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Modern Physics (Phys. IV): 2704

Professor Jasper Halekas
Van Allen 70
MWF 12:30-1:20 Lecture




Announcements

Wednesday is Midterm 1in class
Midterm 1 covers Ch. 1-4 (lecture through Friday)
Bring an 8.5" x 11" (one side) equation sheet
You are allowed a calculator

Note: Course exams are intended to be difficult,
with mean of ~60-65%

No labs or homework this week



From Innocuous Assumptions,

Strange (but True) Theories Grow

1. The Principle of Relativity

The laws of physics are the same in all inertial
frames of reference.

2. The Constancy of Speed of Light in Vacuum

The speed of light in vacuum has the same value ¢
in all inertial frames of reference.



Time Dilation

Time dilation

Proper
Time
A -
4+ 00T
9.0+
80 +
70 4+ t’ ¢
— | =7 =t B
50+ AL %_
50 + c
S 40+
E a0 © 2012 Encyclopaedia Britannica, Inc.
® 204
£
F: ]0 1 T T T T T T : T i
00 01 02 03 04 05 05 07 08 09 10
Veclocity as a fraction of the speed of light ——




Length Contraction
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Concept Check

Do the proper time and the proper length
have to be in the same frame?

Yes
No



Concept Check

Do the proper time and the proper length
have to be in the same frame? | No

Relativistic, Earth-Frame Observer Relativistic, Muon-Frame Observer
: 4 4
Distance LO =10 meters Distance: Lo =10 meters
Qut of a million 1 04m Out of a million 2000 m
particles at 10 km, | peasure muon Time: Tz ————— particles at 10 km, | pmeasure muon TiME:T'® " emeeemmgmee
how many will flux at 10 km height (0.98)(3 x 10 " m/s) how many will flux at 10 km height (0.98)(3 x 10 ~m/s)
? | ——— : ? | —— :
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Lorentz Transformation
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Lorentz Transformation

Lorentz Transformation, and inverse Lorentz transformation:

From O to O’ i.e.,
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Lorentz Transformation of Velocity

Classical: Relativistic:
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/ V'X - - 2
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Relativistic Velocity Addition

Relativistic

075c  v=075c Addition of Velocities
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Relativistic Doppler Shift

Doppler effect for light

which can be
| + —
y rearranged to ¢
the form ‘;’)hsen‘ed = v-"‘””-‘ ‘V vV

V —

observed source

A =A

observed — Y “source V v




Relativistic Momentum

Relativistic

—= Classical




Relativistic Kinetic Energy
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Relativistic Total Energy

total energy E

rest energy + KE
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Energy-Momentum Relationship
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Conservation Laws

Total (relativistic) energy is always conserved
in any isolated system

But, kinetic energy and rest energy can be
transformed from one to the other

Total (relativistic) momentum is always
conserved in any isolated system



Wave-Particle Duality




Photoelectric Effect

E photon = hv
00 e Vo = 6.22x10° m/s
17 OV 550 nm v =2.96x10" m/s
2.25 eV "
400 nm
3 1eV
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no
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Potassium - 2.0 eV needed to eject electron

Photoelectric effect



Photoelectric Effect

Energy of electrons ejected from sodium metal
i AE
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Blackbody Radiation
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Particle-Like Properties of Light

Alternatively: p=——=1k




Compton Scattering

Compton scattering Recol /
electron
) @_ \/EZ _ (m(;C )7
Target P. =
Ineident electron .-” ¢
W N xq)
h }9 E; _hv, h

P C C A.

Scattered
photon

A=A = AL = (1 - cos6) Af

m,cC



Concept Check

The Compton wavelengthisA_= h/(m,c), and
the energy of a photon is E = h¢/A. What is the
energy of a photon with a wavelength A=A_?

E=m,c?
E=m_,/c
E =h2/m,

Impossible to determine



Concept Check

The Compton wavelengthisA_= h/(m,c), and
the energy of a photon is E = h¢/A. What is the
energy of a photon with a wavelength A=A_?

E = me C2 Note:

E = me/C mc? = 511 keV
— h2 or ~500,000 eV

E =h2/m,

Impossible to determine A= 0.0024 M

hc/A = 1240 eV-nm/(A in nm)



Pair Production
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Pair Annihilation

I. Proton - Antiproton Annihilation ii. Electron - Positron Annihilation

(proton) y (electron) v
~J ~J
\ .‘“\';l-\J \ |"~«.<|-\
:,',_’f-\j \_'}.,.‘ ry -J
":‘ 'f'\ J'-’
/ \ t'-f:l ) ' )
] L
) L _ L=
(antiproton) ( (positron or antielectron) {
In each case the particle and its antiparticle annihilate each other

releasing a pair of high-energy gamma photons



Diffraction
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Diffraction: Photons vs. Electrons

Photons

Electrons




A particle 1s... a wave packet?
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Heisenberg Uncertainty Principle

narrow wave packet

broad wave packet
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Concept Check

If you measure the energy of an unstable
particle, in which case would your energy
measurement have more uncertainty?

A long-lived particle
A short-lived particle
The lifetime doesn’t matter



Concept Check

If you measure the energy of an unstable
particle, in which case would your energy
measurement have more uncertainty?

A long-lived particle sl

A short-lived particle 05; | wigner

The lifetime doesn’t matter | 1 R
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Phase and Group Velocity

Group velocity: v, = dw/dk ="Particle Velocity”

w

Phase velocity: v, = -~ = Af
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