Chapter. 3
Wave & Particles 1

QOutline:

-

* The Compton Effect (Compton; 1927; 1927%)
* Pair Production (Anderson; 1932; 1936%)
* Is It a Wave or a Particle? - Duality?
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Momentum & Energy when a photon strike a free electron

The Compton effect
(Arthur Compton 1927)
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1. According to special relativity, an object with zero mass should have mo- E
mentam related o its encrgy by
E=p 2

=

Classical electromagnetic wave theory shows that electromagnetic waves

do carry momentum, although for a diffuse wave, we speak of momentum

“density.” Itis related to the energy density by momentum —p- S 0

energy —» hofA mecﬁ‘

energy momenium

Is this true? — Compton provided

volume ¥oltine the 1st experimental evidence!!
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[ i A ? Before Collision: A photon approaches an electron at rest




Momentum & Energy when a photon strike a free electron
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After collision

After Collision: The electron scatters at speed u, angle ¢. A
photon of wavelength A’ scatters at angle 6

Momentum & Energy when a photon strike a free electron
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Energy and Momentum Conservation
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Momentum conserved:
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x-component: — =
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y-component: 0 = Fsmﬂ — it sin g

Energy conserved:
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‘The conservation of energy E merely equates the sum of energies before and after scattering.
B, +E. = Ey +E,.

Gompton postulated that ;9 thus from of momentum, the momenta of the particles should be similarly related by

Py =Py +Po,

in which (p,) is omitted on the assumption it s effectively zero.
‘The photon energies are related to the frequencies by

B, =hf

Ey=hf

where his Planck's constant.

Before the scattering event, the electron is treated as sufficiently close to being at rest that ts total energy consists entirely of the mass-energy equivalence of its rest mass m, :
B, =m.c.

After scattering, the possibility that the electron might be accelerated to a significant fraction of the speed of light, requires that s total energy be represented using the relativistic energy-momentum relation:

B = \/(poc)? + (mec’)?.
Substiuting the expressionfor of energy gives,
hf+mec =hf +y/(pac) + (mec)h.
This expression can be used to find the magnitude of the momentum of the scattered electron,
p2e = (hf —hf +me’)* —mict. (]
Equation (1) relates the various energies associated with the collision. The electron's momentum change includes a relativistic change in the mass of the electron so it is not simply related to the change in energy in the manner that occurs in classical
physics. The change i the momentum of the photon s also ot simply related to the difierence in energy but involves a change in directon

Solving of for. ' tum gives,

Po =P, —Py-
Then by making use of the scalar product,
P} =P Pe = (P, —Py) (P, —Py)
=pi+ pj, — 2p, py cosf.
Anticipating that p.,c s replaceable with /., multply both sides by c?:
pic =pjc? +p3c’ — 2e*p, pys cosh.
After replacing the photon momentum terms with h f /c, we get a second expression for the magnitude of the momentum of the scattered electron:
3 = (A + (f') — 2ARf)(S) cose. &)
Equating both expressions for this momentum gives
(hf = hf' +mec®)? —m2e = (hf)’ + (hf')’ — 207 Ff cosh,
which after evaluating the square and then canceling and rearranging terms gives
2hfmec? — 2hf'm.c® = 21 ff' (1 - cosf).
Then dividing both sides by 2hff'm,c yields
c e
7T
Finally“l since fA = f'\' =,

h
= g (1= cos0).

N h
N == (1 - cosd).
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The Compton Effecii 5
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target (light atoms,
e.g. graphite)

Photons carry momentum like particles

and scatter individually with other particles

indeed, the wavelength shift is independent of the target material
and the initial photon wavelength.

The photoelectric effect and the Compton effect are
two important ways in which EM radiation
interacts as a particle with matter.

We now discuss a third!

Particle-Antiparticle Pair

Creation
& B (into page)
Positron
path
," Electron
s path
rd
g
,/\ Invisible path &
FoH of incoming photon
”
s

Bubble Chamber §




Q:
Calculate the energy and wavelength of the least-energetic photon

capable of producing an electron-positron pair.
[Hint] Photon E goes to the massive particles as internal energy + KE. The least
energetic one must still create the particles but would leave them no KE....

Example 2.5

Calculate the energy and wavelength of the least-energetic photon capable of

producing an electron-positron pair,

Solutien

The energy in the photon becomes the energy of the massive particles, internal/
mass energy plus any kinetic energy, The minimum cnergy required is that
which is barely able to produce the pair, with #o kinetic enersy. In this case,

the photon energy equals just the internal energy of the pair;
2-moe?r = 2(901 % 107 k)3 % 10 mfs)?

= L4 ¥ 10713] (=1 MeV)

Thus,
e
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III=2muc~ = A

(6,63 X 1073 Je)f3 = 10% m/fs)

LG4 = 10713 ]
v = 121 1072 m
Electromagnetic Waves
behaving like
Particles T T Photon properties: :
(Chapter 2) =il (9 B
Photoelectric effect: Compton effect:
Black Body Radiation PHOTONS KE_ = hf — & G ot Aol M gt

The Photoelectric Effect <—>| p- hf
The Production of X-Rays

PHOTONS
The Compton Effect < p=hflc=h/A

Particle-Antiparticle Pair Production <jﬁ <Q
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Is It a Wave or a Particles?
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Is It a Wave or a Particles?
DITE1114Y;

Ch.3 E&M-Waves behaving like Particles
Ch.4 Particles behaving like Waves
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Ch.3 EM-Waves behaving like Particles
Ch.4 Particles behaving like Waves
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Double-slit Diffraction

Experiment
light ﬁ
Double slit
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Double-slit intensity
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Double slit

Although diffraction of light is
a wave phenomenon,
there is no smooth distribution of light
in the diffraction pattern,
but
the pattern is rather formed of many
individual hits of particles — the photons
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Double slit

A single photon
DOES NOT
get “disintegrated” in the
Diffraction process
to make a smooth
diffraction pattern

When a phenomenon is detected as particles, it cannot be predicted with cer-
tainty where a given particle will be found. The most that can be determined
is a probability of Anding it in a given region, and this * probability density™
is proportional o the square of the amphitude of the associated wave in that
region.

probability density

of finding particle sanplincealpiayes

Coming back to that soon...

Chapter. 4

Wave & Particles Il

“Matter” behaving as “Waves”

Outline:

* A Double-Slit Experiment (watch “video”)

* Properties of Matter Waves

» The Free-Particle Schrodinger Equation

* Uncertainty Principle

* The Bohr Model of the Atom

* Mathematical Basis of the Uncertainty Principle —
The Fourier Transform




Electron
beam

Wide slit

Electron passing through a wide slit arrive at a screen
one by one and produce a bright region essentially
the same width as the slit

Electron
beam

Very strange

Single narrow slit

With a single narrow slit,
Electrons arrive one by one all over the screen.
They don’t avoid any points ...

Electron
beam

But when 2 slits
are open,

there are certain
points at
which no ﬁ
electron ever
arrives. I

Very strange

Each electron Singl

wave is
destructively
interfering
with itself.

Wave

Double slit

Electrons producing a double-slit interference pattern - one particle at a time
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