
The Astroparticles Lens:
Using Particles From Space To Understand Our World

Keith McBride-Compton Lecture 4
1

Cosmic Ray Air Showers 

and the Birth of Lightning
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Radiation

https://www.khanacademy.org/test-prep/mcat/physical-processes/light-and-electromagnetic-radiation-questions/a/diffraction-and-constructive-and-destructive-interference


Mu-Ray project
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We can use cosmic rays muons to see 
through volcanoes



Get rid of the electromagnetic 
force from the muon

Just have the weak force left!

Neutrinos go through 
kilometers of rock

This is why it’s called the weak 
force

Need large detectors to 
measure their rare interactions
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Neutrinos

Even more penetrating particles



We can use cosmic rays neutrinos to 
see through the Earth
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With a different type of lens, you can:

1. See through opaque objects

Optical

X-Ray

Gas in the center 

is Millions of 

degrees!

Cosmic ray muon lens

Cosmic ray neutrino lens
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Image result for proton atmosphere cosmic ray collision

We get these particles (cosmic ray muons and neutrinos) from showers

1. Cosmic ray particles from across 

the universe

2. With enough energy to break 

apart nucleus of the atoms in air 

molecules

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

3. Higher energy particles at 

higher altitudes (ascend in 

balloons)

https://phys.org/news/2020-12-ancient-cosmic-ray-paleo-detectors.html
https://www.nytimes.com/2012/08/07/science/space/when-victor-hess-discovered-cosmic-rays-in-a-hydrogen-balloon.html


Cloud chambers and counters

Cloud chamber gas was 
improved

The coincidence measurements 
Geiger-Muller counter

Triggering the camera to take 
pictures of the tracks!

At higher altitudes to really see 
the cosmic rays

Confirmation of positron mass 
and charge!
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~1930’s



Cosmic ray showers in the 1930s

The cloud chamber showed us:
Electron “showers”

Muons are particles that go 
through more material without 
creating showers

Bhaba and Heitler:
Developed new theory of 
cascades

Electrons Bremsstrahlung 

Gamma rays pair produce
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1932

1936-37

~1938

~1920



Showers of electrons
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Cascades

A high enough energy 
photon i.e. gamma ray

Pair production

Electrons and positrons 
emit gamma rays from 
bremsstrahlung

Those gamma rays also 
pair produce

cascade



Auger- 1938

The coincident method was 
critical

Place Geiger-Muller counters 
at different distances apart

Over large distances, multiple 
counters fired within a small 
time window

Not one particle, but many 
particles coincidentally

Deviates from the accidental 
rate expected
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300 meters

~1,000 ft



Auger- The Grandes Gerbes

“Large” detectors at high altitudes
200 square cm

3.5km in altitude

The number of particles gave an 
estimated energy 

Counted the number of particles

~1 million particles

1 Peta electron volt energy
Neutrinos we discussed last week had about 
this much energy

Before this, 10 GeV was the normal
100,00 times the energy
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*Unknown what kind of particle 

the primary was.
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1 light-year

In 1 year:

0.86 light-years

~1 light-year (4000km shorter)

~1 light-year (4 m shorter)

➢ 1 billionth of a light year shorter

Photon – the speed of light

Proton – 86% the speed of light (E = 2 GeV) 

Proton –  E = 1,000 GeV  or 1 TeV

Proton –  E = 1,000,000 GeV or 1 PeV

Different energy scales for the cosmic rays



Bruno Rossi
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• Played a huge role in 1930s for cosmic 

ray experiments, including the 

coincidence methods

• Invitation in 1938 from Arthur 

Compton to UChicago

• At a much older age, Rossi reflected on 

the experiments performed in the 

1930’s:

• Simple experiments

• Startling results
• So it was hard to get them published



Cosmic ray air showers

Pions discovered
And Kaons

Strange particles

A very high energy cosmic-ray 
proton interaction produces 
showers of particles

Each generation has lower energy

Pions

Muons

Electrons and positrons

Neutrinos (ignore these this lecture)
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Rossi’s research on showers

Rossi developed a research program 
on arrays of shower detectors in 
1950s

Deployed at Oak Ridge Observatory

11 scintillators spread out
Measured cosmic rays from 10 to 1,000 
PeV
It seemed that nature could produce 
energetic particles with no limit!

Measured the density of particles 
directly

Instead of just counting the hits in tubes
More particles in an area, higher energy 
of primary particle/cosmic ray
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Volcano Ranch

Nearly 30 years separated 
Auger’s measurements and 
Volcano Ranch

John Linsley was in Rossi’s 
group

Utilized the ideas and scaled up
Deployed in Utah in 1961

19 detectors spread out with 
~850m spacings

Walk from here to the Midway 
skating rink

~8 km2 area 

Measured cosmic ray with 
energy 1020 eV
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1 light-year

In 1 year:

0.86 light-year

~1 light-year (4 m behind)

~1 light-year (40 nm behind)

Photon – the speed of light

Proton – 86% the speed of light (E = 2 GeV) 

Proton –  E = 1,000,000 GeV or 1 PeV

Proton –  E = 100,000 PeV or 100 EeV

Different energy scales for the cosmic rays

Darn, 

so 

close



Cosmic ray air showers-in summary
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CASA-Chicago Air Shower Array

Professor Cronin’s group at 
UChicago

Nobel prize in 1980 (CP violation)

New surface array of 1089 detectors

With an underground array of muon 
detectors

~3 meters below surface
Michigan Muon Array

Separate gamma ray showers and 
cosmic ray showers

100TeV to 10 PeV range
A lot of scientific contributions in 
gamma rays and cosmic rays
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Cosmic ray vs Gamma ray showers
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1. No pions in gamma ray 

showers 

(electromagnetic)

2. So measuring muon 

showers guarantees 

cosmic ray compared to 

gamma ray
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The particle zoo (and detector zoo)

Fluorescent light too
Fluorescent light in the 
atmosphere by ionizing 
and exciting nitrogen 
molecules. 

Cherenkov light
Charged particles in 
the cosmic ray shower  
move faster than light 
(since light slows 
down in air)
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Many different 

detectors working 

simultaneously, 

deployed at high 

altitudes to 

measure more of 

the showers 

properties.
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More particles at higher 

energy

➢ Fewer “total number 

of particles”

Less particles at higher 

energy

➢ lost energy through 

the atmosphere 



The flux of primary cosmic rays

Cosmic rays at higher energies are rarer 
(i.e. less frequent)

Measured a spectrum of cosmic rays
Higher energies, flux falls off (i.e. power law)

Hold out your hand (while in space) for 6 
billion years to catch the 100 EeV cosmic ray

If you want 99% chance – then closer to 30 
billion years

Particles are accelerated somewhere in 
the universe to these extreme energies

Will revisit in the last lecture
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The data shows interesting features

Somewhat good 
agreement between 
different experiments

Different energy ranges

“Direct” means measure 
the cosmic ray primary 
particle in the detector

Indirect – like neutrinos –
through interactions

Air showers
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Direct cosmic ray 

measurements in two weeks



Pierre Auger Observatory

Cronin and Watson - a 
larger cosmic ray air 
shower experiment

1600 surface detectors
100th detector in 2003

By 2008 all surface 
detectors completed

3,000 km2

3,000 UChicago’s 
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How can cosmic rays be produced at 
these energies?

We are not sure…

We do know:

Charged particles can be accelerated by strong fields.
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With a different type of lens, you can:

1. See through opaque objects

2. Observe different processes

3. Reveal previously hidden structure

Optical

X-RayRadio

Particles like 

electrons 

interacting with 

magnetic fields!



Different types of emission

Non-thermal emissions

Not because an object is hot (like 
incandescent light bulbs)

Ionization of gas from 
electric fields

Breakdown of air or gas 
because of electric fields
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“Neon” sign

in Andersonville

This is probably a mixture of 

argon and mercury gas.

Corona 

discharge with 

High Voltage 

supply



Electric Fields - Arcing
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Electric breakdown of air!

3,000 kV/m

Experimentalists get to play with toys like these



Paschen’s law
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Electric field strong enough that 
electrons from atoms prefer jump 
huge gaps!

The air being an insulator doesn’t matter 
because the field is so strong

In air (at sea level), mostly nitrogen
~30,000 V for a 1 cm gap

Electric field of 3,000 kV/m

kiloVolts per meter
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1. The electric field needed is ~1,500 kV/m

2. The air pressure is lower at high altitudes

Just a much bigger arc?
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1. The electric field is created from charge exchange of ice crystals

2. Electric field reaches the breakdown limit



Different kinds of lightning
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The hunt to understand lightning

Wilson – inventor of the Cloud 
Chamber

Contributed to lightning studies in 
the 1920s

Tried to measure the corona 
discharge

Sharp and smooth edges

Proved charges leak from the 
ground to the air
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Launched instruments into thunderstorms

Balloons and rockets
Kurt Vonnegut’s brother Bernard 
launched balloons into thunderstorms in 
the 1950s

More sophisticated, higher altitude 
ballooning in the 1960s and 70s 

Rockets in the 1980s
Wires hanging off to measure current 
and voltage
Goal to understand the Electric Field of 
the thunderstorm

Still do this research today
Even trigger our own lightning
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Breakdown of air for lightning strikes?

Its complicated… but we don’t think it is just the thunderstorm

Most instrumentation shows measurements of electric fields in 
thunderstorms 50-150 kV/m

For air at sea level like our labs: 3,000 kV/m

And at high altitudes would need 1,500 kV/m
This is at least 10 times too low!

The measurements are robust

Somehow, lightning strikes without having the electric field strength 
we thought it needed 
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Relativistic Runaway Electron Avalanche

RREA

Electric fields below the breakdown 
level

Free electrons of low kinetic energy will 
“feel” the material more
“Friction” stops them, so, no lightning
But fast electrons will be accelerated by 
the field and experience less “friction”

Electrons that are already free with 
sufficient energy will “runaway” in a 
positive feedback loop

Prof. Dwyer at Florida Institute of 
Technology

Wilson’s paper in 1925 pointed out this 
idea
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Theory of RREA
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• Dwyer’s team launched those 

rockets into thunderstorms

• Gamma rays (and X-Rays) emitted

• bremsstrahlung of electrons

• Relativistic electrons and 

positrons

• Gamma rays emitted in one region 

result in multiplication in other 

regions 



Back to Fermi Gamma ray telescope

High-energy gamma 
rays from 
thunderstorms?

Here on Earth?

Impossible
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Terrestrial Gamma-Ray Flash

TGFs

First discovered 
by:

Compton 
Gamma Ray 
Observatory 
(1994)

Lightning 
accelerates 
electrons to very 
high energies!
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Flying overhead of thundercloud gamma 
ray flashes
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• To understand these flashes, need to 

get closer:

• Fly-bys of modified U-2 spy planes 

• Courtesy of NASA

• Are these gamma ray flashes common?

• Newest studies suggest the gamma 

rays are always there

Stay tuned for updates with this 

research!



GRAPES-3

Gamma Ray Astronomy at 
PeV EnergieS

Cosmic ray air showers

Muon telescope

Measured muon flux 
intensity changes during 
thunderstorms

Found highest potential of 
1,300 MV (~ 650kV/m)

Higher than measurements 
of thunderstorm electric 
fields directly, but not 
enough for breakdown 
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So what actually seeds the lightning?
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The idea of cosmic rays as the spark
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Energy of primary 1 PeV = 1,000,000 GeV

1. Each generation ~ ½ energy in each resulting particle

2. Eventually, millions of particles, each with lower energy

3. But in a thunderstorm, those particles are accelerated by electric field



Very recent result
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• If I was giving this lecture series 

last year that would be the end 

of the discussion

• Los Alamos National Lab
• Deployed two stations 11.5km 

apart (~7miles)

• Antenna array measuring the 

polarization of the radio emitted 

during lightning flashes

• Make a 3D map of the 

polarization of lightning flashes 

with interferometry

• Discussed in later lectures



BIMAP-3D result
Broadband Interferometric Mapping and 
Polarization

Always records radio measurements 
Radio pulses occur before the flash

“Noisy” signatures of positrons and 
electrons before the flash

Those pulses have polarization that 
appears to align with cosmic ray air 
showers

*The cosmic ray showers appear to 
create the channel for lightning to strike
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+
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Image result for proton atmosphere cosmic ray collision

The high-energy astroparticles are there. We 

just have to put on the lens.

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


Thank you!
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Next week: How cosmic radiation 

impacts the origin and survival of life
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