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Why Is the speed of light
Important astronomically?

+ Key to understanding how what we
observe relates to what is actually
happening and when

* Led Einstein to his theories of Special
and General Relativity which are
fundamental to understanding the
cosmos



Outline

- Pioneers - and their methods

- Galileo, Remer, Bradley,
Fizeau, Foucault, Michelson

* Measuring c in your garage
- The maths

- Apparatus

- Demonstrations

* Possible projects



First attempts

» Early philosophers’ opinions were divided over
whether the speed of light was finite or infinite

* Galileo was among the first to propose an experiment
to measure it




Ole Rgmer (~1670)

» Used the orbiting of Jupiter's moon Io (moving into
or out of Jupiter's shadow) as a ticking clock

* Having determined the orbital period of Io (the
‘clock tick') he arqued the ticks would be seen later
when Jupiter was further from the Earth

Speed of light =

arth orbit diameter
Maximum tick delay

)




The Aberration of Light

- Discovered as a result of
the search for stellar
parallax

» Small circular/elliptical
motions of stars observed
over ayear

» Aberration correctly
explained by James
Bradley in 1728 as due to
the finite speed of light




Understanding Aberration

Aberration is
caused by the
motion of the
observer,

not the position of
the observer




Fizeau's toothed wheel

1847 - Armand Fizeau measured the speed of light
terrestrially

Spinning toothed wheel passes pulses of light to a
distant mirror

Reflected pulses are blocked upon return if the wheel
is spun fast enough

A

;./——l:] Reflecting

Source of light ; : plane mirror
» Semitransparent

Wigs mirror

Observer Rotating
toothed wheel



Foucault's rotating mirror

* Originally suggested by Wheatstone in 1834

- Foucault made his measurement in 1860

* Improved by Newcomb (1882) who
intfroduced a multi-faceted mirror

* Further refined by Michelson (1879, 1882,
1929)

- Measurement in vacuo - Pearson and Pease

(1931)



Michelson's notebook
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Electronic methods

»+ 1925 Karolus & Mittelstaedt used a Kerr
cell as an optical modulator (shutter)
operating at several MHz

- 1937 Anderson refined the Kerr cell
method

+ 1947 Essen & Gordon-Smith used a
microwave cavity resonator

- 1949 Aslakson used radar



Let me count the ways...

1638 Galileo

1670 Remer

1728 Badley

1847 Fizeau

1860 Foucault
1882 Newcomb, Michelson
1925 Karolus et al
1949 Bergstrand
1950 Essen

1951 Froome

1955 Floorman
1955 Rank et al
1956 Wadley

1966 Karolus et al
1972 Evenson et al



Increasing Accuracy

Experimenter
Cornu

Michelson
Newcomb
Michelson
Michelson

Karolus and Mittelstaedt
Michelson and others
Anderson
Bergstrand

Essen

Aslakson

Froome

Florman

Bergstrand

Froome

Kolibayev

Grosse

Evenson and others
Blaney and others
Woods and others

Monchalin and others

Method

Toothed wheel

Rotating mirror

Rotating mirror

Rotating mirror

Rotating mirror

Kerr Cell

Rotating mirror

Kerr Cell

Geodimeter

Microwave cavity

Shoran radar

Microwave interferometer
Microwave interferometer
Geodimeter

Microwave interferometer
Geodimeter

Geodimeter

Laser

Laser

Laser

Laser

Speed (m/s)
299,990,000
299,910,000
299,860,000
299,853,000
299,796,000
299,778,000
299,774,000
299,776,000
299,792,700
299,792,500
299,794,200
299,792,600
299,795,100
299,792,850
299,792,500
299,792,600
299,792,500
299,792,457.4
299,792,459.0
299,792,458.8
299,792,457.6

Uncertainty (£ m/s)
200,000
50,000
30,000
60,000
4000
10,000
11,000
14,000
250
3000
1900
700
1900
160
100

60

50

1.1
0.6

0.2

.73




s there an aether?

* Michelson-Morley experiment
showed that there is no ‘aether’
through which light travels

- Special and General Relativity are
founded on the assumption that c is
constant - and independent of the
speed of the source or the observer




Do It Yourself

* Rotating Mirror
- Pulsed Laser
- Microwave



Rotating Mirror Method

Laser

I

Mirror

4"’Fﬁxed

Mirror



Calculations aser

Rotating

) Screen
Mirror

Time of flight T=2M/c

Mirror rotation (in radians) R = 2TTST
Beam deflection (in radians) = 2R / Fixed
Beam deflection on screen D = 2RL Mirror

Putting it all together: ¢ = 8TIMLS/D m/s

For current experiment, expect D to be approx:

D = 871x14x14x130 ~ 2.1mm
299792458




| aser and screen




Rotating Mirror
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Rotating mirror (~300 rev/s)




Fixed Mirror




Pulsed Laser

- Laser diode switched on/off at ~100kHz

» Rising edges of light pulses detected by
photodiodes and displayed on oscilloscope

» Delay (T) in rising edge observed when
long path (P) in place using mirrors

+c=P/T
» 30 metre round trip — delay of 100nS



Pulsed Laser, Beam Splitter,
Reference Photodiode




Recelving Photodiode
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Multiple reflection pulsed laser




Microwave

» Standing wave in microwave oven
produces 2 hot spots per wavelength A

* Frequency f of microwave
oven is 2450MHz

230V ~ 50 Hz MAX. 1150W

230V : 750W
2450MHz 240V : 800W

DMMERCIAL USE

CROWAVE ENERGY. DO NOT RE

c=Tf xA



Cheese
slices
used as
hot spot

detecto
rs
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Demonstrations



Observing project

* Record timings of eclipses of To over a
period of up to a year, to enable a rough
confirmation of Remer's result

» The full calculations could be quite
complex if allowing for:

- Ellipticity of Earth's orbit

- Ellipticity of Jupiter's orbit

- Tilt of Io's orbit

- Orbital resonances of Jupiter's moons




Construction projects

* Improve rotating mirror method
- Surface silvered rotating mirror

- Corner cube reflector

- Higher rotation speed

- Improved optical design

* Improve multiple reflection laser method
- Reduce beam divergence
- Faster pulse rise time



Workshops

+ Special Relativity
* General Relativity
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Many of the illustrations are copied from the above references. I have not explicitly asked permission to use them
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you to those authors and illustrators! .
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Postscript - Is ¢ constant??

* Light does slow down when passing
through matter (Refractive Index)

» If ¢ changed over time, other physical

constants must also change

- e.g. permittivity and permeability of free
space - hence charge on an electron,
Planck's constant, fine structure constant...

- hence ratios of spectral lines of distant
quasars would have changed - they haven't



