The Atom and Quantum
Mechanics



Last time ...

® In a spherical geometry the sum of the
angles of a triangle > 180°

® What is the principle of equivalence?

m What three observations confirmed
Einstein’s Theory of General Relativity?



Task of lecture

®m How did understanding of the atom change
from 1911 to 19327
> Discovery of nucleus
> Bohr’s model of quantized orbits
> Matter acts like waves
> Quantum mechanics and probability

® What does quantum mechanics “mean”?
> A non-intuitive world of the small



Atomic models, 1897-1904

m J.J. Thomson’s “plum pudding model”

> “Pudding” = positively charged matter mixed
with tiny negative charged electrons =plums

> Mass of m,44ing =1000m

m Nagaoka’s Saturn model
> Leading Japanese physicist
> Rejected mixing of 2 kinds of charge
> Math from Saturn’s rings
> Massive + core, circled by -

m Matter must be neutral

plum




Rutherford’s nuclear atom, 1911

® R’s Manchester lab second only to
Cavendish led by J.J. Thomson

B Probes atoms with particles from
radioactive decay (scattering exps)

o particles (He**ion)
B particles (electrons)

y particles (electromagnetic radiation, shorter then x-rays)

I o beam

Source ILea q
collimator

Gold foi

target

Zinc sulfide
screens



Scale of a nuclear atom

m Surprised by large-angle scattering

> “It was almost as incredible as if you fired a
fifteen-inch shell at a piece of tissue paper and it
came back and hit you!”

> Alpha particles are energetic and should pass
through matter

® Only a nuclear atom could back-scatter

> Required radius of nucleus = 2.3 x 10-'*m, or
100,000 times smaller than radius of atom

- Size of nucleus to size of atom, as size of cherry to St.
Peter’s Cathedral in Rome

> Atom is mostly empty space!



Bohr's model atom, 1913

THE BOHR ATOM

m Combines old ideas
> Einstein’s photon
> Rutherford’s nuclear atom
> Planck’s constant (h)

® ... and new ideas

> Quantization of radii of
electron orbits

> Stationary states (contra
classical EM for should ABSORPTION EMISSION
radiate energy)

> Ground state (n=1)
> Excited states (n>1)

> Photons absorbed or
emitted with frequency (f)
related to energy levels!

m Each chemical element —
has unique set of orbits

radiation out



Bohr’s model & spectral lines

® Dark absorption lines = photons absorbed by
electrons being excited to higher states

-I !
- Sp ectrometer

B Bright emission lines = photons emitted by
electrons decaying to lower states
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Wave-like matter?

m Compton Effect, 1923: scatter x-rays by free
electron, observe change in A

N - A=\.(1-cos@) [indep. A] \L\’/./e'
A.=h/mc, or Compton L
wavelength of electron I i

a universal constant!

m deBroglie standing-wave interpretation of

electrons in Bohr atom, 1924

> Electron diffraction by crystals produces interference
patterns, which implies electrons are waves

> Orbit contains integral number of wavelengths
(primitive quantization)

> Explains why electrons cannot collapse to energy level
below ground state (need at least one A)



Schrédinger’s QM, 1925

® Sex and creativity in Swiss Alps?

® Wave mechanics for an electron:
v2y + 8w2m/h2 (E-V) 4 = 0
> E =energy of electron
>~ V=potential energy of the electron
> V2=mathematical operator for the wave
> p=wave function (not trajectory!) in space

> 1 ?=probability density (likelihood of finding
electron at a given region in space)

> A theory to explain Bohr’s quantized atom!



Meaning of ?

m [ocation of electron not determined until
measurement made (will then be at -2 or 2)

)

B Acceptable solutions to wave equation yield
quantized E values (match Bohr’s model)

® Superposition of wave functions explains
double-slit electron diffraction

Py =y, + y,, for single electron going thru slit




Heisenberg’s uncertainty
principle, 1926

® Matrix mechanics equivalent to Microscope
Schrédinger’s wave mechanics \ /

m Observation disturbs system being T
observed in world of the small )

> Throwing baseballs to locate a car

> Throwing light to locate an electron

- Need A ~ size of particle being observed

- E =ht =hc/A, so that short A means high E
which disturbs motion of the particle

= Note that c = f A for a photon
> AVAX! h/m4x (the uncertainty principle)

v
o




Meaning of quantum mechanics

®m Measurement affects system

> Schrédinger’s cat (dead or alive?)

Radioactive atom: Woox = Walive ¥ Waead
If decays, poison Before measurement: cat is
kills cat! alive and dead!
After measurement, cat is
Alive either alive or dead!
o Dead
0 e




Meaning, continued

® Bohr orbits replaced by probabilities

® Uncertainty does not ruin our lives
because h is small on human scale

- Electrons (10-'m;10-g) 10" m/s
- Atoms (10-1%m;10->g) 10 m/s

- Big molecules (10-*m;10-*!g) 10°m/s
— Pollen grains (10-°m;10-1°g) 10 m/s
— Pea (10~m; 10-g) 10 m/s



The classical vs. the modern

Particles or waves Wave-particle duality

® Absolute time/space ® Relative time/space
m Flat space m Curved space

m Aether m No aether

® Determinism m Probabilities

m m

o o

Observer neutral Observer affects outcome



