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"Splitting the atom is like trying to shoot a gnat in the
Albert Hall at night and using ten million rounds of
ammunition on the off chance of getting it. That should
convince you that the atom will always be a sink of
energy and never a reservoir of energy."
--Ernest Rutherford

Blackbody
Radiation
An object at any temperature emits

electromagnetic radiation (also called thermal
radiation).
Stefan’s Law describes the
total power radiated for a
blackbody and is given by:

P = εσ AT
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where P is the total power
radiated, ε is the emissivity
of the object, A is the
surface area of the object,
and T is the temperature of
the object (in K).

σ

Blackbody Radiation

is the Stefan-Boltzmann
constant.

Emissivity, ε, measures how
good of a radiator you are

W
σ = 5.670 ×10
2 4
m K

(0 ≥ ε ≥ 1). ε = 1 for a black body.
The spectrum of radiation
depends on the temperature
and properties of the object.

As the temperature
increases, the peak of the
intensity shifts to shorter
wavelengths.
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Blackbody (

Good absorber, radiator
“Steven F. Udvar-Hazy Center: SR-71 Blackbird (nose view)”
(Source: Chris Devers
http://www.flickr.com/photos/cdevers/5777056157/

Silverbody (

Poor absorber, radiator
“Echo - A Passive Communications Satellite”
(Source: NASA
http://grin.hq.nasa.gov/ABSTRACTS/GPN-2002-000122.html

Blackbody Radiation
A blackbody is any body that is a perfect
absorber or emitter of light.

The wavelength of the peak of the blackbody
distribution was found to follow Wien’s
Displacement Law:

λmax T = 0.2898 x 10-2 m
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where λmax is the wavelength at which the
curve’s peak.

T is the absolute temperature of the object
emitting the radiation.

Blackbody Radiation

The experimental data of the emitted
blackbody radiation did not match with what
classical theory predicted.
Classical theory
predicted infinite
energy at very short
wavelengths, but
experiment displayed
no energy at short
wavelengths.

This contradiction is
called the ultraviolet
catastrophe.

Planck’s Solution

Max Planck hypothesized that blackbody
radiation was produced by submicroscopic charge
oscillators known as resonators.

There were only a finite number of resonators in
any given material; even though this number
may be large.

Also, these resonators have discrete energies (or
an integer number of energy levels).

E n = nhf
where n is called the quantum number, f is
the frequency of vibration of the resonators,
and h is Planck’s constant, 6.626 x 10–34 J•s.

Planck’s Solution

The main contribution that Planck made to
science was the idea of quantized energy.

Before this point, energy was thought of having
any value (infinitesimally small for example).

But Planck’s solution was that there was a
smallest non-zero energy value for every
resonator.

In addition you can only climb energy levels by
integer values (like rungs on a ladder).

The reason that we couldn’t classically observe
this was that the lowest energy level is very,
very small (~10–20J).

Quantum Oscillator

Example

A pendulum has a length of 1.50m. Treating
it as a quantum system:

(a) calculate its frequency in the presence of
Earth’s gravitational field.

(b) calculate the energy carried away in a
change of energy levels from n=1 to n=3.
Answer

Note we are considering this as a quantum
system that has only certain allowed values
for energy.

Quantum
Oscillator
Answer

From earlier in the quarter, we know how to calculate
the period of a pendulum:

The frequency is merely the inverse of the period:

The frequency will then help us to calculate the
energy levels of the pendulum.

Quantum
Oscillator
Answer
We should calculate the n=1 energy level (the
lowest one) to help us find the energy carried
away.

For the n=3 energy, we have:

Quantum
Oscillator
Answer
Calculating the energy difference gives us:

Note that there are only certain allowed energy
values.

Any energy value in between these allowed energy
values are forbidden.

Thus, all energy transfers must be in multiples of the
lowest energy level.

Photoelectric Effect
When light strikes certain metallic surfaces,
electrons are emitted from the surface. This
is called the photoelectric effect.

We call the electrons emitted from the
surface photoelectrons.

No electrons are emitted if the incident light
frequency is below some cutoff frequency.

This cutoff frequency depends on properties
of the material being illuminated.

Electrons are emitted from the surface almost
instantaneously, even at low intensities.

Photoelectric Effect

Albert Einstein explained the photoelectric
effect by extending Planck’s quantization to
light.
He proposed that light
was composed of tiny
packets called photons.

These photons would
be emitted from a
quantum oscillator as
it jumps between
energy levels (in this
case the oscillator is
an electron).

Photoelectric Effect

A photon’s energy would be given by: E = hf.

Each photon can give all its energy to an
electron in the metal.
This electron is now
called a
photoelectron (since a
photon released it).

The energy needed
to release the
electron from the
metal is known as
the work function,
Φ.

Photoelectric Effect

If the energy of the photon is less than the
work function of the metal then the electron
will not be liberated.

But if the energy of the photon is greater than
the work function of the metal then the
electron will be liberated and given kinetic
energy, as well.

The maximum kinetic energy of the liberated
photoelectron is:

KE max = hf − Φ
The maximum kinetic energy depends only on the
frequency and the work function, not on intensity.

Photoelectric Effect

Key ideas from the photoelectric effect:

Light of frequency f consists of individual,
discrete quanta, each of energy E = hf. These
quanta are called photons.

In the photoelectric effect, photons are
emitted or absorbed on an all-or-nothing basis.

A photon, when absorbed by a metal, delivers
it’s entire energy to a single electron. The
light’s energy is transformed into the electron’s
kinetic energy.

The energy of a photon is independent of the
intensity of light.

Photoelectric Effect
Don’t mix up the terms frequency
and intensity.

Frequency is directly related to the
energy of photons.

Intensity, on the other hand, is the
number of photons that are either
emitted or absorbed.

Essentially intensity is how bright
the light is.

If a UV light strikes a metal
surface with more intensity, then
more photoelectrons will be ejected.

Wave Particle Duality

Experiments such as the photoelectric effect
and double-slit interference helped to
describe light’s true nature: a wave and a
particle.

Light has a dual nature, exhibiting both
wave and particle characteristics.

This means a photon can have energy given
by:
c

E = hf = h

λ

And that photons can have a momentum given
by:
E 1# c & h
p = = %h ( =
c c $ λ' λ
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Wave Particle Duality

Then in 1924, Louis de Broglie made a very
interesting hypothesis:

Because photons have wave and particle
characteristics, perhaps all forms of matter
have both properties.

de Broglie proposed that subatomic particles,
like protons and electrons, will have
wavelengths just like photons.

de Broglie suggested that a particle of mass m
and velocity v would have a wavelength of:

h
h
λ= =
p mv

<- This is known as the
de Broglie wavelength.

Wave Particle Duality

de Broglie also found that matter waves have
frequencies that can be found as:

E
f=
h

But de Broglie only hypothesized about matter
waves, what kind of experiment could we design
to demonstrate the wave nature of particles (like
electrons)?

We could shoot electrons through a double slit
apparatus and observe if there is a resulting
interference pattern (similar to the pattern we
observed for light).

Wave Particle Duality
Davisson and Germer performed this
experiment in 1927.

They scattered low energy electrons from a
nickel target.

From this experiment they found interference
patterns and calculated a wavelength for the
electron.

This wavelength agreed with the theoretical
de Broglie wavelength.

This confirmed the wave nature of electrons.

Wave
Particle
Duality
The results are shown below:

The diagram to the left is of light going through a
double slit.

The diagram to the right shows electrons going through
a double slit.


Wave Particle Duality
To the right you can observe how this
pattern builds up until it reaches its
final result.

The second picture from the top (b)
has 100 electrons going through the
double slit apparatus.

The middle picture (c) has about 5,000
electrons going through the double slit
apparatus.

The bottom picture (e) has about
70,000 electrons going through the
double slit apparatus.


Wave Particle Duality
Scientists have used the ideas of electron
waves to view very tiny objects.
Such as the
dust mite.

The
wavelength of
these
electrons are
about 100
times smaller
than visible
light.

