
Bohr Model of the Atom (1914)
• Ground State: The atom has a lowest energy level, 𝐸𝐸 ≠ 0.

• No more energy radiated (for now)
• Bohr states the fact that matter does not collapse!

• Excited states: The atom can be in a set of higher energy 
configurations, with given energies, 𝐸𝐸𝑗𝑗 (Energy levels).

• This configurations are relatively stable
• Discrete energy levels

• Transition between atomic states occur via the absorption or emission 
of a photon, 𝐸𝐸𝛾𝛾 = ℎ𝑓𝑓. The quantum of energy matches the energy 
difference between the levels.

𝐸𝐸𝛾𝛾 = ℎ𝑓𝑓 =
ℎ𝑐𝑐
𝜆𝜆

= 𝐸𝐸𝑎𝑎 − 𝐸𝐸𝑏𝑏
 Atoms absorb and emit photons of particular 𝜆𝜆′𝑠𝑠: Line spectrum
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Figure 39.17



Figure 39.20



Hydrogen Atom (Bohr):
• Phenomenological; a mixture of old and new 

physics
• Energy levels correspond to stable circular 

electronic orbits 
• Quantum Hypothesis: stable, circular electronic 

orbits, are those with a quantized angular 
momentum:

𝐿𝐿𝑛𝑛 = 𝑚𝑚𝑣𝑣𝑛𝑛𝑟𝑟𝑛𝑛 = 𝑛𝑛
ℎ
2𝜋𝜋

= 𝑛𝑛𝑛,
𝑛𝑛 = 1, 2, 3, …

hbar, ℏ =
ℎ
2𝜋𝜋

= 1.055 × 10−34 𝐽𝐽𝐽𝐽
ℏ𝑐𝑐 = 197 𝑒𝑒𝑒𝑒 𝑛𝑛𝑛𝑛 = 197 𝑀𝑀𝑀𝑀𝑀𝑀 ⋅ 𝑓𝑓𝑓𝑓



Hydrogen Atom (Bohr):
• Circular orbits, coulomb force:

1
4𝜋𝜋𝜖𝜖0

𝑒𝑒2

𝑟𝑟𝑛𝑛2
= 𝑚𝑚

𝑣𝑣𝑛𝑛2

𝑟𝑟𝑛𝑛
• Quantization Condition

𝐿𝐿𝑛𝑛 = 𝑚𝑚 𝑣𝑣𝑛𝑛 𝑟𝑟𝑛𝑛 = 𝑛𝑛𝑛 , 𝑛𝑛 = 1, 2, 3, … .
• (…); Results:

• Stable orbits are labelled by the quantum number 𝑛𝑛

𝑟𝑟𝑛𝑛 = 𝑛𝑛2
𝜖𝜖0 ℎ2

𝜋𝜋 𝑚𝑚 𝑒𝑒2
, 𝑣𝑣𝑛𝑛 =

𝑒𝑒2

2 𝜖𝜖0 ℎ
1
𝑛𝑛

, 𝑛𝑛 = 1, 2, …

• Ground state, 𝑛𝑛 = 1: Bohr Radius

𝑎𝑎0 ≡ 𝑟𝑟1 =
𝜖𝜖0 ℎ2

𝜋𝜋 𝑚𝑚 𝑒𝑒2
= 5.29 × 10−11 𝑚𝑚 = 0.529 Å

1 Angstrom (1 Å) = 10−10 𝑚𝑚



Hydrogen Atom (Bohr):
• Excited states:  𝑟𝑟𝑛𝑛 = 𝑛𝑛2 𝑎𝑎0
• Energy levels:

• Kinetic Energy: 𝐾𝐾𝑛𝑛 = 1
2
𝑚𝑚𝑣𝑣𝑛𝑛2 =

• Potential Energy:  𝑈𝑈𝑛𝑛 = − 1
4𝜋𝜋𝜖𝜖0

𝑒𝑒2

𝑟𝑟𝑛𝑛
= − 𝑚𝑚 𝑒𝑒4

4 ℎ2
1
𝑛𝑛2

• Total Energy: 

𝐸𝐸𝑛𝑛 = 𝐾𝐾𝑛𝑛 + 𝑈𝑈𝑛𝑛 = −
𝑚𝑚 𝑒𝑒4

8𝜖𝜖02 ℎ2
1
𝑛𝑛2

• Lowest energy level: Ground state

𝑛𝑛 = 1, 𝐸𝐸1 = −
𝑚𝑚 𝑒𝑒4

8𝜖𝜖02 ℎ2
= −13.6 𝑒𝑒𝑒𝑒

• Excited states:

𝑛𝑛 = 2, 3, … 𝐸𝐸𝑛𝑛 =
𝐸𝐸1
𝑛𝑛2

= −
13.6 𝑒𝑒𝑒𝑒
𝑛𝑛2
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Line Spectrum
• Rydberg constant:  𝐸𝐸1 = −ℎ𝑐𝑐 𝑅𝑅

𝑅𝑅 =
𝑚𝑚𝑒𝑒4

8𝜖𝜖0ℎ3𝑐𝑐
= 1.097 × 107 𝑚𝑚−1

• Spectral Lines: photon emission/absorption

𝐸𝐸𝛾𝛾 =
ℎ𝑐𝑐
𝜆𝜆

= 𝐸𝐸𝑛𝑛𝑈𝑈 − 𝐸𝐸𝑛𝑛𝐿𝐿 = −ℎ𝑐𝑐𝑐𝑐
1
𝑛𝑛𝑈𝑈2

−
1
𝑛𝑛𝐿𝐿2

1
𝜆𝜆

= 𝑅𝑅
1
𝑛𝑛𝐿𝐿2

−
1
𝑛𝑛𝑈𝑈2

• Lyman series: Ground state, 𝑛𝑛𝐿𝐿 = 1 → 𝑛𝑛
1
𝜆𝜆

= 𝑅𝑅 1 −
1
𝑛𝑛2

• Ionization Energy (Remove electron from 
ground state): 𝑛𝑛𝐿𝐿 = 1 → ∞, 13.6 𝑒𝑒𝑒𝑒



Interference and Diffraction of Light: Photons

jerez
Pencil







Quanta (photons) and waves







Interference and Diffraction of Matter
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Matter Waves:
• Matter may display sometimes wave behavior

• Interference, Diffraction

• De Broglie wavelength (1924):
• A free particle, mass 𝑚𝑚, velocity 𝑣𝑣 ≪ 𝑐𝑐, will display wave properties with 

wavelength

𝜆𝜆 =
ℎ
𝑝𝑝

=
ℎ
𝑚𝑚𝑚𝑚



Matter Waves: Electron Diffraction
• Example: Electron Diffraction

• Davisson-Germer (1925)
• Electrons accelerated by a 

potential 𝑉𝑉𝑏𝑏𝑏𝑏 have 
• Energy:  

𝑒𝑒𝑉𝑉𝑎𝑎𝑎𝑎 = 1
2
𝑚𝑚𝑣𝑣2 = 𝑝𝑝2

2𝑚𝑚
• Momentum:  

𝑝𝑝 = 2𝑚𝑚(𝑒𝑒𝑉𝑉𝑏𝑏𝑏𝑏)
• Wavelength:   

𝜆𝜆 =
ℎ
𝑝𝑝

=
ℎ

2𝑚𝑚 𝑒𝑒𝑉𝑉𝑏𝑏𝑏𝑏

• Diffraction of electrons off the 
surface of metals with lattice 
planes separated by 𝑑𝑑:

• Electron intensity peaks when

𝑑𝑑 sin𝜃𝜃 = 𝑚𝑚 𝜆𝜆

• IT WORKS!
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De Broglie Wavelength and Bohr’s Hydrogen Atom
• The quantization of the angular momentum in Bohr’s model can be readily 

explained as a consequence of the wave properties of electrons.
• Hydrogen Stable orbits ↔ Standing waves on a circumference of radius 𝑟𝑟𝑛𝑛

2𝜋𝜋𝑟𝑟𝑛𝑛 = 𝑛𝑛𝜆𝜆𝑛𝑛, 𝑛𝑛 = 1, 2, 3, …

𝜆𝜆𝑛𝑛 =
ℎ
𝑝𝑝𝑛𝑛

, 2𝜋𝜋𝑟𝑟𝑛𝑛 = 𝑛𝑛
ℎ
𝑝𝑝𝑛𝑛

𝑚𝑚𝑣𝑣𝑛𝑛𝑟𝑟𝑛𝑛 = 𝑛𝑛
ℎ
2𝜋𝜋

, 𝐿𝐿𝑛𝑛 = 𝑛𝑛 ℏ, 𝑛𝑛 = 1, 2, 3, …
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Heisenberg Uncertainty Principle
• Complementary Principle (Bohr):

• Systems have complementary properties which cannot be 
measured accurately at the same time

• Wave/Particle duality (one or the other but not both at once!):
• Heisenberg Uncertainty Principle:

• Some properties are complementary and are not completely 
well defined in a quantum system

• Position, velocity uncertainties: Δ𝑥𝑥,Δ𝑝𝑝
Δ𝑥𝑥 ⋅ Δ𝑝𝑝 ≥ ℏ/2

• Energy, time uncertainties: Δ𝐸𝐸,Δt
Δ𝐸𝐸 ⋅ Δt ≥ ℏ/2

• (…)



Example: Particle in a Box

• Particle confined to be in the region 0 < 𝑥𝑥 < 𝐿𝐿
• Uncertainty in position:  Δ𝑥𝑥 ≤ 𝐿𝐿

• Average momentum, < 𝑝𝑝𝑥𝑥 > = 0
• Uncertainty in momentum:  Δ𝑝𝑝 = < 𝑝𝑝𝑥𝑥2 > − < 𝑝𝑝𝑥𝑥 >2= < 𝑝𝑝𝑥𝑥2 >= 𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟

Δ𝑥𝑥Δ𝑝𝑝 ≥
ℏ
2

, 𝐿𝐿 Δ𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚 ≥
ℏ
2

, Δ𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚
2 ≥

ℎ
4𝜋𝜋

• A particle confined has a Ground State Energy:

𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 =
𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚
2

2𝑚𝑚
≥

ℎ2

16𝜋𝜋𝜋𝜋𝐿𝐿2
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