle spectrum 
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Relatively featureless except for small 
changes in spectral index 

Direct measurements are limited to 
~several PeV total energies simply by 
feasibility of required detector size 

Only up to the knee, where the 
transition to extragalactic sources 

dominating the flux begins 
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AMS-02 

DAMPE 

CALET 

ISS-CREAM 

See John Mitchell talk 
from 8/1 

See my previous talk 
from 7/31 

NUCLEON 

PAMELA 



CALET and DAMPE Calorimeters 
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SCD 

STK 

CALO 

NUD 

CALET DAMPE 

Depth(EM) = 30 X0 

Depth(HAD) = 1.2 ˂p 

Depth(EM) = 32 X0 

Depth(HAD) = 1.6 ˂p 

Geom. Fact. = 0.12 m2 sr Geom. Fact. = 0.3 m2 sr 



PAMELA and AMS-02 Spectrometers 
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24 cm 

PAMELA AMS-02 

68 cm 
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MDR = ~3 TV 

Acc. = 5000 cm2 sr 

MDR = 740 GV 

Acc. = 21.5 cm2 sr 


