Optics.

Optics is a part of physics investigating the generatmopagation and vanishing of light. The generatibn
light is also calle@@missionand vanishing is also call@dbsorption of light. The emission and absorption
processes can be describedbyticle (quantum) model of light but the propagation ghtiis always
described by thevave model. During its propagation, the light possesdiethe properties of
electromagnetic waves. So the principle of waweiga duality is always actual in optics.

Electromagnetic waveis the propagation of the electromagnetic fielthie space. The electric and magnetic
fields that are changing in time are constantlyegating each other. The electromagnetic (EM) waves
propagating in the substance with the speedl/(sos wow)™? Wheres, and o are the permittivity and
permeability constants, respectively (talBlbysical quantities-electriciyy The quantitieg; and x4 are
the relative permittivity and permeability of thebstance. In the vacuum, the electromagnetic wares
propagating with the absolute speed (speed of)lightl/(so0) >

Chart of the electromagnetic spectrumcontains the following types of EM waves in theardf increasing
frequencyf (decreasing waveleng#t): radio waves, microwaves, infrared (IR) lightsiie light,
ultraviolet (UV) radiation, X-rays and gamma rayhe spectral parameters of the ligihe: wavelength in
vacuum/, frequencyf, spectroscopic wavenumber(k’ = 1/, most used unit 1 ch) and quantum
energyh f (unit 1 eV). The wavelengtii and the frequency are related using the speed of light(
300 Mm/s) as follows: 1) in the cases of visible #R light f (THz) = (300 Mm/s) A (um); 2) for the
radio wavesf (MHz) = 300 Mm/g4 (m). The_ wavelengtii and the qguantum enerdyf are related in
following way: 1) for the visible and UV ligh# (nm) = (1240 nmeV)/ h f(eV); 2) for the radio waves
A (mm) = (1240 mmueV)/ h f(ueV); 3) for the_X-raysA (pm) = (1240 pmkeV)/ h f (keV) and 4) for
the_gamma raysA (fm) = (1240 fm MeV)/h f (MeV).

The intensity of light is the power of electromagnetic waves transferexdupit area, where the area is
measured on the plane perpendicular to the directipropagation of the energy. In the S| systdma, t
intensity has a unit watts per square metre (§¢/mtensity can be found by multiplying of the eme
density (energy of electromagnetic field per umitvne) by the velocity at which the energy is ma@yvin
The intensity is proportional to the electric orgnatic field strength squared.

Geometric opticsis the part of optics using the concept of a ligiyt It is the trace of light becoming
observable as a result of the scattering. The geanoptics is the special case of the wave optiben
the wavelength of light is so small that it cancbasidered equal to zero. The geometric opticgading
with the optical equipment (lenses, mirrors, optio&croscopes, telescopes, binoculars and so on).

The specular reflectionis the mirror-like reflection of light from a sade, in which light from a single
incoming direction (a ray) is reflected to a singlégoing direction. Such behavior of the light is
described by thiaw of reflection, which states that the direction of incoming liie incident ray), and
the direction of outgoing light reflected (the exfled ray) form the same angle with respect tetinface
normal, thus the angle of incidence equals theeaofgieflection. Thaéormal drawn in the point where
the incident ray reaches the reflecting surfaceintident light ray and theeflected ray are all lying in
the same plane.

Refraction is the change in direction of propagation of atlidue to a change in its transmission medium. Due
to the change of medium, the phase velocity oftthee is changed but its frequency remains constant.
Refraction is described by Snell’s law, which st&teat, for a given pair of a medium and a wavé it
single frequency, the ratio of the sines of thel@fincidenced, and angle of refractioft, is a constant
describing these two media which is calle@faactive index of the second medium with respect of the
first one n;,: sin#,/siné, = n;,. The absolute refractive index of the medium esréfractive index of this
medium with respect to the vacuum. The relativeacgive indexn,, for the two media is equal to the
ratio of speeds of lighw(/\v,) in these two media. So the absolute refractidexof the medium is
equal to the ratio of speeds of light in vacuum emtthis medium:n =c/v . Finally, the relative refractive
index ny, is equal to the opposite ratio of the absoluteative indices:n,, = n,/n;. In general, the
incident light wave is always partially refracteatgpartially reflected.




Maxwell refraction formula states that the absolute refractive indef the non-magnetig4 = 1) substance
is equal to the square root of the relative peiwitijt & of the substancen = &2 The optical properties
of the substance are determined by its electricgigrties.

Total internal reflection is the phenomenon which occurs when a propagaded strikes a medium boundary
at an angle larger than a particutatical angle with respect to the normal to the surface. Ifréfeactive
index is lower on the other side of the boundany e incident angle is greater than the criticagjle,
the wave cannot pass through and is entirely refted his can only occur when the wave in a medium
with a higher refractive indexy) reaches a boundary with a medium of lower reivadhdex (). For
example, it will occur with light reaching air frogtass, but not when reaching glass from air. Tdi# Is
propagating in theptical fibers using total internal reflection.

Wave opticsis investigating the phenomena which can be desgnising the wave theory of light. They are
predominantly the interference, diffraction andgpation.

Interference of the light is a phenomenon in which two lightwga superpose to form a resultant wave. When
interfering, two waves can add together to creataee of greater amplitude than either one (to farm
interference_maximum) or subtract from each otbeareate a wave of lower amplitude than either(tme
form a_minimum). The redistribution of the enerdyight waves always take place as a result of the
interference. In the regions, where the maximavofwaves coincide, theonstructive interference
occur. The spatial density of the energy of thbtligaves is bigger than its mean value. In theoregi
where the maximum of one wave coincides with theimim of another one, trdestructive
interference occurs. Two waves cancel each othermergy density of the waves is lower than itarme
value. With the certain final result, ondtpherentwaves can interfere. Two wave sources are peyfectl
coherent if they have a constant phase differenddte same frequency.

Diffraction refers to various phenomena which occur whenhd ligave encounters an obstacle or a slit. It is
defined as the bending of light around the coroéen obstacle or aperture into the region of gados
shadow of the obstacle. While diffraction occumsagls, its effects are generally most pronounced for
waves whose wavelength is roughly comparable talifmensions of the diffracting object or slit. hret
case of diffraction of the plane wave penetratirgingle slit, the firstminimum is located at the angle
with respect to the diffraction pattern centre.isTdngle is determined by the condition @ia A/ b,
where/ is the wavelength of the light used abds the width of the slit.

Diffraction grating is a system containing a lot of periodically l@zaslits. The distance between the similar
points of the neighbouring slits is callpdriod d of the grating. The period is a sum of the widthtloe
slit and the width of non-transmittable area betwi® two neighbouring slits. The colonedxima are
located at the some angles with respect to the diffraction pattern centree3e angles are determined
by the formula of diffraction gratingmi =d sin ¢, wherel is the wavelength of the light used and
is an integer number (the order of spectrum). Beedloe diffraction angle depends on the wavelength
A of the light, the grating acts as the dispersiesnelnt, splitting light into several coloured beams
travelling in different directions.

Polarization is a parameter applying to the light waves thati$ies the_geometrical orientation of the
oscillation. In an electromagnetic wave, both tleeteic and magnetic field are oscillating but iffetent
directions. By convention, the polarization of lighfers to the polarization of the electric fielthe
oscillation of electric field may be in a singleatition (inear polarization), or the field vector may rotate
at the frequency of the waveircular or elliptical polarization). Look at the differences between the
various types of polarizatiorttp://hyperphysics.phy-astr.gsu.edu/hbase/phyolatiges.html

Polarizer is an optical filter that lets light waves of aesffic polarization pass and blocks light wavestbier
polarizations. It can convert a beam of light oflefined or mixed polarization into a beam of well-
defined polarization, that is polarized light. Tl main types of polarizers are beam-splittingapiakrs
and_birefringent polarizer&eam-splitting polarizers split the incident beam into two bearngiffering
linear polarization. The differences between paktion conditions of reflected and refracted ligre
used. When light reflects from an interface betwemtransparent materials, the reflectivity ideliént
for light polarized in the plane of incidence arght polarized perpendicular to it.




Birefringence is the optical property of a material having aaefive index that depends on the polarization
and propagation direction of light. Birefringensaesponsible for the phenomenon of double retracti
whereby a ray of light, when incident upon a birefent material, is split by polarization into tweys
taking slightly different paths. If we look throughbirefringent material, we see all the objectisdw

Optical rotation or optical activity is the rotation of the plane of polarization ofdarly polarized light as it
travels through certain materials. Optical actidteurs only in chiral materials, those lacking
microscopic mirror symmetry. The rotation of tham of polarization may be either clockwise, to the
right (d-rotary), or left (I-rotary) depending orhigh sterecisomer is dominant. For a given substahe
angle by which the polarization of light of a sgieal wavelength is rotated is proportional to tlaghp
length through the material and (for a solutiorggartional to its concentration. Modulation of aati
activity of a liquid crystal, viewed between twaegt polarizers, is the principle of operation gfiid-
crystal displays (LCD) used in most modern tel@nsiand computer monitors.

Dispersionof the light is the phenomenon in which the phadeaity of a light wave and also the refractive
index n of the light-carrying medium depends on the fieggy of light. Media having this common
property are calledispersive medieDispersion is caused by the interaction of etsofignetic waves
with oscillating charged particles in the substarideey are forced oscillations and the electritdfief the
electromagnetic wavé& = E;, sin ot is acting as a periodical outer force. At sonegfilencyw: , the
resonance takes place. The charged particles cdlatesas: 1) the free charge carriers (conduction
electrons), 2) the bound charge carriers (valehemdrens) or 3) the ions in the ionic crystals. tiése
types of oscillations have characteristic resondrempiencies which are determining the shape of the
dispersion curven = n (w).

Absorption of the light is the process in which the energligiit is transformed into internal energy of the
absorbing substance, for example thermal energy.iftkensity of lightl is decreasing during the
absorption according to tiBouguer-Lambert-Beerlaw: | (I) = 1o ™' wherel (1) is the intensity of
light at the distance from the surface of absorbing mediuig,s the intensity of the incident light and
x is the absorption coefficient typically measurediits of reciprocial centimeters (1 ¢ The value
of absorption coefficient ¥ means that the intensity will be reduced Euler nengb = 2.7183) times
when the light passes through théc Tm thick layer of the substance (the produdt=1 andly/ | = e).

Colour of the substancds determined by the absorption spectrum of thstsunce. It is the dependence of the
absorption coefficient on some spectral paramdttreolight. The colour of the light which ot
absorbed by the substance is really the colounisfdubstance.

The photoelectric effector photoemissiofis the production of electrons or other free easriwhen light is
incident upon a substance. Electrons emitted srtianner can be call@thotoelectronsAccording to
the classical physics, this effect can be attridbtitethe transfer of energy from the light to ascélon. An
alteration in the intensity of light would induckanges in the rate of photoemission. However, the
experiments show very clearly that the photoemis&@ossible only if the frequency of the light
exceeds some threshold level. Below that thresmaieilectrons are emitted from the metal regardiéss
the light intensity or the length of time of exposto the light. The maximum kinetic ener@y of the
photoelectron depends in linear way on the frequenaccording to thehotoelectric equation by Albert
Einstein: Ex=h f — 4. Here h is thePlank constant(h = 6.626*10** J s) and¢ is thework function
(the minimum energy required to eject an electromfthe metal surface). We also see that the thlésh
frequency fnin is determined by the work functiofi;i, = ¢/h  (if Ex = 0).

The photovoltaic effectis the creation of voltage or electric currenaimaterial upon exposure to light. The
light is absorbed, causing excitation of an electioother charge carrier to a higher-energy state.
electric voltage is produced by the separatiorhafge carriers when the light has a sufficient ¢uan
energy to overcome the potential barrier for segara When light is incident upon the solid, thedance
electrons absorb energy and become free. This gi@sesin electromotive force, and thus some of the
light energy is converted into electric energy.

Optoelectronicsis the study and application of electronic deviaed systems that act as a light source or
detect and control light. Most well known optoeteaic devices are light emitting diode (LED),
semiconductor laser and solar cell.




The light emitting diode (LED) is a forward biased PN junction which genesdight using the energy of
electric field. PN junction is the region in thevseonductor where n-conducting and p-conductindspar
are in contact. In n-conducting part, the domirgatharge carriers are (negative) electrons. Irpthe
conducting part the dominating carriers are (pesjtholes. In the case of forward biasing, the tpasi
pole of outer voltage source is connected to thenmucting part of semiconductor, and the negatole
of the source is is connected to the n-conductary ghe electric field generated by the source is
bringing the electrons and holes together. Wheel@etron meets the hole, then the hole is filledhzy
electron and the energy of electron-hole pairdagmitted to the generated photon. The semiconducto
laser is simply the LED which is working in thedasegime (put into an optical cavity).

Solar cellis converting light energy into electric energyngsthe photovoltaic effect in a PN junction. The
photons absorbed in the region of PN junction geteethe electron-hole pairs. The electric fieldhaf
PN junction separates the electron and hole compsioé the pairs. As a result, the electromotivedds
created.

Thermal radiation is electromagnetic radiation generated by therthémotion of charged particles in matter.
All matter with a temperature greater than absatete emits thermal radiation. Examples of thermal
radiation include the light emitted by an incanaggdight bulb, the infrared radiation emitted nyraals,
and the cosmic microwave background radiation. i§hnis part of thermal radiation generated by the
hot plasma of the Sun. The Earth also emits theratiétion, but at a much lower intensity and défe
spectral distribution because it is cooler. ThelEaabsorption of solar radiation, followed by its
outgoing thermal radiation are the two most imparfaocesses that determine the temperature and
climate of the Earth. Thermal radiation is the nefftctive mechanism of heat transfer.

Black-body radiation is the electromagnetic radiation emitted by alblaady being in thermodynamic
equilibrium with its environmenBlack body is a body which is able to absorb whole incidegiitl The
radiation has a specific spectrum and intensitydie@ends only on the temperature of the body.lagko
body at room temperature appears black, as makeanergy it radiates is infra-red and cannot be
perceived by the human eye. When it becomes e hititter, it appears dull red. As its temperature
increases further it eventually becomes blue-white.

The radiant emittance R, also known as thgurface radianceor radiant exitanceof a black body is the total
energy radiated in all directions per unit surfapea of a black body across all wavelengths or
frequencies per unit time. The radiant emittancaéssured in watts per square meter (¥)/fhe
spectral radiance is defined either as the radianittance per unit interval of wavelengtli®/dit at some
fixed value of wavelength, or the radiant emittance per unit interval ofjirencies B/df. The radiant
emittance is the integral of the spectral radidnoetion over all the wavelengths or frequencies.

The Stefan-Boltzmann lawdescribes the power radiated from a black bodgnms of its temperature. The
Stefan-Boltzmann law states that the radiant enudaf the black-body is directly proportional bhe t
fourth power of the black body's thermodynamic terafureT: R= o T* The constant is called the
Stefan—Boltzmann constant and its valuesis 5,67*10°° W/(m?K?). A body that does not absorb all
incident radiation is known asgaey body and it emits less total energy than a black body.

Wien's displacement lawstates that the spectral radiance curiRédddl of the black body for different
temperatures peaks at a wavelength inversely proportional to the temperatiiteAmax=b/T. The
constantb is called Wien's displacement constant andetjisal to 2.898*1F m" K, or more
conveniently to obtain wavelength in micrometérs,2900um- K.

Luminescenceis emission of light by a substance not resulfiog heat; it is thus a form of cold-body
radiation. It can be caused by chemical reactielestrical energy, subatomic motions, or stresa on
crystal. This distinguishes luminescence from tlamadiation, which is light emitted by a substaasea
result of heating. The energy needed for lumineseean be transmitted to the emitting substance in
various ways defining the types of luminescenceait be done: 1) by the another light possessiygebi
guantum energy (then we speak about photoluminese?) by the electric field (electroluminescence)
3) by the chemical reaction (chemiluminescencegs4d result of mechanical action on the solid
(mechanoluminescence); 5) as a result of a lumargsuoaterial being struck by high-energy electrons
(cathodoluminescence); 6) as a result of bombartiheionizing radiation (radioluminescence).




According to the typical duration of the luminescence process or the lifetime ofekated state, the
photoluminescence is divided into:_a) fluoresceftice lifetime of the excitation is short, typicalpme
nanoseconds); b) phosphorescence (the lifetimieeoéxcitation is long, typically milliseconds tours).
The special case of the photoluminescence is theaRa&mission — an inelastic scattering of lasét liy
some substance. In this case the rotational oatidral energies of molecules are added to the lase
photon energy or subtracted from it. The frequesitft of some Raman line with respect to the emgiti
light frequency provides information about the tiotaal or vibrational energy levels.

Laser is a device that emits light through a processptiical amplification based on the stimulated emis®f
electromagnetic radiation. The teriaser originated as an acronym fdight amplification by stimulated
emission of radiation A laser differs from other sources of light Irat it emits light coherently. Spatial
coherence allows a laser to be focused to a tigitt # also allows a laser beam to stay narrow gveat
distances, enabling applications such as lasetgysirLasers can also have high temporal coherence,
which allows them to emit light with a very narr@pectrum, i.e., they can emit a single color ditlig
Temporal coherence can be used to produce puldighbés short as a femtosecond.

Working principle of alaseris based on: a) the inversion created in the guaistystem and b) use of the
optical cavity. The inversion means that the higiregrgy level is occupied more probably than theelo
levels. There are a lot of particles ready to éiglitt quanta with certain properties (frequencyagdnand
polarization). In the lasers, the system generdtiegnversion (the pumping system) should be adway
use. Anoptical cavity is an arrangement of mirrors that forms a standiage. Light confined in the
cavity reflects multiple times on the mirrors preothg standing waves for certain resonance fregesnci
So the probability for generating a twin for son®{on always existing in the cavity, is enhanced.

Lasers are usedn optical disk drives, laser printers, and bascedanners; DNA sequencing instruments,
fiber-optic and free-space optical communicatiasglr surgery and skin treatments; cutting and weldi
materials; military and law enforcement devicesrmarking targets and measuring range and speed; and
laser lighting displays in entertainment.




