PHY 3101 Modern Physics L ecture Notes Atom 3

Beyond the Bohr Model

Disdamer:  Theselecture notes are not meant to replace the course textbook. The
content may be incomplete. Some topics may be unclear. These notes are only meant to
be a study aid and a supplement to your own notes. Please report any inaccuraciesto the
professor.

The Fine Structure Constant

Consder the dectron velocity in the Bohr modd!:
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Let us define a dimensonless quantity cdled the Fine Structure Congtant:
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Thisis an easy to remember number! We can rewrite the Bohr energies and radii in
terms of this number:
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These are the expressions for hydrogen-like atoms (H, He", Li*™",...) Once again, n isthe
principa quantum number (which is an integer greater than 0), and Ze isthe charge of the
nucleus.
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The fine structure congtant is a measure of the strength of the eectromagnetic force, asiit
depends only on the eectron charge, scaded by Planck’ s constant and the speed of light.
We will learn more about the splitting of the spectrd linesinto “fine Structure” when we

solve the Hydrogen atom exactly using the Schrodinger Equation. The energy

differences between these fine lines are smaller than the coarse structure by about this

factor a.

The Correspondence Principle

Classca physics results should be contained as limiting cases of quantum

theories. There is nothing wrong with classca physics a the macroscopic scale, only at
the atomic scale. When the quantum number n islarge, classca and quantum physics

should agree.

Consder the frequency of radiation in classica dectromagnetism. This radiaion
is caused by charged particles undergoing cyclic motion (like eectrons running up and
down an antennad). Now imagine viewing edge-on the orbitdl plane of an eectronina
classcd orbit about the nucleus. This, too, looks like an eectron running up and down
an antenna. When the electron completes one orhit, it is back to where it started. So the

frequency of the emitted radiation should just be this orbital frequency:
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Now if we subgtitute in the radius from the Bohr formula:
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Thisis the dependence of the classica frequency on the quantum number n , when we
incorporate the Bohr radius.

Now within the Bohr Modd (in which classical radiation does not apply), consider a
trangtion from one leve with quantum number n + 1 to one with quantum number n.
When nislarge, theradiusislarge and the atom should behave classcdly. Let’'sseeif it

does:
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Indeed, in the limit of large n, the classical and the quantum result agree. This principle
of correspondence was first propounded by Bohr.
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The Franck-Hertz Experiment

Although the Bohr model describes an atom in which the eectron orbits are
quantized, al we realy measure is the quantized radiation emitted by the atom. We don’t
observe the orbits themsalves. Perhaps this atomic picture iswrong. Maybethe
quantization only gpplies to the dectromagnetic radiation, and not necessarily to the
atom.

The vdidity of the Bohr picture of the atom was supported by the Franck-Hertz
experiment, which does not involve eectromagnetic radigtion a al. In this experiment,
electrons are accel erated between a cathode and anode in atube immersed in agas like
hydrogen. Any energy transfer to the gas atoms must occur via collisons with the
electrons, not through light.

If the energy and radius of an atom is redly quantized, it shouldn’t matter whether
it absorbs energy from a photon of light or from the kinetic energy of an dectron. Inthe
latter case, we should observe that certain kinetic energies lead to the atom jumping to the
next excited state, leaving the eectron with areduced kinetic energy. Thisisindeed
observed! The atom itself redly is quantized. The nice thing about the Franck-Hertz
experiment is that one does not need afine optica setup, just some dectricd equipment
(an ammeter) and the cathode tube.

Mosely and X-ray Spectra

Although the Bohr atom does not apply to multi-electron atoms, it can be used to describe
the absorption and emission of x-rays from the inner orbits (shdls) of amulti-eectron
aom.

For example, consder an eectron gected from the innermost shell of a multi-electron
atom (the so-cdled K-shdl, wheren = 1). An éectron in one of the outer shells may drop
fromits orbit and fill thisinner shell vacancy. However, the remaining dectron in the K-
shell (we haven't learned that yet, but we take it for granted now) will shield one unit of
the eectric charge of the nucleus, such that the frequency of the trangtion is given by:
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Since Z can be large for multi-electron atoms, this frequency will typicdly be in the x-ray
spectrum, aregion explored by Mosdy. Maosely plotted this frequency versus the aomic
number Z and was able to verify the above relation (a success of the Bohr model) and

aso predict new elements that had not yet been discovered.

For vacanciesin the L-shdl (n = 2), there are more inner eectrons that shield the eectric
charge of the nucleus. Mosdly found that the following relaion holds:
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Limitations of the Bohr Model
Despite its successes, the Bohr mode of the atom has some serious limitations.

1. It can only explain hydrogen-like atomic spectra,

not multi-electron atoms like helium, lithium, etc.
2. It can't explain thefine structure of spectral lines
3. It can’t explain molecular bonds.

For these items, we need a full Quantum Mechanica theory. Although Bohr was quite
radica in his postulates, he wasn't quite radical enough!
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