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Tutorial today:  
Exam and PS4 discussion



Chicxulub Impact Crater

• Gulf of Mexico, 65 million years ago 
• Global fallout believed to cause KT extinction, killed dinosaurs 
• Crater is eroded but visible in gravity field data  
• Impactor of similar size to Vredefort impactor 

• 10 km impactor; 300 km crater

Gravity map

300 km



Moon-forming impact 
4.5 billion years ago



Chelyabinsk, Russia      15 Feb 2013, 9h20



Where did Chelyabinsk meteor come from?

Path can be traced precisely 
using security videos and 
cell phone images!



What Do We Know About the Chelyabinsk Impactor?

• Origin: One of several million Near Earth Asteroids (NEAs) 
• a = 1.6 AU; e = 0.5; i = 4° 
• Derived orbit is similar to NEA (1999 NC43); may have come from same 

parent body 
• Slightly too small to be detected in current NEA surveys 

• 13,000 metric tons of rock, 30 meter diameter, 60,000 km/hr, 3 g/cm3 
• Impactor exploded in air, 30 km above ground 
• 1500 people sent to hospital, most with glass cuts from broken windows 
• 7200 damaged buildings, many $M in damages 
• Largest object to enter Earth’s atmosphere in last 100 years 
• Best-observed meteor ever: cell phones and security cameras! 
• Thousands of pieces recovered, including 1200 kg chunk from frozen lake 

• Total mass recovered: 0.01% of pre-atmospheric mass…



Tunguska Impactor, Russia 1908

Largest human-recorded meteor impact on Earth 

50-100 meters, several times larger than Chelyabinsk 

No known remnants collected



•  



+Chelyabinsk
Tunguska+



Airburst over Southern Africa 1944
Possible groundfall locations identified near Polokwane, including ZCC 
headquarters? 

Impact may be 4x the size of Chelyabinsk 

R. Wade / UP (2015)



Impactors on Earth Today
• The earth is hit by 40 tons of material a day. 

• Most of this is leftover material from the 
creation of the solar system. 

• Most of it is dust grains 1 mm or smaller, 
making ‘shooting stars.’ 

• But it is a power-law distribution, and large 
impacts will go on… 

• Impact 65 million years ago killed 
dinosaurs, and these will continue
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Tunguska (1908)

K-T Impactor (65 Mya)
Vredefort (2.2 Gya)

Small; 
Protected
by Earth’s  
Atmosphere

Large; Nearly 
All Detected

Hiroshima
Detected

Total

Chelyabinsk (2013)

Dangerous and 
Not Yet Detected

Assumes albedo 0.14

Inventory of Earth Impactors

South African Airburst (1963)

Limpopo / ZCC Airburst (1944)



How many people are killed annually by asteroids?

Asteroid impact is a low-probability but high-consequence event!

Expected value

Cause of Death Deaths yr-1

Malaria 600,000

Commercial  
Airplanes 100

Sharks 4

We spend many $B per year protecting against a huge variety of preventable deaths.

Historic value



Focal Plane

• Photographic film was the primary means of 
recording astronomical images for nearly 100 
years: 1890 - 1990.



Glass Photographic Plates
Same idea as plastic film, but  
• Stronger 
• More rigid 
• Huge area 
• Long lifetime



How Do Photographic Plates Work?
• Surface is coated with a silver salt (usually AgBr), 

suspended in a gelatin 

• AgBr is transparent at first 

• Individual crystal gets hit by photon(s), and turns 
into metallic Ag, which is opaque. 

• When exposure is finished, chemical bath 
desensitizes and stabilizes the silver. 

• Result is a negative: bright areas (stars) are black.



Film Linearity? Analogy with Raindrops on a Tile…

0 raindrops. 0% covered. 10 raindrops. 10% covered.

35 raindrops. 30% covered. 100 raindrops. 63% covered.

Tile area A 
Raindrop area dA 
# of raindrops N 

Fraction of tile covered: 
1-exp(-N dA/A)

Film sensitivity is 
logarithmic,  
not linear



Several disadvantages of film: 
• It’s non-linear 
• 1 photon + 1 photon != 2 photons 
• It’s fragile 
• QE is low: ~ 5% 
• ‘Slow’ to process; no instant gratification on 

computers

Quantum Efficiency (QE): Fraction of photons that are 
converted into a measurable signal



Characteristics of an ideal imaging detector

Eye + 
Sketchpad Film CCD

Linear

Repeatable

Quantitative

High QE

Large FOV

Broad wavelength 
range 0.4 - 0.7 um 0.4 - 1 um 0.3 - 1 um

Easy to Analyze

High dynamic range



1969: Invention of the CCD

Memory Chip (RAM)

Each cell in the memory chip stores a charge of electrons. 

The number of electrons can be read back.

Each cell is a ‘bucket’ of Si, with a ‘wall’ preventing charge from moving 



Invention of the CCD - Charge Coupled Device

Boyle & Smith, Bell Labs 
(USA), 1969 

Nobel Prize 2009

Boyle & Smith removed the casing 
of a RAM chip, exposing silicon 

wells to light. 
Result was first digital imager.



• Photons hit Si surface 

• Electron is ejected by 
photoelectric effect 

• Electrons are stored in 
potential well ‘bucket’



How to read out the voltage in each bucket

• Apply a voltage to the CCD, causing the charge in 
each bucket to shift to its neighbor. 

• At the edge of the chip, use a voltmeter (ADC = 
analog-digital converter) to measure the voltage in 
each cell. 

• Repeat this until the entire image has been read 
out: shifting one row at a time, and pixel-by-pixel 
within each row. 

• Make a 2D plot of the # of electrons in each pixel: 
this is your image!



Characteristics of an ideal imaging detector

Eye + 
Sketchpad Film CCD

Linear

Repeatable

Quantitative

High QE

Large FOV

Broad wavelength 
range 0.4 - 0.7 um 0.4 - 1 um 0.3 - 1 um

Easy to Analyze

High dynamic range



CCDs and their close cousins are used on 
nearly all cameras today



Because a CCD is just a bucket for counting photons, there 
are a few things it does not do… 

• Measure wavelength 

• Time each photon’s arrival 

• Measure phase 

• Measure polarization

NB: Because radio detectors measure the electromagnetic 
signal itself, they detect time and phase of each incoming 

wave.



Dynamic Range: Brightness ratio between 
brightest and darkest region of an image


