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Cosmic ray isotopes that help 

us understand the Milky Way
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Last week, we discussed cosmic rays as 

damaging radiation

https://phys.org/news/2020-12-ancient-cosmic-ray-paleo-detectors.html


High-LET for higher charged particles

Cosmic rays are not just protons
~90% are protons

But high-charge nuclei also, the other 10%
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Discovery of cosmic radiation
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Domenico 

Pacini

<strong>FORAY </strong> Victor F. Hess, center, departing from Vienna about 1911, was awarded the Nobel Prize in Physics in 1936.

Victor Hess 

received the Nobel 

prize in 1936

→This radiation is positively charged

Cosmic rays are protons

https://www.nytimes.com/2012/08/07/science/space/when-victor-hess-discovered-cosmic-rays-in-a-hydrogen-balloon.html
https://www.nytimes.com/2012/08/07/science/space/when-victor-hess-discovered-cosmic-rays-in-a-hydrogen-balloon.html


Built new detectors

Electroscopes

Cloud chambers

Geiger-Muller counters

Coincidence 
measurements with 
cameras
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The shower of particles – new 
detectors!

The Astroparticle Lens: Lecture 6 6

• Nuclear emulsions
• ~1947 on balloons

• Lead to many particle 

physics discoveries

• Pions discovered

• Bristol ballooning 

flights by Cecil Powell

• Direct observation of 

pion decay

• Charged pions!



High charged cosmic ray nuclei
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Elements are identified 
by number of protons in 
the nucleus

Helium has Z=2 protons

Alphas are +2 charge

Isotopes – identified by 
the number of neutrons 
and protons together

Some combinations are 
not stable
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Neutrons and some nuclei decay!



A very interesting time for astrophysics

Debates on the history of the universe

In 1948 – George Gamow’s famous Big Bang 
theory

“The Origin of Chemical Elements”

Protons and neutrons synthesize to make nuclei

Meteorite samples
Just call up your geochemist friend, Victor 
Goldschmidt

Problem: unstable nuclei of mass 5 and 8
Lithium-5 and Beryllium-8

How do you deal with the “mass gap”?
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Heavy cosmic rays

Feier – “I literally just saw 
some Lithium, George”

High-energy process for 
cosmic rays makes heavy 
elements? Maybe?

Some mechanism 
accelerates and 
distributes these 
elements

The Astroparticle Lens: Lecture 6 10



Stellar Nucleosynthesis

Proton-proton chain (nuclear 
fusion)

Produces Helium
Eddington (1920s)

Powers the sun and other stars 
Eddington (1920s) and Hans Bethe(1939)

But helium-fusion would produce 
Beryllium-8 (unstable)

Decays in 81.9 Attoseconds

Light can travel 3 Hydrogen atoms in 
~1 Attosecond
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Stellar Nucleosynethesis

Is cosmic radiation primordial? 
Meaning from the Big Bang

Or were heavy cosmic rays made in 
some other process?

1952 – Salpeter & Hoyle
Triple-alpha process:

Jump the mass gap issue

CNO cycle in stars 
Neutrinos detected in 2020 by Borexino

Heavier elements than hydrogen (and 
helium) are produced in stars
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Summary
1. Primordial hydrogen (and some 

helium)

2. Stellar evolution produces many 

other elements

*Entire research field

→So heavier elements are not from the Big Bang

Are cosmic rays born in stars?

“The Origin of Chemical Elements”



Abundance comparison

But stars are not making the Lithium, Beryllium, and 
Boron we observe in cosmic rays
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Stellar nucleosynthesis doesn’t 
accelerate cosmic rays

Although some scientists thought so 
until about ~1930

Energy of stellar nuclear fusion is 
~MeV

Mega electron volt

But these cosmic ray protons and 
nuclei are GeV (x1000)

Or BeV (billions)

Star collapse – Baade and Zwicky 
propose Supernovae in 1934
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What accelerates/produces cosmic rays?
Supernovae Remnants do

The powerful expansion of material around a star that exploded
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1.  Supernova 2.  Supernova Remnant



More nucleons isn’t the answer

It’s like feeding your 
kid donuts 
(protons)

They want 56 of 
them

But then, eventually, 
they don’t want 
another one
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Adding more nucleons 

yields more stable nuclei

Until this nucleus!

The accumulation of 
iron nuclei at the 
center of the star

Increased pressure 
that results in 
explosion

Active area of 
research

More exotic events



Cosmic rays are accelerated in the Milky Way

Cosmic rays fill the 
Milky Way like a sea

The Solar System is 
immersed in a sea of 
cosmic rays

The Astroparticle Lens: Lecture 6 18

• Accelerate material 
around the SNR site

• Inject cosmic rays in 
bursts over the age 
of the Milky Way



Cosmic rays are isotropic

Primary cosmic rays arrive from all 
directions about equally

Shouldn’t they point back to the 
Supernovae Remnants?

Fermi had the solution
Galactic magnetic fields
1950s and 60’s – first measurements 
(1-3 millionths of a Gauss)
100,000 times weaker than fridge 
magnet

Cosmic rays are sort of confined 
within the Milky Way

Unless they have enough energy
At 1 PeV, gyroradius is a light year
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20,000 light years
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Overabundance of light elements
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Secondary 

cosmic rays

Primary 

cosmic 

rays



Cosmic ray spallation

Primary cosmic rays are accelerated as 
a sample of stellar material

Example, Carbon-12
6 protons and 6 neutrons

Interstellar medium
Hydrogen/proton

Also molecular clouds

Interaction produces secondary 
cosmic rays

Example, Beryllium-10

4 protons, 6 neutrons

Also, extra stuff (black box)
Gamma rays
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Carbon

proton

Gamma-ray

Beryllium

Similar to collisions of cosmic 

rays with atmosphere
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III. We will discuss these in the last lecture

II. Disk structure

I. High energy galactic source



Not just Supernovae Remnants (SNR)

SNRs can’t seem to 
accelerate cosmic rays to 
PeV energies

1,000,000 GeV

There might be other 
sources in the Milky Way
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• Flux of different cosmic ray 

nuclei

• Change in behavior 

depends on the 

composition

• Low energies, solar 

modulation

• High energy limit of galactic 

accelerators



Other Galactic accelerators
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• Center of the Milky Way

• Supermassive black 

hole (4 million suns)

• Star clusters

• Wolf-Rayet stars

• Stellar winds have 

gamma ray emission

• Inside of Cygnus X 

• Mass loss of hot outer 

shells



WR stars & Neon-22

Mass loss - enriched 
material in Neon

Measured excess in Galactic 
cosmic rays (GCRs)
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*Active area of research



Heavier elements than Iron
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1. Z~ 34 - supernovae seem capable of producing them

2. Z~50 - some supernovae can produce them

3. Z~78-82 (gold, platinum, lead) - supernovae cannot make these



SNe vs NSM
Do Supernovae (SNe) make all the elements heavier than Iron?

Neutron-star mergers (NSM) also make heavy elements
And are enriched in neutrons…

Gravitational wave measurements in 2017 (Kilonova)
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SNe NSM



Ultra heavies (Z~78) in cosmic rays 
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• 3 TIGER flights 

1997-2003

• 2 Super TIGER 

flights

• 2012 & 19

(TIGER) Trans-Iron Galactic Element Recorder



TIGERISS

Improvements on 
detectors from Super 
TIGER flights

In space is better
Residual atmosphere 
leads to larger 
uncertainties for heavy 
elements than at ISS
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SuperTIGER-2 instrument

*Stay tuned for installation in ~2027

Trans-Iron Galactic Element Recorder 

for the International Space Station
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ACE/CRIS
Launched in 1997

Measured Iron-60 isotope in 
cosmic rays

Unstable – half-life of 2.6 million 
years

Voyager also has cosmic ray 
detectors

Interstellar medium measurements 
of excess Iron

→Recent (2-3 Million years ago) 
supernova activity nearby?



Cosmic ray detectors in space – AMS
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Cosmic ray detectors in space

“Chicago Egg”

Flew on Mission: STS-51-F on 
Challenger

launched July 29, 1985
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Chicago Egg results - ratios
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Secondary to primary ratios

1. Carbon is a primary

2. Boron is a secondary

→The more Boron 

measured, the more 

interactions occurred

Primary 

cosmic 

rays



Summary – 1990s

Cosmic rays in the Milky Way are 
probably produced by SNR

But (nowadays) maybe also WR stars, 
NSM, clusters of stars, etc

Primary cosmic rays are accelerated 
at those sites and deflect via 
magnetic fields

Composition reflects the sites:
Protons, Helium, Carbon, Nitrogen

Propagation/spallation of primaries 
into secondaries

Lithium, Beryllium, Boron
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Carbon

proton

Gamma-ray

Beryllium



Cosmic ray spallation revisited
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Carbon

proton

Gamma-ray

Beryllium

What about the electrons, positrons, and muons?

And the neutrinos?
→Muons decay



Balloon-borne cosmic ray 
detector

positron and antiproton 
detector, 1994 flight

Superconducting magnet
Separate negative and positive 
charges

Found hints of excess in 
positrons

Maybe its effects of atmosphere
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HEAT hints → PAMELA and AMS in space
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positrons were supposed to be only 

secondary from spallation

Payload for Antimatter Matter Exploration and Light-nuclei 

Astrophysics (PAMELA)



What is producing extra positrons?

Dark Matter?
Many theories

Pulsars?
Known to have mostly electrons 
and positrons in surrounding 
medium

Our lack of understanding of 
the spallation or propagation?
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Composition to improve understanding 

Secondary-primary ratios show how much 
material cosmic rays propagate through
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Secondary 

cosmic 

rays



Radioactive dating of the propagation

How long have cosmic rays been 
contained/propagating/producing 
secondaries within the Milky Way?

Beryllium is useful in this regard
Secondary - produced from spallation

Be-10 is a long-lived isotope
Be-10 beta-decays with a half-life of 
1.4 Million years

If we measure very little Be-10, 
cosmic rays are old enough for it 
to decay away

The Astroparticle Lens: Lecture 6 43

Carbon

proton

Gamma-ray

Beryllium



Beryllium isotope ratio

Be-9 is stable and Be-10 is unstable

Ratio is sensitive to time of GCR 
propagation

Larger cosmic ray halo, H, longer 
timescale for diffusion/propagation 
into the halo.

Lower energy, decay

Higher-energy, time dilation kicks in 
and Be-10 lives longer

Ratio increases
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I. Moskalenko -

“AMS02 Days”



The High Energy Light Isotope 
eXperiment (HELIX)

We designed a balloon-borne magnet 
spectrometer

Similar to HEAT

Uses the same magnet

Utilizes the coincidence method

Detect cosmic rays and measures:
Charge (Z), velocity (𝑣), and momentum (𝑝)

Calculate the mass and determine the 
isotope of the cosmic ray nuclei

𝑚 =
𝑝

𝑣
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HELIX instrument

Solar panels for power

Antennas for telemetry

Crane for the balloon launch

First flight was from Esrange, 
Sweden in May 2024
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Recovery on Ellesmere Island
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Analyze the data & 

refurbish for next flight!



HELIX event
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Focal plane

Cherenkov imaging Tracker

Superconducting magnet Time of Flight

Measure 

momentum 

(𝑝)

Measure 

velocity (𝑣) 

and charge (Z)
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Through the astroparticle lens, we learn about 

the Milky Way and its high energy sources

https://phys.org/news/2020-12-ancient-cosmic-ray-paleo-detectors.html


Thank you!
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Next week: Payton Linton, PhD 

candidate at Ohio State, giving guest 

lecture on cosmic rays and the Moon.
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