Question

Until very recently, the study of ALL astronomical objects, outside of the
Solar System, has been with telescopes observing light.

What kind of information can we get from light?




Light

Light has wave-like characteristics.

The motion of a light source affects wavelengths.
Emitted light depends upon the object’s temperature.
Light has particle-like characteristics.

The structure of atoms explains why each chemical element
emits and absorbs light at specific wavelengths.

Interference

Wave-like Characteristics

Proof:

Double Slit Interference




Wave-like Characteristics

(a) A history graph at one point in space
D Amplitude
Period T
—

(b) A snapshot graph at one instant of time
D

Wavelength A Crest  Wave
= / speed v
N AN N

Wavelength: Distance between successive
crests (A).

Inm = 10°m

Frequency: Number of crests that pass a
specific point in one second (v or f).

Speed: Frequency times Wavelength (c)
c=Av=3x10°km/s

4\/ \/ \/ \J" = 3x108m/s
A /
Trough
Example
WREK Radio
v = 91.1 MHz =91.1x10%/s
c=vVvVA SO A=cl/v

= (3x108m/s) / (91.1x 106/s) = 3.3 m

(Not visible to the human eye)




Visible Light

00 mm Visible or Optical Light

600 nm
700 nm (Red) to 400 nm (Violet)

500 nm

400 nm
White light is a combination of

these colors. Newton’s experiment
proved that prisms do not add

Screen lets only one
color pass through

First prism breaks
light into its spectrum

. eow prism bends

but does not chan
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color.

Electromagnetic Spectrum
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10 km 1

100 km -
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Ultraviolet Violet

radiation Blue
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Yellow
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ble light
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Infrared 700 nm
radiation

Microwaves

Radio waves
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Wavelength Ranges

Gamma
X-rays
Ultraviolet
Visible
Infrared
Microwave
Radio wave

0.01 nm

0.01 to 20 nm
20 to 400 nm
400 to 700 nm
700 nm to mm
mm to cm

cm to km




Measuring the Speed of Light

Olaus Roemer (1675) timed when
moons disappeared into Jupiter’s
\ shadow.

Eclipses were retarded when Earth
Jupiter  was far away.

Showed light did not travel infinitely
Jupiter fast.

He did not know the Earth-Sun
distance, so he could not compute
the speed of light.
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Measuring the Speed of Light

Jean Foucault (1850) used a very

— 1. . rapidly rotating mirror.
Rotating/ —— }Stgtlonary pidly g
mirror — DML
1 "\ ‘ One must measure the deflection
angle and know the speed of the
Observer & | Lishtsource rotating mirror.
(:"!T
o

Accuracy was better than 1%.
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Modern Value
¢=299,792.458 km/s




Propagation of Light

Apparent Brightness

Flux = Luminosity / 4 rt d?

Inverse Square Law

Flux, 4dy? d,?

Flux, 47d? d,?

Light’s Medium
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For a water wave, the wave is in the water.
So if Light is a wave, what is waving?
What is Light moving through?
Scientists once believed there existed The Ether!




Light

Light has wave-like characteristics.

The motion of a light source affects wavelengths.

Spectra of Different Elements

Molecular
hydrogen

Neon
Lithium
Iron
Barium
Calcium

The Sun
Incandescent
lamp
Fluorescent
lamp




Doppler Shift

x If a light source is approaching or
receding from the observer, the light
waves will be, respectively, crowded
closer together or spread out. The

’ , B Doppler effect is onl duced b
g ‘ q@ w a | oppler effect is only produced by

radial velocities.

Ohgps = M)/ A=A/ A=V /C
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v=c AL/ A,
where A, is the observed wavelength

and A, is the rest wavelength.

Doppler Shift Example #1

The revolution of the Earth around the Sun produces a Doppler Shift.
Assume one is observing a star while we are moving directly toward it.

The Earth’s v =-30 km/s. Let’s use A = 600 nm (yellow light).
Calculate AX and the observed A.

AA/IA=v/c
AL = (600 nm) (-30 km/s) / (3 x 10° km/s)

AL=-0.06 nm = }"observed - krest

A -0.06 nm+ A =599.94 nm

observed rest




Doppler Shift Example #2

A = 500 nm = 500x 10 m Agps = 510 nm = 510x 10° m

v=cAL/L= (3x 108 m/s) [(510 x 10%) — (500 x 10)]
/(500 x 10 m)

(3 x 108 m/s) [(10 x 10°m)] / (500 x 10 m)

6x 10°m/s = 6000 km/s

Doppler Shift

x If a light source is approaching or
receding from the observer, the light
waves will be, respectively, crowded
closer together or spread out. The

& Doppler effect is only produced by
radial velocities.

server sees redshift

Ohgps = M)/ A=A/ A=V /c
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v=c AL/ A,
where A, is the observed wavelength

and A, is the rest wavelength.




Light

Light has wave-like characteristics.

The motion of a light source affects wavelengths.

Emitted light depends upon the object’s temperature.
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Temperature Scales

Kelvin Celsius ~ Fahrenheit

Sun’s core temperature

L]
8 £
RE00 R 527, Sun’s surface temperature

Boiling point of water
Freezing point of water

Absolute zero .
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Kelvin Temperature Scale

Coldest theoretically possible
Temperature = 0 K

No negative temperatures

No degree symbol — just K

Temperature Effects

1. Temperature is a measure of the average
motion or speed of the gas molecules.

2. Electromagnetic radiation is emitted
when electric charges accelerate — that is,
whenever they either change the speed or
the direction of their motion. Each
collision results in the emission of
radiation.

‘ Temperature determines the type of
electromagnetic radiation emitted!

Universe by Freedman, Geller, and Kaufmann
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Color Indicates Temperature

Blackbodies

A blackbody is an idealized object
that absorbs all the light that hits it.

It is in thermal equilibrium.

(It absorbs the entire energy incident
upon it and emits energy at the same
rate that it is being absorbed).

Are stars blackbodies?

Intensity ——»

0

Visible light
|<—>1
Blackbody curve at 5800 K
Sun’s curve
500 1000 2000 3000

Wavelength (nm) —>
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Blackbody Radiation

Visible lish A blackbody with a temperature higher
isible light

than absolute zero emits some energy in
all wavelengths.

A blackbody at a higher temperature
emits more energy at all wavelengths
than does a cooler one.

Intensity —»

The higher the temperature, the
shorter the wavelength at which the
maximum energy is emitted.

|
0 500 1000 2000 3000
Wavelength (nm) ——
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Wien’s Displacement Law

The wavelength of maximum energy is given by Wien’s Law

Ao T=10.0029 (mK)

Examples

Sun Ainax =500 nm = 5.0 x 107 m

T=0.0029mK/5.0x 107 m=5,800 K

Rigel (Orion) A, =240nm=2.4x 10" m

T=0.0029mK/2.4x107m=12,000 K Wilhelm Wien
Nobel Laureat 1912
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Stefan-Boltzmann Law

Total energy is provided by the Stefan-Boltzmann Law:

E=cAT*

For a sphere

L=E=4nR?cT*

(o is equal to 5.670 x 108 J/m2/K#)
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Stefan-Boltzmann Law
L=E=4nR?>cT*
Example
Ligeet/ Lun = Reiger/ Reun? (Triger / T’
90,000 = (Rgige; / Ryn)? (12,000 / 5,800)*

Rpiger / Rsan = 5G1t(90,000) (5,800 / 12,0002

RRigel/RSun =75

LIGHT
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Solar Spectrum

What do we learn if we disperse sun light?

CRRNIRRS o ot it s nn

Fraunhofer (1814)
Highly magnified spectrum

- He counted ~600 dark lines (Fraunhofer lines).

Joseph von Fraunhofer

Spectral Analysis

Bunsen (1857) Invented the gas burner that has no color of
its own for flame tests.

W Universe by Freedman, Geller, and Kaufmann

Robert Bunsen

16



Spectral Analysis

Bunsen (1857) Invented the gas burner that has no color of
its own for flame tests.

Universe by Freedman, Geller, and Kaufmann

Kirchhoff (1860) Suggested that the flame tests should be
studied through a prism. They created a spectrograph and
developed “Spectral Analysis”. They cataloged lines, found
new lines, and recognized new elements of cesium, rubidium,
and helium.

Gustav Kirchhoff

x
H
|Elydrogen|

23

Lithium  Beryllium

11

19

12
Na Mg

Sodium  Magnesium,

Periodic Table of the Elements

4
Be

20

K Ca
Porassium  Calcium
37 38

Rb Sr
Rubidium  Strontium
ss 56
Cs Ba
Cesium  Barium

Fr Ra

Francium  Radium

Universe by Freedman, Geller, and Kaufmann
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Spectra of Different Elements

Molecular
hydrogen

Neon
Lithium
Iron
Barium
Calcium

The Sun
Incandescent
lamp

Fluorescent
lamp

Types of Spectra

Hot blackbody Prism Depends upon Point-of-View

e - HN

b Absorption line spectrum

Continuous Spectrum
Absorption-Line Spectrum
Emission-line Spectrum

5
.

a Continuous spectrum ¢ Emission line spectrum

Universe by Freedman, Geller, and Kaufmann

18



Kirchhoff’s Laws

(of spectroscopy)

A hot, opaque body, such as a hot dense gas, produces a continuous
spectrum — a complete rainbow.

A cool, transparent gas in front of a source of continuous spectrum
produces an absorption line spectrum — a series of dark spectral lines
among a continuous spectrum.

b Absorption line spectrum

A hot, transparent gas in front of dark space produces an emission line
spectrum — a series of bright spectral lines against a dark background.

\
\

¢ Emission line spectrum

Universe by Freedman, Geller, and Kaufmann

Sun’s Spectrum

You see that the Sun’s spectrumis 1) I the Sun.
an absorption sl?ectrum. So, where 2) Floating between the Sun and
is the “cool gas™? the Earth

3) The “cool gas” is the Earth’s
atmosphere.

T LTI
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Light

Light has wave-like characteristics.

The motion of a light source affects wavelengths.

Emitted light depends upon the object’s temperature.

Light has particle-like characteristics.
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An Observation

[luminating a metal surface, in an
electric potential, with light causes

the emission of electrons.

But this only occurs at specific

wavelengths.

Photoelectric Effect

Intensity

Wavelength
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Photoelectric Effect

Features that could not be explained with Classical Physics:

1. No electrons are emitted if the incident light wavelength was longer than
some cutoff wavelength, A..

2. If the light wavelength is shorter than the cutoff wavelength, a photo-
electric effect is observed and the number of photo-electrons emitted is
proportional to the light intensity.

3. The maximum kinetic energy of the photo-electrons increases with shorter
light wavelength.

4. Electrons are emitted almost instantaneously.

Photoelectric Effect

Einstein (1905) analyzed the Photoelectric
" ' Effect. He assumed that light can be con-
10ton with

energy hf sidered a stream of photons. Each photon
@ has an energy equal to:

E=hv =nhc/A

h=6.625x1037Js
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Electromagnetic Spectrum

e Wavelength Ranges
Shortest A, greatest energy
Gamma 0.01 nm
o] X-rays 0.01 to 20 nm
] Ultraviolet 20 to 400 nm
o Visible 400 to 700 nm
wotun- 11.:: Infrared 700 nm to mm
m:m 7”‘;::“ Microwave mm to cm
H‘)Z o Radio wave cm to km
o i i Longest A, lowest energy
1001om ]
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Photoelectric Effect Example

1) L = 500nm = 500x 109 m
E=hc/A = (6.625x 103 Js)(3 x 108m/s) /(500 x 10 m)

=3.975x 1097 (/1.6 x 109 J/eV) = 2.5¢V
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Photoelectric Effect Examples

1) 2 = 500nm = 500x 10°m
E =hec/A = (6.625x103*Js)(3 x 103 m/s) / (500 x 10~ m)
= 3.975x 10197 (/1.6 x 1019 )/eV) = 2.5¢eV

2) A =02nm = 02x10°m
E=hc/A = (6.625x103*Js)(3x 103m/s) /(0.2 x 10 m)

= 9.938x 1097 (/1.6x 101°J/eV) = 6211 eV

LIGHT
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Light

Light has wave-like characteristics.

The motion of a light source affects wavelengths.
Emitted light depends upon the object’s temperature.
Light has particle-like characteristics.

The structure of atoms explains why each chemical element
emits and absorbs light at specific wavelengths.

Atomic Structure

What do spectral lines tell us about the structure of atoms?

After all, each element has its own unique set of spectral lines.

Molecular
hydrogen

Neon

Lithium

Iron
Barium

Calcium
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The Electron

Electron

Figure 42.1 Thomson’s plum-
pudding model of the atom.

J.J. Thompson (1897)

Usually considered the discoverer of
the electron.

Worked on deflections of cathode
rays (electrons) in an electric field.

Suggested a model of the atom as a
volume of positive charge with
electrons embedded throughout.

Atomic Nucleus

Rutherford (1910)

Bombarded gold foil with alpha
particles (now known to be He
nuclei).

Most passed through the foil
without deviating.

A few reflected off straight back!

Concluded that the nucleus is small
but massive.
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Atomic Structure

One must use the new quantum
theories to describe the structure
of atoms.

Universe by Freedman, Geller, and Kaufmann

Bohr Model of the Atom

Niels Bohr (1913)

Simple but Bold, New Ideas

T I I X
n
=N W A

Assume electrons move in circular
orbits about the protons — even though
Classical Mechanics does Not allow it.

B

Assume a few, certain orbits are stable.

Radiation is emitted or absorbed when
an electron moves from one orbit to
Universe by Freedman, Geller, and Kaufmann another.
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More Bold Assumptions

The electrons emit or absorb energy in discrete units of light energy
called quanta (now photons) by “jumping” or “falling” from one orbit
(or state or level) to another. Energy of a photon is equal to the energy
difference between two quantum states

AE = hf =hc/A

Absorption

In order for an electron to move up
to a higher level, it requires energy.

This energy is provided by a photon
of exactly the right wavelength (and,
I n=2 hence, energy) getting absorbed.

Energy must be Conserved!
Absorption

Universe by Freedman, Geller, and Kaufmann
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Emission

In order for an electron to move down
to a lower level, it must lose (or give

up) energy.

This energy is given off as a photon
that has exactly the right wavelength
(energy) so that the electron can move
down (“fall”’) exactly on a lower state.

Emission

Universe by Freedman, Geller, and Kaufmann

Energy Level Transitions

Universe by Freedman, Geller, and Kaufmann

Absorption of a photon produces an absorption-line spectrum.
(It blocks the stream of continuous radiation.)

Emission of a photon produces an emission-line spectrum.

(Can be emitted in any direction.)
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Spectral Types Explained

Hot blackbody Prism

b Absorption line spectrum

¢ Emission line spectrum

a Absorption b Emission
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Hydrogen Series

= s '
Ultraviolet ! Visible ! Infrared
Lyman series n = oo
(ultraviolet)
n=4 I
n=3— ¢
S Paschen
a series
5
=
=l n=2
Balmer series Balmer
n=2 (visible) series
5|8
ne3 2|3
El's
=19
_— Paschen series
(infrared)
n=S5 n= P Ground state
Lyman
series

E,=13.6 (1 —1/n?) [ineV]
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13.6 eV

12.8 eV
12.1eV

10.2 eV

0eV
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