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Guiding Questions

. How fast does light travel? How can this speed be measured?

2. Why do we think light is a wave? What kind of wave i1s 1t?

. How 1s the light from an ordinary light bulb different from the
light emitted by a neon sign?

. How can astronomers measure the temperatures of the Sun and
stars?

. What 1s a photon? How does an understanding of photons help
explain why ultraviolet light causes sunburns?

. How can astronomers tell what distant celestial objects are made
of?

. What are atoms made of?

. How does the structure of atoms explain what kind of light those
atoms can emit or absorb?

. How can we tell if a star 1s approaching us or receding from us?



Speed of Light

 In 1676, Danish astronomer : :
. arth near Jupiter:

Olaus Remer discovered that we observe eclipses
the exact time of eclipses of S HRIEeISInoons

. , earlier than expected.
Jupiter’s moons depended on
the distance of Jupiter to
Earth

 The variation 1s about 16.6  Earth
minutes

« This happens because it takes
varying times fOI' hght to Earth far from Jupiter:
travel the varying distance we observe eclipses

. of Jupiter’'s moons
between Earth and Jupiter ,ater':han expected.,




Speed of Light

Rotating —-?—-V Stationary
mirror / 4-3—- mirror

— ‘\1 Deflection
A S angle

| Light source

o
Observer

* In 1850 Fizeau and Foucalt also experimented with light by
bouncing it off a rotating mirror and measuring time

* The light returned to its source at a slightly different position
because the mirror has moved during the time light was
traveling

* The deflection angle depends on the speed of light and the
dimensions of the apparatus.



Speed of Light

* The speed of light in the vacuum

— C=299,792.458 km/s, or
—C=300X10°km/s=3.00X 10%m/s

* It takes the light 500 seconds traveling 1 AU.
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Light: spectrum and color

« Newton found that the white light from the Sun 1s composed

of light of different color, or spectrum (1670).

White light

Prism breaks light
into its spectrum

White light

First prism breaks
light into its spectrum

Spectrum falls on screen
700 nm

- 600 nm

500 nm

400 nm

Screen lets only one
color pass through

— N
/

Second prism bends light,
but does not change its color




Light has wavelike property

* Young’s Double-Slit Experiment indicated light behaved as
a wave (1801)

* The alternating black and bright bands appearing on the
screen is analogous to the water waves that pass through a
barrier with two openings

Bright bands:
where light waves from the
. & 5 * Dots: X Crosses:
Slits two slits reinforce each other Locations Locations

where crests where crests
B Screen /% overlap crests overlap troughs
and the waves and the waves
Laser reinforce. cancel.

Dark bands: K
where light waves from the Water waves emerge from openings in a barrier.

two slits cancel each other



Light Is Electromagnetic Radiation

Magnetic field

Electric field

g Direction of
propagation

<Wavelength \—

« The nature of light is electromagnetic radiation

e Inthe 1860s, James Clerk Maxwell succeeded in describing all
the basic properties of electricity and magnetism 1n four
equations: the Maxwell equations of electromagnetism.

 Maxwell showed that electric and magnetic field should travel
space 1n z/.z,



Light: Wavelength and Frequency

Frequency and wavelength of an electromagnetic wave

v = frequency of an electromagnetic wave (in Hz)
¢ = speed of light = 3 » 10% m/s

+ = wavelength of the wave (in meters)

* Example
— FM radio, e.g., 103.5 MHz (WTOP station) => A =290 m
— Visible light, e.g., red 700 nm =>v =429 X 104 Hz



Shortest

wavelength

Y

Longest

103 nm +
102nm +
10-Tnm +

1nm 4

10nm 1+
100 nm 4
103nm=1pm+
10 um +

100 pm +
1000 pm =1 mm +
10mm=1cm+
10cm +
100cm=1m+
10m+

100 m +

1000m =1km +
10 km +
100 km +

wavelength

106 nm +4
10> nm +

104 nm +

Electromagnetic Spectrum

Visible light falls in the 400 to

TR 700 nm range
1 * In the order of decreasing
Xrays WaVelength

— Radio waves: 1 m

Ultraviolet 200 nn:l
I radiation .Vlolet
Blue
Green
Yellow —
! Visible [IQN Red

Orange
Infrared 700nm
Mlcrowaves

Microwave: 1 mm

— Infrared radiation: 1 um
— Visible light: 500 nm

— Ultraviolet radiation: 100 nm

radiation

— X-rays: 1 nm
Radlowaves

— Gamma rays: 103 nm




Radiation depending on Temperature

* A general rule:

The higher an object’s temperature, the more intensely
the object emits electromagnetic radiation and the
shorter the wavelength at which emits most strongly

Hot:
glows deep red

The example of heated iron bar.
As the temperature increases

Hotter: Even hotter:
glows reddish-orange glows yellowish-white R The bar glOWS more
brightly

— The color of the bar also
changes

(b)



Blackbody Radiation

« A blackbody is a hypothetical
object that is a perfect absorber of  ipic lighe
electromagnetic radiation at all m—
wavelengths

— The radiation of a blackbody is
entirely the result of its

temperature
— A blackbody does not reflect any T
light at all £
« Blackbody curve: the intensities £

of radiation emitted at various
wavelengths by a blackbody at a
given temperature

— The higher the temperature, the ,
shorter the peak wavelength G 500 1000 2000 3000

— The higher the temperature, the wavelengtivlnm] ==



Intensity ——>

Blackbody Radiation

Hot and dense objects act like a blackbody

Stars, which are opaque gas ball, closely approximate the behavior
of blackbodies

The Sun’s radiation 1s remarkably close to that from a blackbody at
a temperature of 5800 K

Visible light

|==%l

500 1000 2000 3000 — '
Wavelength (hnm)——> A human body at room temperature

The Sun as a Blackbody emits most strongly at infrared light

Blackbody curve at 5800 K

Sun’s intensity curve




(Box 5-1, P97) Three Temperature Scales

Temperature in unit of Kelvin is
often used in physics

— +
Kelvin Celsius Fahrenheit T TC 273

Sun’s core temperature
Sun’s surface temperature

Boiling point of water
Freezing point of water
Absolute zero




Blackbody Radiation: Wien’s Law

‘Wien’s law states that the dominant wavelength at
which a blackbody emits electromagnetic radiation is
inversely proportional to the Kelvin temperature of the
object

. 00029 K m
fomax ~ Tk
A =wavelength of maximum emission of the object

max _
(1N meters)

T = temperature of the object (in kelvins)

For example
— The Sun, A_._. =500 nm = T =5800 K

— Human body at 37 degrees Celcius, or 310 Kelvin 2 A =
9.35 um = 9350 nm



Blackbody radiation:

Stefan-Boltzmann Law

The Stefan-Boltzmann law states that a blackbody radiates
electromagnetic waves with a total energy flux F directly
proportional to the fourth power of the Kelvin
temperature T of the object:

F=0oT"

F = energy flux, in joules per square meter of surface per
second

c = Stefan-Boltzmann constant = 5.67 X 108 W m-2 K+
T = object’s temperature, 1n kelvins
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Dual properties of Light:
(1) waves and (2) particles

« Lightis an electromagnetic radiation wave, e.g, Young's
double slit experiment

« Lightis also a particle-like packet of energy - photon
— Light particle is called photon
— The energy of phone is related to the wavelength of light

« Light has a dual personality; it behaves as a stream of
particle like photons, but each photon has wavelike
properties



Dual properties of Light: Planck’s Law

Planck’s law relates the energy of a photon to its
wavelength or frequency

— E = energy of a photon

— h =Planck’s constant b
=6.625x 1034 J s L

— € = speed of light

— A= wavelength of light

Energy of photon is inversely proportional to the
wavelength of light

Example: 633-nm red-light photon
-~ E=3.14x10"1J
— orE=1.96 ¢V
— ¢eV: electron volt, a small energy unit = 1.602 x 10-1° J



Spectral Lines

e The Sun’s spectrum: in addition to the rainbow-colored continuous
spectrum, it contains hundreds of fine dark lines, called spectral

lines (Fraunhofer, 1814)

» A perfect blackbody
would produce a smooth,
continuous spectrum
with no dark lines
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Spectral Lines

Bright spectrum lines can be seen when a chemical substance 1s
heated and valoprized (Kirchhoff, ~1850)

1. Add a chemical
substance to a flame

2.Send light from 3. Bright lines in the
the flame through spectrum show that
a narrow slit, then the substance emits
through a prism light at specific
wavelengths only




Each chemical element has its own
unique set of spectral lines.

Molecular
hydrogen

Neon
Lithium

Iron

Barium

Calcium

The Sun

Incandescent
lamp

Fluorescent
lamp




Kirchhoff’s Laws on Spectrum

* Three different spectrum: continuous spectrum, emission-line

spectrum, and absorption line spectrum

(b) ABSORPTION LINE SPECTRUM
(atoms in gas cloud absorb light of
certain specific wavelengths,
producing dark lines in spectrum)

Hot blackbody

(a) CONTINUOUS SPECTRUM (c) EMISSION LINE SPECTRUM
(blackbody emits light at all (atoms in gas cloud re-emit absorbed
wavelengths) light energy at the same wavelengths

at which they absorbed it)




Kirchhoff’s Laws on Spectrum

 Law 1- Continuous spectrum: a hot opaque body, such as a
perfect blackbody, produce a continuous spectrum — a complete
rainbow of colors without any spectral line

« Law 2 — emission line spectrum: a hot, transparent gas
produces an emission line spectrum — a series of bright spectral
lines against a dark background

« Law 3 — absorption line spectrum: a relatively cool, transparent
gas in front of a source of a continuous spectrum produces an
absorption line spectrum — a series of dark spectral lines
amongst the colors of the continuous spectrum. Further, the
dark lines of a particular gas occur at exactly the same
wavelength as the bright lines of that same gas. g




Structure of Atom

An atom consists of a small, dense nucleus at the center,
surrounded by electrons which orbit the nucleus.

The nucleus contains more than 99% of the mass of an atom,
but concentrates in an extremely small volume

A nucleus contains two
types of particles:
protons and neutrons

A proton has a positive
electric change, equal and
opposite to that of an
electron.

Electrons

A neutron, about the same
mass of a proton, has no

electric charge. Nucleus has /
protons (shown
An atom has no net in red) and neutrons

(shown in blue)

electric charge



(Box 5-5, P108) Periodic Table

Periodic Table of the Elements

o s IIIIIIIIII.III
55 56
ii?f Eﬁ

« The number of protons in an atom’s nucleus is the atomic
number for that particular element

* The same element may have different numbers of neutrons 1n 1ts
nucleus, which are called Isotopes



Bohr’s Model of Atom

- Electrons occupy only
certain orbits or energy
levels

* When an electron
jumps from one orbitto o
another, it emits or n=1
absorbs a photon of n=2

appropriate energy. n=3

n=4
etc.

* The energy of the
photon equals the
difference in energy
between the two orbits.

Bohr’'s Model of Hydrogen



Bohr’s Model of Atom

« Absorption is produced when electron absorbs incoming
photon and jumps from a lower orbit to a higher orbit

« Emission is produced when electron jumps from a higher
orbit to a lower orbit and emits a photon of the same energy

Incoming photon, Emitted photon,
A =656.3 nm A=656.3 nm

n=2
n=3
(a) Atom absorbs a 656.3-nm (b) Electron falls from then=3
photon; absorbed energy causes orbit to the n = 2 orbit; energy lost
electron to jump from the n = 2 orbit by atom goes into emitting a

up to the n = 3 orbit 656.3-nm photon



Bohr’s Atomic Model for Hydrogen

Visible and

i The StI'OIl.geS'E h}’drogen 4 Ultraviolet !Ultraviolet! Infrared
spectral line from the n=eo 13.6eV
Sun, Ha line at 656 nm, 1s,_, I I e 5 o
caused by electron- s i | WY 151ey
transition between n=3 5 4 4 Ragshon—
orbit and n=1orbit 8

_ ] n=2 -é - B\F\If"’\r 10.2 ev

* Lyman series lines: ppiiind
between n=1 orbit and _
higher orbits (n=2, n=3, 8|2
Il:4, .. ) IE ',23

« Balmer series lines: n=1 Y O DY

Lyman series

between n-2 orbit and
higher orbits (n=3, 4,
5,...)



Doppler Effect

« Doppler effect: the wavelength of light is affected by
motion between the light source and an observer

Wave crest 1: emitted when

light source was at S,
Wave crest 2: emitted when
light source was at S, 1

Wave crests 3 and 4:
emitted when light
source was atS; a
S, respectively

Motion of
. \
light source

This observer
sees redshift

This observer
sees blueshift



Doppler Effect

* Red Shift: The object is moving away from the observer,
the line is shifted toward the longer wavelength

« Blue Shift: The object is moving towards the observer,
the line is shifted toward the shorter wavelength

AMA, = viC

AL = wavelength shift
A, = wavelength if source is not moving
v = velocity of source
c = speed of light

* Questions: what 1f the object’s motion perpendicular to our
line of sight?



Final Notes on Chap. 5

e There are 9 sections. All section are covered

 There are 6 boxes. Only box 5-1(three temperature
scale) and box 5-5 (periodic table) are covered.

« Ch.5 Section 5-1.: Sep. 25, 2006, Lect.4
e Ch.5 Section 5-2 ---- 5-4: Oct. 02, 2006, Lect.5
e Ch.5 Section 5.5 --- 5-9: Oct. 10, 2006, Lect. 6
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