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Relativistic dynamics summary:

Dynamics toolbox: formula summary
¢ Mass-energy unification:
E = mc® = movyc®

¢ Momentum 4-vector:

Px
P=moU=| ¥

Pz
Elc

¢ Energy formula:

E = \/(moc?)? + (cp)?

e Velocity formula:
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MIT Course8.033, Fall 2006, L ecture 12
Max Tegmark

Today’stopics.
» Atomic, nuclear & particle physics

e Parallel & transverse acceleration & force

e Particle accelerators



FOCUSOF PARTICLE PHYSICS COMPONENT OF 8.033:

1) Give you basic overview of atomic, nuclear & particle physics so
that you can

1) Better see the big picture
2) Get more out of popular talks and articles
3) Pass the “cocktail party test”
2) Apply two core relativity results:
1) Mass-energy unification

2) Energy-momentum conservation



Atomic
physics



Alpha particles

Radioactive substance
Gold Foil

Figure by MIT OCW.



Image courtesy of Wikipedia.
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Spectral line
experiment



Hot blackbody

Continuous spectrum
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Cloud of
cooler gas

Absorption line spectrum

Emission line spectrum
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Figure by MIT OCW.




‘Cosmic MICROWAVE BACKGROUND SPECTRUM FRoM COBE
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Figure by MIT OCW.



Emission spectrum of hydrogen:

Image courtesy of Wikipedia.

Emission spectrum of iron:

Image courtesy of Wikipedia.



How do we
know what stars
are made of?



Figure by MIT OCW.



(@ Absorption ® Emission

Figure by MIT OCW.



Lyman series (ultraviolet)

Balmer series (visible)

Paschen series
(infrared)

Figure by MIT OCW.



Photons



Photoelectric etltect

e Kinstein’s model was that

— the photon carries energy hy

— a certain work W, is required to liberate an electron from the
metal

Collector plate Incoming red light
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\ Ammeter

No current flows

Figure by MIT OCW.



Photoelectric efftect

Collector plate Incoming red light

Electrons don't get to plate
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No current flows

Figure by MIT OCW.



Photoelectric efftect
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Figure by MIT OCW.



Photoelectric etltect

e Kinstein’s model was that

— the photon carries energy hv
— a certain work W, is required to liberate an electron from the
metal

e This explained both of Lenard’s 1902 observations:

— light with frequency hv < W, liberates no electrons at all

— light with frequency hv > W, liberates electrons with kinetic
energy hy — We.

— increasing the intensity of the light (the photon flux) didn’t
affect the existence of liberated electrons or their kinetic en-

ergy

e Bottom line: we can treat the photon as just another particle.
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The linear increase in electron kinetic energy
954 shows that whatever is ejecting them has
energy proportional to frequency.
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(PS6, problem 6)



Working with photons: (PS6, pI’Oblem 4)
e Photon 4-vector: y
()

where k = w/c.
e So p = FE/c for photons.

e Comparing P with the wave 4-vector K shows that
P = hK.

This relation in fact holds for all particles, even massive ones —
as you’ll see when you get to wave-particle duality in quantum
mechanics. If you take a field theory course, you'll see this pop
right out of the so-called Klein-Gordon equation.

e Doppler effect is just special case of P-transformation for zero rest
mass — show on P56.



Nuclear
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Nuclear physics terminology

The atomic number Z of a nucleus is its number of protons.

The atomzc weight A of a nucleus is its number of nucleons (protons
+ neutrons).

Z determines the name of the element (its order in the periodic
table).

Nuclei with same Z and different A are said to be different zsotopes
of the same element.

Notation example: Fe®® means Z = 26 (iron) and A = 56.

The mass excess for a nucleus is mg — A amu, z.e., its rest mass
minus the number of nucleons times amu.

By this definition, the mass excess of C'? is zero.



(PS6, problem 1) <<<>>>

Rest mass and binding energy Figure by MIT OCW.

e The rest energy of an object is its energy in the frame where it has
zZero momentum.

e This rest energy is the sum of all energy contributions, both pos-
itive (like rest masses and kinetic energies of its constituent par-
ticles) and negative (like potential energy from force holding con-
stituents together).

¢ The binding energy of a nucleus is rest energy of its neutrons and
protons free minus rest energy of the nucleus.



*m, ~ 939.6 MeV (udd)
*m, ~ 938.3 MeV (uud)
*m, =4 MeV

*my =7 MeV
 Electromagnetic = 1.7 MeV
* So mostly glue!

e Electric repulsion between protons increases mass of nucleus.

e Attraction between nucleons (strong force) decreases mass of nu-
cleus.

e Only nuclei whose (Z, A) give positive binding energy can exist
e Semi-empirical relationship (von Weizsicker 1935):

Ebinding - | 72 (A—QZ)Q 7z 12
ZHNE o 15,84 — 18.34%° — 0714 — 23.0° 05— 4 (-1)7

MeV

The last term is omitted if A is an odd number.

e Much work remains to be done in this field!
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Average binding energy per nucleon (MeV)
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