O Light and Matter

0.1 Introduction

3225 that we see was generated by spontaneous emigsion & hot
filament, the solar corona or the cooler electritistharge and coating of a
fluorescent lamp. In most cases, that light wilvdadeen scattered from
walls, buildings or clouds, before striking the npeid page, where the
different scattering rates of ink and paper allbe/tvords to be distinguished.
In the eye, refraction allows the collected lightlie focussed to form an
image, and absorption finally converts the lightlban to an electronic
excitation within the species of the rods and coofethe retina. The laser
printer that produced this document will itself bagxploited light-matter
interactions: light, this time produced via stintathemission, will have been
scanned and modulated by its interaction with attowgaves in an optical
crystal, to sweep out an image that is repaintedléttrical charge by its
effect upon the photosensitive print drum. If, ¢ tother hand, you are
reading an electronic version on your laptop compuhen the text is formed
by controlled changes in polarization as the incidiégght passes through
liquid crystal molecules between polarizing filters

Just as matter can influence the propagation bf,lgp light can affect the
behaviour of matter. Optical tweezers and scalpeddinding ever more uses
in biology, medicine and biophysics, yet are ji pathfinders for a wider
range of optical force applications that may ineldichctionation, mesoscopic
assembly and the transmission of power to nanosoalehanisms. Optical
cooling and trapping have meanwhile allowed atowajgours to be cooled to
within nanoKelvin of absolute zero — a regime inickhtheir behaviour is
completely dominated by quantum phenomena. Meaawhhe modern
theory of quantum electrodynamics (QED) views tlecteostatic force as
due to the exchange of momentum through the emissia absorption of
optical photons.

This third-year course will cover a range of ligh&tter interactions,
including those responsible for refraction in tlye @and the operation of the
acousto-optical modulator (the heart of the lasert@r) and the liquid crystal
display. Generally, we shall neglect the processewhich light is emitted
and absorbed, for you should have met these alrdadiead, we shall
address mechanisms by which light can be contrdliedgh its interaction
with matter, and matter can be controlled througlinteraction with light.
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2 Light and Matter

0.2 Course structure

The course comprises around 30 lectures. The rhajafrithese will follow
the traditional lecture format, but there will albe a handful of tutorial
classes, and occasional guest lectures given bgnmasers active in the area.

We shall begin by revisiting the theory of electegnetic waves and their
propagation, found in textbooks under headings suach “classical
electrodynamics,” which describes the passagegbt lihrough bulk media
characterized by a few, general and rather abspamerties. We'll then
spend a little time examining what these abstrachmpeters correspond to at
a detailed, microscopic level, and some of the traimgs that result for real
physical systems. We'll then consider in detail gneperty of polarization,
which | suspect you've wisely given only cursoryamination so far. The
beginning of this course is, then, like so manyeahsomewhat dry revision
and expansion of subjects that you've already nseinere.

The polarizing properties of optical materials athg give us considerable
power to control the passage of light, and we'dat some of the effects
underlying operation of liquid crystal displays avarious more traditional
optical components. Arguably more powerful, howewvare those effects
which exploit nonlinear light-matter interactiors® we’'ll move on to look at
the phenomena that allow fast electro-optical dvitg, optical isolators and
frequency conversion. We thus move from methodsootrolling light with
matter to methods in which light itself can contsath interactions.

As the course proceeds, we’'ll begin to introducguantum mechanical
view of the subject, and will see that it ultimgtgbrovides a simple
description that unifies wave and particle deswi and treats light and
matter as largely equivalent. Finally, with a mdke@m the solid state to the
vapour phase, we shall look at some of the mositiegcfields of current
research, in the way that matter can be contraiag light alone.
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Lectures
The course will be composed roughly as follows.

Part 1: Foundations

1 Wave mechanics
Wave equations and their solution; linearity, dispm and super-
position; Fourier analysis; phase and group vekxitenergy and
power; continuity and boundary conditions; opersitancertainty

2 Classical electrodynamics
Maxwell's equations; continuity and boundary coiuts;
electromagnetic waves and energy flow

Part 2: Controlling light with matter

3 The classical interaction between light and matter
Drude and Lorentz models, dielectrics, conductialids, electron
gas; reflection at metal and dielectric interfacesysality and the
Kramers-Krdnig relations; dispersion relations

4 The polarization of light
Light as a vector field; polarization and the Fedseguation; Jones
vectors, Stokes vectors and Miiller matrices; thind@wé sphere;
polarization in nature and technology; opticaldattiand chirality

Part 3: Controlling light with light

5  Optical nonlinearity
The nonlinear susceptibility; the electro-optic amégneto-optic
effects; the optical isolator; sum and differencegfiency mixing
and harmonic generation; phase matching; self-&ogs field
quantization

6  The tensor nature of susceptibility
Anisotropic media; tensors, principal axes and aidjzation;
Fresnel and index ellipsoids and the ray veloditsface; the optic
axis; symmetry; locality and linearity; optical midy and
nonlocality; nonlinear tensor susceptibilities

Part 4: Controlling matter with light

7  The quantum mechanical interaction of light and matter
Time-dependent quantum mechanics; the two-levehatmantum
mechanical description of atomic polarization; thght shift;
dressed states

8  Optical forces and wave-particle duality
The mechanical effect of the photon; phonons armlusto-optic
modulation; the optical dipole force; the opticeatering force; the
magneto-optical trap; Bragg scattering and Feyndiagrams; atom
interferometry and the Bloch vector
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0.3 Suggestionsfor study

It is difficult to exaggerate the value of indepent study and practice
exercises, for they lead to oft-neglected partsirferstanding: acceptance
and familiarity. Here is Feynman'’s introductionqwantum mechanics:

I am going to tell you what nature behaves likgrodi will simply admit
that maybe she does behave like this, you willliexda delightful,
entrancing thing. Do not keep saying to yoursélfpu can possibly avoid it,
‘But how can it be like that?’ because you will getinto a blind alley from
which nobody has yet escaped. Nobody knows ham ibe like that.

These lectures, notes and classes form, as alyusyart of the material
at your disposal, and you should expect to drawnupther resources,
including textbooks, journal articles, discussiavith colleagues and tutors
and — with due caution, for it is often wrong — timernet. There is no
universal recipe, for while some prefer phenomegiokd descriptions, others
favour more analytical assaults, and that whichfords pedantic may be too
superficial to another. Try to adopt a little ofddéside’s approach, which led
him to cast Maxwell’s equations in the form we knioday:

It took me several years before | could understasidhuch as | possibly
could. Then | set Maxwell aside and followed my ocamrse. And |
progressed much more quickly.

0.4 Further reading

There are numerous text books, of all ages andsletiat cover the course to
a greater or lesser extent. Meschedgfgics, Light and Laserand Band’s
Light and Matterare perhaps the most appropriate single volumasnd
book is complete or ideal and what is explainedriyom one may be
devastatingly clear elsewhere. The following arggssted starting points,
rather than definitive recommendations.

General

D. Halliday, R. Resnick, J. WalkeFundamentals of Physicé" edition,
Wiley, New York (2000) ISBN 0 471 39222 7

E. Hecht, Optics 4" edition, Addison-Wesley, Harlow (2001)
ISBN 0 805 38566 5

D. MeschedeQptics, Light and LaserdWiley-VCH, Weinheim (2004)
ISBN 3 527 40364 7

Y. B. Band, Light and Mattey Wiley, Chichester (2006)
ISBN 0 471 89931 3

A. E. Siegman,Lasers University Science Books, Sausalito (1986)
ISBN 0 935 70211 3

A. Yariv, Optical Electronics in Modern Communicatior” edition,
O U P, New York (1997) ISBN 0 195 10626 1

H. J. Metcalf, P. van der Stratéaser Cooling and TrappingSpringer-
Verlag, New York (1999) ISBN 0 387 98728 2
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Waves

H. H. Pain, The Physics of Vibrations and Way&d edition, Wiley,
Chichester (2005) ISBN 0 470 01296 X

I. G. Main, Vibrations and Waves in Physjc8° edition, C U P,
Cambridge (1993) ISBN 0 521 44701 1

A. P. FrenchVibrations and Wavesvarious publishers: Chapman and
Hall, London; W W Norton, New York; Nelson Thorné&heltenham
(1971) ISBN 0 442 30784 5, 0 393 09936 9, 0 744744

Electromagnetism

I. S. Grant, W. R. PhillipsElectromagnetism 2" edition, Wiley,
Chichester (1996) ISBN 0 471 92712 0

Optics
F. G. Smith, J. S. Thomso®ptics 2" edition, Wiley, Chichester (1988)
ISBN 0471 91535 1
M. Born, E. Wolf et al Principles of Optics 7" edition, C U P,
Cambridge (1999) ISBN 0 521 64222 1

Polarization and crystal optics

J. F. Nye, Physical Properties of CrystglsO U P, Oxford (1985)
ISBN 0 198 51165 5

Nonlinear optics and devices

R. Boyd, Nonlinear Optics 2" edition, Elsevier, London (1994)
ISBN 0 121 21682 9

M athematics
M. L. Boas,Mathematical Methods in the Physical Sciend&gey, New
York (2006) ISBN 0 471 36580 7
G. B. Arfken, H. J. WeberMathematical Methods for Physicists"
edition, Academic Press, San Diego (2000) ISBN @ 32326 4
M. R. Spiegel, Theory and Problems of Vector Analys8chaum’s
Outline series, McGraw-Hill, New York (1974) ISBNOG0 99009 3

Feynman'’s short boo®RED - the strange theory of light and mattBenguin
(1990) 0 140 12505 1) offers an illuminating andugpht-provoking account
of the wave-mechanical view of physics. More gehdmat no less inspiring,
The Character of Physical LaiPenguin (1965) 0 140 17505 9) is based
upon his Messenger Lectures; | shall show LecturéP@®bability and
Uncertainty — the Quantum Mechanical View of Na}uhering the course.

0.5 Reading these notes

These notes are intended to support the lectuotsiatessarily to reproduce
them. Some parts will be examined more minutebgatures, while the notes
include suggestions for further reading, worked nepies (framed), and

optional sections (grey) that illuminate historieaipects or indicate features
considered beyond the general level of this course.
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