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Radians 

The diameter w of the diffraction pattern increases with distance 
L, showing that light spreads out behind the circular aperture, 
but it decreases if the size D of the circular aperture increases. 
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                Raleigh’s criterion 

INSTRUMENT RESOLUTION 



Photons 

Photons are sometimes 
visualized as wave 
packets. The 
electromagnetic wave 
shown has a 
wavelength and a 
frequency, yet it is also 
discrete and fairly 
localized. 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E = pc = hf
p = hf /c

Photon Momentum 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P = dE /dt = (dN /dt)hf = R = hf
E = NThf



Particle properties of light 

Low light full click no half clicks.  
The unit of light  is a particle PHOTON. 

Amplifier 

Speaker 

Single photon produces single electron (photoelectric effect). Electron 
accelerates and produces secondary emission that exponentiates with 
further acceleration 1,2,4,8,16,.. 

Photomultiplier 



Red photons 
Blue photons 
Green photon 
X‐ray photons 
Gamma ray photons 
etc 
… 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E = pc = hf
p = hf /c





The observation that electromagnetic waves could 
eject electrons from the surface of a metal was first 
made by Hertz. 

A simple experiment can be designed to measure the 
energy and intensity of the electrons ejected. 

• Light shines on a metal plate emitting 
electrons 

• The voltage on a battery can be gradually 
turned up until the electric field just stop 
the electrons from reaching the collector 
plate, thereby giving a measure of the 
kinetic energy. 

The photoelectric effect or what makes you sunburn !! 

cathode 
anode 

E 



• The energy in the light wave is spread out uniformly and continuously over the wavefront. 
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Kmax = CIAt − EoThe maximum kinetic energy of 
an ejected electron is therefore 

time light intensity 

cross sectional 
area of atom 

work function 

absorption 
coefficient 

which depends on the light intensity and the time over which it is exposed. 

• The intensity of a light wave is proportional to the square of the amplitude of the electric field. 

• The energy in the light wave is spread out uniformly and continuously over the wavefront. 

…and therefore does not depend on frequency. 



• The number of photoelectrons ejected 
depended on the intensity (as expected) 
but their maximum kinetic energy did 
not! 

• The maximum kinetic energy depended 
only on the frequency, the slope of the 
linear relationship between the energy 
and the frequency gives “Planck’s 
constant”, h. 

• The electrons were ejected 
immediately after the light started 
shining—the electron instantaneously 
absorbed enough energy to escape‐
provided there was enough energy to 
overcome the binding energy or “work 
function”. 

• Even a high intensity source of low 
frequency light cannot liberate 
electrons. THRESHOLD  



We have to change our way of thinking about this picture: 

Instead of continuous 
waves we have to think 
of the energy as being 

localized in quanta. 

In the photoelectric 
effect, these discrete 

localized quanta of 
energy, hv, are 

transferred entirely to 
the electron 
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Kmax = hv − eφ

Light is a particle 
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Km = hf − Eo



The Photon Model of Light 
The photon model of light consists of three basic 
postulates: 
1.  Light consists of discrete, massless units called 
    photons. A photon travels in vacuum at the speed of  
    light, 3.00 × 108 m/s. 
2. Each photon has energy 

where f is the frequency of the light and h is a 
universal constant called Planck’s constant. The 
value of Planck’s constant is h = 6.63 × 10–34 J s. 
3.  The superposition of a sufficiently large number of  
    photons has the characteristics of a classical light 
wave. 





or exposure time 



.1-1 nm 





Matter Waves 
•  In 1927 Davisson and Germer were studying how 

 electrons scatter from the surface of metals. 
•  They found that electrons incident normal to the 

crystal face at a speed of 4.35 × 106 m/s scattered at 
ø = 50°. 

•  This scattering can be interpreted as a mirror-like 
 reflection from the atomic planes that slice 
diagonally  through the crystal. 

•  The angle of incidence on this set of planes is the 
angle θm in 2d cos θm = mλ, the Bragg condition for 
diffraction. 

• Davisson and Germer found that the “electron 
 wavelength” was 



Electron Interferometry 

Well if light is a particle (photon) is electron a wave?  

When we send many electrons through slit they show 
interference – wave properties 

Just as it happened when we send low intensity (single 
photon) light  



The de  Broglie Wavelength 
De Broglie postulated that a particle of mass m and 
momentum p = mv has a wavelength 

where h is Planck’s constant. This wavelength for 
material particles is now called the de Broglie 
wavelength. It depends inversely on the particle’s 
momentum, so the largest wave effects will occur for 
particles having the smallest momentum. 



CONCEPTUAL 
INTERFERENCE 

EXPERIMENTS WITH 
WAVES AND 
PARTICLES 
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L = nλ /2



Quantization of Energy 
• Consider a particle of mass m moving in one 

dimension as it bounces back and forth with speed v 
between the ends of a box of length L. We’ll call this 
a one-dimensional box; its width isn’t relevant.  

• A wave, if it reflects back and forth between two 
fixed points, sets up a standing wave.  

• A standing wave of length L must have a wavelength 
given by 



Quantization of Energy 
Using the de Broglie relationship λ = h/mv, a standing 
wave with wavelength λn forms when the particle has 
a speed 

Thus the particle’s energy, which is purely kinetic 
energy, is 

De Broglie’s hypothesis about the wave-like properties 
of matter leads us to the remarkable conclusion that 
the energy of a confined particle is quantized. 



What’s wrong with this 
picture? 

The attractive Coulomb force between the positive nucleus and the orbiting electron 
could provide the attractive force which keeps the electron in it’s orbit, much as the 
planets orbit the sun with gravity providing the centripetal force. 

Accelerating charges radiate.  
Could this electromagnetic 
radiation be the source of the 
spectral lines?  

No.  This radiation must come 
at the expense of the kinetic 
energy of the orbiting 
electron! 

It will eventually spiral into 
the nucleus.  The atom would 
be unstable! 



Bohr’s Model of Atomic Quantization 
1. An atom consists of negative electrons orbiting a very 

small positive nucleus. 

2. Atoms can exist only in certain stationary states. Each 
stationary state corresponds to a particular set of 
electron orbits around the nucleus. These states can be 
numbered 2, 3, 4, . . . , where n is the quantum number. 

3. Each stationary state has an energy En. The stationary 
states of an atom are numbered in order of increasing 
energy: E1 < E2 < E3 < … 

4. The lowest energy state of the atom E1 is stable and can 
persist indefinitely. It is called the ground state of the 
atom. Other stationary states with energies E2, E3, E4,. . . 
are called excited states of the atom. 



r=n2aB , 

 aB= (h/2π)2/(ke2m)=.0529 nm 

En=‐E1/n2 

E1=13.6 eV 

Bohr Atom 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L = mevr = n n =1,2,3...
 = h /2π

In order to understand quantum mechanics, you must 
understand waves! 

an integer number of wavelengths 
fits into the circular orbit 

where 

λ is the de Broglie wavelength 

Photons 
p=hf/c= 
h/λ 

Phase cancellation 



Bohr’s Model of Atomic Quantization 

5. An atom can “jump” from one stationary state to another 
by emitting or absorbing a photon of frequency 

where h is Planck’s constant and and ΔEatom = |Ef – Ei|.   

Ef and Ei are the energies of the initial and final states. Such 
a jump is called a transition or, sometimes, a quantum 
jump.  



Emission 

Absorption 



Emission 



Line Spectra 

To explain discrete spectra, Bohr found that 
atoms obey three basic rules: 

1.   Electrons have only certain energies 
corresponding to particular distances 
from nucleus. As long as the electron is 
in one of those energy orbits, it will not 
lose or absorb any energy. The energy 
orbits are analogous to rungs on a 
ladder: electrons can be only on rungs 
of the ladder and not in between rungs.  

2. The orbits closer to the nucleus have 
lower energy.  

3. Atoms want to be in the lowest possible 
energy state called the ground state (all 
electrons as close to the nucleus as 
possible).  



6. An atom can move from a lower energy state to a 
higher energy state by absorbing energy ΔEatom = Ef – Ei 
in an inelastic collision with an electron or another 
atom.  

Bohr’s Model of Atomic Quantization 

This process, called collisional excitation, is shown. 





The Bohr Hydrogen Atom 
The radius of the electron’s orbit in Bohr’s hydrogen atom 
is 

where aB is the Bohr radius, defined as 

The possible electron speeds and energies are 



The work function of metal A is 3.0 eV. 
Metals B and C have work functions of 
4.0 eV and 5.0 eV, respectively. Ultraviolet 
light shines on all three metals, creating 
photoelectrons. Rank in order, from 
largest to smallest, the stopping potential 
for A, B, and C. 

A.   VC > VB > VA  
B.   VA > VB > VC  
C.   VA = VB = VC  



A.   VC > VB > VA  
B.   VA > VB > VC  
C.   VA = VB = VC  

The work function of metal A is 3.0 eV. 
Metals B and C have work functions of 
4.0 eV and 5.0 eV, respectively. Ultraviolet 
light shines on all three metals, creating 
photoelectrons. Rank in order, from 
largest to smallest, the stopping potential 
for A, B, and C. 

ΔV=-ΔVstop 



The intensity of a beam of light is 
increased but the light’s frequency is 
unchanged. Which of the following is 
true? 

A.  The photons are larger. 
B.  There are more photons per second.  
C.  The photons travel faster. 
D.  Each photon has more energy. 



A.  The photons are larger. 
B.  There are more photons per second.  
C.  The photons travel faster. 
D.  Each photon has more energy. 

The intensity of a beam of light is 
increased but the light’s frequency is 
unchanged. Which of the following is 
true? 



What is the quantum number of 
this particle confined in a box?  

A.   n = 8 
B.   n = 6 
C.   n = 5 
D.   n = 4 
E.   n = 3 



A.   n = 8 
B.   n = 6 
C.   n = 5 
D.   n = 4 
E.   n = 3 

What is the quantum number of 
this particle confined in a box?  



A photon with a wavelength of 414 nm has energy  
Ephoton = 3.0 eV. Do you expect to see a spectral line with  
   = 414 nm in the emission spectrum of the atom represented by 
this energy-level diagram? If so, what transition or transitions will 
emit it?  



A photon with a wavelength of 414 nm has energy  
Ephoton = 3.0 eV. Do you expect to see a spectral line with  
   = 414 nm in the emission spectrum of the atom represented by 
this energy-level diagram? If so, what transition or transitions will 
emit it?  



What is the quantum number of this  
hydrogen atom? 

A.   n = 5 
B.   n = 4 
C.   n = 3 
D.   n = 2 
E.   n = 1 



A.   n = 5 
B.   n = 4 
C.   n = 3 
D.   n = 2 
E.   n = 1 

What is the quantum number of this  
hydrogen atom? 


