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Unit 1 – Modern Optics: EM Theory
Foundations
1.1 Historical development of optics and electromagnetic theory
Optics has come a long way since ancient times. From Greek philosophers pondering vision to Islamic
scholars studying light, the field has evolved dramatically. Key figures like Huygens, Newton, and Young
laid the groundwork for our modern understanding.

The wave-particle duality of light revolutionized optics. This concept, along with Maxwell's electromagnetic
theory, opened doors to quantum optics, lasers, and fiber optics. These advances have transformed
technology and our understanding of the universe.

Historical Development of Optics

Milestones in optics history
• Ancient times witnessed significant contributions to optics

• Greek philosophers laid the foundation for early theories of vision

• Empedocles proposed a theory of vision involving light rays emitted by the eye to perceive objects

• Aristotle believed light was a disturbance in the medium between the eye and the object being
observed

• Islamic Golden Age saw advancements in optical understanding

• Ibn al-Haytham (Alhazen) described the principles of pinhole cameras and recognized the rectilinear
propagation of light (light travels in straight lines)

• 17th century marked a period of rapid progress in optics

• Johannes Kepler developed the first comprehensive theory of optics, including the principles of
reflection (light bouncing off surfaces) and refraction (light bending as it passes through different media)

• Christiaan Huygens proposed the wave theory of light, suggesting that light propagates as waves

• Isaac Newton advocated the corpuscular theory of light, proposing that light consists of small particles
called corpuscles

• 19th century brought groundbreaking experiments and theories

• Thomas Young demonstrated the wave nature of light through the famous double-slit experiment,
showing interference patterns

• Augustin-Jean Fresnel developed the mathematical theory of diffraction, explaining how light bends
around obstacles

• James Clerk Maxwell unified electricity, magnetism, and light into a single electromagnetic theory,
revealing the electromagnetic nature of light
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Contributions of notable scientists
• Christiaan Huygens made significant contributions to the field of optics

• Proposed the wave theory of light, challenging Newton's corpuscular theory

• Introduced the concept of wavefronts (surfaces of constant phase) and the Huygens-Fresnel principle,
which describes how each point on a wavefront acts as a source of secondary wavelets

• Isaac Newton's work in optics was influential

• Advocated the corpuscular theory of light, proposing that light consists of small particles

• Studied the composition of white light and the color spectrum, demonstrating that white light is a
mixture of colors (dispersion)

• Developed the reflecting telescope, which uses mirrors instead of lenses to avoid chromatic aberration

• Thomas Young's experiments supported the wave nature of light

• Demonstrated the wave nature of light through the double-slit experiment, showing interference
patterns when light passes through two closely spaced slits

• Introduced the concept of interference, the superposition of waves leading to constructive (bright) and
destructive (dark) interference

• Contributed to the understanding of color vision (trichromatic theory) and astigmatism (a refractive
error of the eye)

• James Clerk Maxwell's work revolutionized the understanding of light

• Developed the electromagnetic theory of light, showing that light is an electromagnetic wave

• Showed that electric and magnetic fields propagate together as electromagnetic waves at the speed
of light

• Predicted the existence of electromagnetic waves with different wavelengths (radio waves,
microwaves, infrared, visible light, ultraviolet, X-rays, and gamma rays)

Wave-Particle Duality and Modern Optics

Wave-particle duality debate
• Wave-particle duality is a fundamental concept in modern optics

• Light exhibits both wave and particle properties, depending on the experimental context

• Photons are light quanta with particle-like properties, such as carrying energy and momentum

• Wave properties of light include interference, diffraction, and polarization (orientation of the
electromagnetic wave)

• Significance in modern optics is far-reaching

• Quantum optics is the study of the quantum nature of light and its interaction with matter, leading to
technologies such as single-photon sources and detectors

• Lasers are based on the stimulated emission of photons, enabling coherent and monochromatic light
sources for various applications (surgery, material processing, holography)
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• Quantum computing and cryptography utilize the quantum properties of light, such as superposition
and entanglement, for information processing and secure communication

Impact of electromagnetic theory
• Unification of optics and electromagnetism had profound consequences

• Light was recognized as an electromagnetic wave, governed by Maxwell's equations

• Maxwell's equations provide a mathematical description of electromagnetic waves, relating electric
and magnetic fields

• Technological advancements followed the discovery of the electromagnetic nature of light

• Radio and microwave technology emerged, enabling wireless communication and radar systems

• Fiber optics revolutionized long-distance communication by using light to transmit information through
thin glass or plastic fibers

• Spectroscopy techniques, based on the interaction of electromagnetic radiation with matter, allow for
the study of atomic and molecular structure, chemical composition, and material properties

• Theoretical developments were spurred by the electromagnetic theory of light

• Special relativity, developed by Albert Einstein, postulates the constant speed of light as a
fundamental principle and reveals the relativity of space and time

• Quantum electrodynamics (QED) is the quantum theory of the electromagnetic field and its interaction
with matter, providing a framework for understanding phenomena such as the photoelectric effect and
the emission and absorption of photons by atoms

1.2 Maxwell's equations and electromagnetic waves
Maxwell's equations are the foundation of electromagnetic theory. They describe how electric and
magnetic fields interact and propagate through space. These equations explain the behavior of light and
other electromagnetic waves.

Electromagnetic waves have fascinating properties. They can travel through a vacuum at the speed of
light, carry energy and momentum, and exhibit polarization. Understanding these properties is crucial for
many modern technologies, from telecommunications to medical imaging.

Electromagnetic Theory

Maxwell's equations: forms and significance
• Maxwell's equations in differential form encapsulate the fundamental laws of electromagnetism

• Gauss's law for electric fields  relates the electric field to the charge density

• Gauss's law for magnetic fields  states that magnetic fields have no sources or sinks (no
magnetic monopoles exist)

• Faraday's law  describes how changing magnetic fields induce electric fields
(electromagnetic induction)

• Ampère's law with Maxwell's correction  relates the magnetic field to the
current density and changing electric fields (displacement current)
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• Maxwell's equations in integral form provide a macroscopic description of electromagnetic phenomena

• Gauss's law for electric fields  states that the electric flux through a closed surface is
proportional to the enclosed charge

• Gauss's law for magnetic fields  indicates that the magnetic flux through a closed
surface is always zero (no magnetic monopoles)

• Faraday's law  relates the electromotive force (EMF) around a closed loop to
the negative rate of change of the magnetic flux through the loop

• Ampère's law with Maxwell's correction  equates the magnetic field
circulation around a closed loop to the sum of the current and the displacement current through the loop

Wave equation from Maxwell's equations
• The wave equation for electromagnetic waves can be derived from Maxwell's equations 1. Start with
Faraday's law  and Ampère's law with Maxwell's correction  2.
Take the curl of both sides of Faraday's law  3. Substitute Ampère's law into
the right-hand side  4. Use the vector identity

 and Gauss's law for electric fields to simplify  5.
In a source-free region (no charges or currents), the wave equation for the electric field becomes

• A similar derivation can be done for the magnetic field, resulting in the wave equation for the magnetic
field 

• The wave equations demonstrate that electromagnetic fields propagate as waves in space and time,
with a speed determined by the permittivity  and permeability  of free space

Speed of electromagnetic waves
• The speed of electromagnetic waves in vacuum is a universal constant denoted by  and can be
calculated from the permittivity  and permeability  of free space 

• In a medium, the speed of electromagnetic waves  is given by , where  and  are the
permeability and permittivity of the medium

• The refractive index of a medium  is defined as 

• For non-magnetic materials ( ), the refractive index can be approximated as 

• The speed of electromagnetic waves in a medium is always less than the speed of light in vacuum
 (light slows down in matter)

Properties of electromagnetic waves
• Electromagnetic waves are transverse waves, with the electric field  and magnetic field 
perpendicular to each other and to the direction of propagation (wave vector )

• The speed of electromagnetic waves in vacuum is given by  and is approximately
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• Electromagnetic waves carry energy and momentum, with the Poynting vector 
representing the power density and direction of energy flow (  is the magnetic field intensity)

• Electromagnetic waves exhibit polarization, which refers to the orientation of the electric field vector

• Linear polarization: electric field oscillates in a single plane (horizontal or vertical)

• Circular polarization: electric field vector rotates in a circular path (right-handed or left-handed)

• Elliptical polarization: electric field vector traces an elliptical path (combination of linear and circular)

Wave Properties

Explain the concepts of polarization, phase velocity, and group velocity
in the context of electromagnetic waves

• Polarization refers to the orientation of the electric field vector in an electromagnetic wave

• Linear polarization: electric field oscillates in a single plane perpendicular to the direction of
propagation (e.g., horizontal or vertical polarization)

• Circular polarization: electric field vector rotates in a circular path as the wave propagates, either
clockwise (right-handed) or counterclockwise (left-handed)

• Elliptical polarization: electric field vector traces an elliptical path as the wave propagates, combining
aspects of linear and circular polarization (most general case)

• Phase velocity  is the speed at which a particular phase of the wave (e.g., a crest or trough) travels
through space

• For electromagnetic waves in vacuum, the phase velocity is equal to the speed of light ,
where  is the angular frequency and  is the wavenumber

• In dispersive media, the phase velocity depends on the frequency of the wave  (different
frequencies travel at different speeds)

• Group velocity  is the speed at which the envelope of a wave packet (a superposition of waves with
slightly different frequencies) travels through space

• It represents the speed at which energy and information are transported by the wave 

• In non-dispersive media, the group velocity is equal to the phase velocity  (wave packet
maintains its shape)

• In dispersive media, the group velocity can differ from the phase velocity, leading to phenomena such
as pulse broadening and chirping (wave packet changes shape as it propagates)

1.3 Optical properties of materials: refractive index, dispersion, and
absorption
Light behaves differently in various materials due to their optical properties. Refractive index, a key
concept, describes how light slows down and bends when entering a medium. This affects everything from
everyday phenomena like rainbows to advanced optical technologies.

Dispersion and absorption are crucial phenomena in optics. Dispersion causes different colors to travel at
different speeds, while absorption removes specific wavelengths from light. Understanding these effects is
vital for designing optical systems and explaining natural optical phenomena.
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Optical Properties of Materials

Refractive index and light speed
• Refractive index ( ) dimensionless number describes how light propagates through a medium
compared to its speed in vacuum ( )

• Defined as the ratio , where  is the speed of light in the medium

• In a vacuum,  because light travels at its maximum speed  (299,792,458 m/s)

• In a medium (water, glass),  because light slows down to speed 

• Higher refractive index indicates slower light travel through the medium

• Light travels about 1.33 times slower in water ( ) than in vacuum

• Diamond has a high refractive index ( ), causing significant light slowing and strong refraction

• Refractive index depends on wavelength, so its value can change for different colors of light

• Dispersion occurs because refractive index varies with wavelength (red light has lower  than blue
light in most materials)

Dispersion and absorption phenomena
• Dispersion phenomenon where refractive index of a material varies with the wavelength of light

• Different wavelengths travel at different speeds through the material

• Separates white light into its constituent colors (rainbow effect in a prism)

• Pulse broadening can occur, limiting bandwidth in optical communication systems (chromatic
dispersion in optical fibers)

• Absorption phenomenon where material absorbs certain wavelengths of light as it passes through

• Photon energy matches energy required to excite electrons in the material

• Absorbed energy converted to other forms (heat, chemical energy)

• Light intensity decreases as it propagates through the material (attenuation)

• Colored glass filters work by absorbing specific wavelengths (red glass absorbs green and blue light)

• Dispersion and absorption significantly impact light propagation through materials

• Dispersion can distort signals and limit data rates in optical communications

• Absorption reduces light intensity and limits transmission distance (fiber optic cable length limited by
absorption losses)

Physical origin of dispersion
• Dispersion arises from interaction between oscillating electric field of light and electrons in a material

• Electronic structure determines how electrons respond to different light frequencies

• Electrons bound to atoms by spring-like forces
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• Resonance occurs when light frequency matches natural frequency of electron oscillations

• Near resonance, refractive index changes rapidly with frequency, causing strong dispersion

• Higher refractive index for frequencies just below resonance

• Lower refractive index for frequencies just above resonance

• Lorentz oscillator model describes this behavior by treating electrons as damped harmonic oscillators
driven by light's electric field

• Predicts resonance behavior and dispersion shape

• Quantum mechanical treatment needed for more accurate description (quantum electrodynamics)

Calculating refractive index
• Kramers-Kronig relations mathematical equations connect real and imaginary parts of complex
refractive index 

• Real part  describes dispersion

• Imaginary part  (extinction coefficient) describes absorption

• Kramers-Kronig relations derived from causality principle and requirement that material response to
electromagnetic field must be real

• Relations given by:

where  denotes Cauchy principal value of integral,  is angular frequency of light - If absorption
spectrum  is known, refractive index  can be calculated using first relation - Measured
absorption data can be used to compute refractive index dispersion - If refractive index is known,
absorption spectrum can be calculated using second relation - Measured refractive index data can predict
absorption resonances - Kramers-Kronig analysis powerful tool for characterizing optical properties of
materials from experimental data

1.4 Fundamentals of geometrical optics
Geometrical optics forms the foundation of understanding how light interacts with surfaces and materials. It
explains reflection, refraction, and total internal reflection, which are crucial for designing optical systems
like mirrors, lenses, and prisms.

Image formation is a key application of geometrical optics. By using ray diagrams and equations, we can
predict how lenses and mirrors create images. This knowledge is essential for designing optical devices,
from simple magnifying glasses to complex telescopes and cameras.

Geometrical Optics

Laws of reflection and refraction
• Law of reflection states that the incident ray, reflected ray, and normal to the surface all lie in the same
plane, and the angle of incidence ( ) equals the angle of reflection ( )
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• Applies to both plane and curved surfaces (mirrors)

• Law of refraction, also known as Snell's law, relates the angles of incidence and refraction to the
refractive indices of the two media: 

•  and  represent the refractive indices of the initial and final media, respectively

•  and  denote the angles of incidence and refraction, measured from the normal to the surface

• Solving problems involving plane surfaces requires applying trigonometry and geometry to determine
angles and distances based on the given information and the laws of reflection and refraction

• Curved surfaces can be treated as a collection of infinitesimal plane surfaces, and the laws of
reflection and refraction are applied at each point on the surface to determine the path of light rays

Total internal reflection concepts
• Total internal reflection (TIR) occurs when light travels from a medium with a higher refractive index to
one with a lower refractive index, and the incident angle exceeds the critical angle

• Under these conditions, all light is reflected back into the higher refractive index medium instead of
being refracted

• Critical angle ( ) is the minimum angle of incidence at which TIR occurs and is determined by the
ratio of the refractive indices of the two media: 

• Light incident at angles greater than the critical angle will experience TIR

• TIR has important applications in various optical systems

• Optical fibers rely on TIR to efficiently propagate light through the fiber core for use in
telecommunications (internet) and medical imaging (endoscopes)

• Prisms utilize TIR to reflect light, finding applications in binoculars, periscopes, and reflectors (road
signs)

Image Formation and Optical Systems

Image formation by lenses and mirrors
• Ray diagrams are used to graphically determine the location, size, and orientation of images formed
by lenses and mirrors

• Principal rays, such as those parallel to the optical axis, passing through the center of the lens, or
passing through the focal point, are traced to locate the image

• Thin lens equation relates the focal length ( ) of the lens to the object distance ( ) and image
distance ( ): 

• This equation helps calculate the position and size of the image formed by a thin lens

• Mirrors have a similar equation, , but the sign conventions for mirrors differ from those for
lenses due to the different nature of image formation

Calculations for optical systems
• Magnification ( ) is the ratio of the image height ( ) to the object height ( ) and can be calculated
using  or 
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• The negative sign in the latter equation accounts for the inversion of the image

• Focal length is the distance from the lens or mirror to the focal point and is determined by the
curvature and refractive index of the optical element

• Thin lenses: , where  is the refractive index of the lens material, and  and 
are the radii of curvature of the lens surfaces

• Mirrors: , where  is the radius of curvature of the mirror

• Image distance is the distance from the lens or mirror to the image and can be calculated using the
thin lens equation or mirror equation, depending on the optical element

• Simple optical systems can consist of a single lens or mirror, or combinations of lenses and mirrors in
sequence

• Matrix methods (ABCD matrices) or sequential ray tracing can be used to analyze the behavior of light
in these systems and determine the final image properties
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Unit 2 – Wave Optics: Propagation and
Interference
2.1 Wave equations and solutions
Electromagnetic waves are the foundation of optics. They arise from Maxwell's equations, which describe
how electric and magnetic fields interact and propagate through space. Understanding these waves is
crucial for grasping how light behaves and interacts with matter.

The wave equation is a mathematical description of how electromagnetic waves move. It leads to solutions
like plane waves and spherical waves, which have different properties in terms of amplitude, phase, and
propagation direction. These concepts are essential for analyzing optical phenomena.

Wave Equations and Solutions

Derivation of wave equation
• Maxwell's equations describe electromagnetic fields and their interactions

• Gauss's law for electric fields relates electric field divergence to charge density ( ) and permittivity of
free space ( )

• Gauss's law for magnetic fields states magnetic field divergence is always zero (no magnetic
monopoles)

• Faraday's law of induction relates electric field curl to time-varying magnetic fields ( )

• Ampère's circuital law (with Maxwell's correction) relates magnetic field curl to current density ( ),
permittivity of free space, and time-varying electric fields ( )

• Derivation steps for wave equation in free space 1. Take curl of Faraday's law to relate second-order
spatial derivatives of  to first-order time derivative of  2. Substitute Ampère's law to introduce
second-order time derivative of  3. Use vector identity to simplify curl of curl operator 4. In free space,
electric field is divergence-free, leading to wave equation relating second-order spatial and temporal
derivatives of 

• Derivation steps for wave equation in dielectric media

• Dielectric media introduce electric displacement field ( ) and magnetic field intensity ( ) related to 
and  by permittivity ( ) and permeability ( )

• Follow similar steps as free space derivation, replacing  and  with  and 

• Resulting wave equation in dielectric media has same form as free space with modified coefficients

Solutions for plane and spherical waves
• Plane waves are simplest solutions to wave equation

• Assume solution is product of spatial and temporal functions with complex exponential form (
)

• Substitute assumed solution into wave equation to obtain dispersion relation between wavenumber (
) and angular frequency ( )
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• Dispersion relation gives phase velocity ( ) of plane waves in terms of  and 

• Spherical waves are solutions with radial symmetry

• Assume solution has  dependence multiplied by complex exponential ( )

• Substitute assumed solution into wave equation in spherical coordinates

• Solution satisfies wave equation if same dispersion relation as plane waves holds

Properties of wave solutions
• Amplitude is maximum value of wave oscillation

• For plane waves, amplitude is constant ( )

• For spherical waves, amplitude decreases with distance from source ( )

• Phase is argument of complex exponential in wave solution

• For plane waves, phase is dot product of wavevector ( ) and position vector ( ) minus product of
angular frequency and time

• For spherical waves, phase is product of wavenumber and radial distance minus product of angular
frequency and time

• Wavelength ( ) is spatial period of wave

• Related to wavenumber by 

• Smaller wavenumber corresponds to larger wavelength

• Propagation direction is determined by wavevector

• For plane waves, propagation is along 

• For spherical waves, propagation is radially outward from source

Wave equation vs Helmholtz equation
• Monochromatic waves have single frequency ( )

• Can be represented as product of spatial function ( ) and time-harmonic function ( )

• Useful for analyzing steady-state behavior of waves

• Helmholtz equation is derived from wave equation for monochromatic waves

• Substitute monochromatic wave solution into wave equation

• Resulting equation involves only spatial derivatives of  and wavenumber ( )

• Describes spatial distribution of wave amplitude and phase

• Wave equation and Helmholtz equation are related

• Wave equation describes full spatio-temporal behavior of waves

• Helmholtz equation is time-independent form of wave equation for monochromatic case

• Solutions to Helmholtz equation can be used to construct solutions to wave equation by multiplying
with time-harmonic factor ( )
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2.2 Superposition principle and interference phenomena
Electromagnetic waves can overlap and combine, creating fascinating patterns of light and dark. This
phenomenon, called interference, occurs when waves meet and either reinforce or cancel each other out.
It's like two ripples in a pond colliding and creating new shapes.

Understanding interference is key to many optical technologies. By manipulating how light waves interact,
we can create holograms, improve microscopes, and even measure the tiniest movements. It's a powerful
tool that lets us control and analyze light in amazing ways.

Superposition Principle and Interference

Superposition principle in electromagnetic waves
• Superposition principle states when two or more waves overlap in space, the resultant wave is the
sum of the individual waves at each point (water waves, sound waves)

• Applicable to electromagnetic waves, including light waves (visible light, radio waves, X-rays)

• Interference phenomenon occurs due to the interaction of two or more coherent waves, resulting in a
new wave pattern

• Coherent waves maintain a constant phase difference over time (laser light, radio waves from
antennas)

• Role of superposition in interference enables the addition of wave amplitudes

• Interference patterns arise due to the constructive and destructive superposition of waves (light and
dark fringes in double-slit experiment)

Calculation of interfering wave properties
• Resultant wave amplitude calculated using the formula 

•  and  represent the amplitudes of individual waves (electric field amplitudes for light waves)

•  represents the phase difference between the waves (determines constructive or destructive
interference)

• Resultant wave intensity calculated using the formula 

•  and  represent the intensities of individual waves (power per unit area for light waves)

• Intensity is proportional to the square of the amplitude (doubling amplitude quadruples intensity)

Constructive vs destructive interference
• Constructive interference occurs when the phase difference between waves is an integer multiple of

 or 0

• Resultant amplitude reaches a maximum value of  (waves in phase)

• Bright fringes appear in interference patterns (light waves reinforcing each other)

• Destructive interference occurs when the phase difference between waves is an odd integer multiple
of 
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• Resultant amplitude reaches a minimum value of  (waves out of phase)

• Dark fringes appear in interference patterns (light waves canceling each other)

Analysis of interference patterns
• Fringe spacing refers to the distance between adjacent bright or dark fringes

• Depends on the wavelength and the geometry of the interfering waves (smaller wavelength, closer
fringes)

• For double-slit interference, fringe spacing given by 

•  represents the wavelength of the light (determines color of fringes)

•  represents the distance between the slits and the screen (larger distance, wider fringes)

•  represents the separation between the slits (larger separation, narrower fringes)

• Contrast measures the distinctness of the interference pattern

• Depends on the relative intensities of the interfering waves (equal intensities, high contrast)

• Contrast calculated using the formula 

•  represents the maximum intensity at bright fringes

•  represents the minimum intensity at dark fringes

• Dependence on wavelength shorter wavelengths produce smaller fringe spacing (blue light vs red
light)

• Longer wavelengths produce larger fringe spacing (radio waves vs visible light)

• Dependence on geometry increasing the distance between the sources and the screen increases the
fringe spacing (moving screen farther)

• Decreasing the separation between the sources increases the fringe spacing (bringing slits closer)

2.3 Two-beam and multiple-beam interference
Two-beam interference is a key concept in optics. It occurs when two light waves combine, creating
patterns of bright and dark regions. Understanding the conditions and calculations for interference patterns
is crucial for grasping how light behaves in various optical systems.

Multiple-beam interference takes this concept further, involving reflections between parallel surfaces. This
phenomenon leads to sharper fringes and higher peak intensities, making it valuable for applications
requiring precise measurements or improved signal detection in optical devices.

Fundamentals of Two-Beam Interference

Conditions for two-beam interference
• Coherence ensures light sources have fixed phase relationship

• Temporal coherence maintains phase over time

• Spatial coherence maintains phase across wavefront
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• Polarization states of interfering waves must match (linear, circular, elliptical)

• Maximized interference when polarization is parallel

• Path difference determines phase difference between waves

• Constructive interference: Path difference is integer multiple of wavelength ( )

• Destructive interference: Path difference is half-integer multiple of wavelength ( )

Calculations for interference patterns
• Intensity distribution depends on individual wave intensities ( , ) and phase difference ( )

• Formula: 

• Phase difference relates to path difference ( ): 

• Fringe spacing is distance between adjacent bright or dark fringes

• Double slits (separation , observation distance ): 

• Thin films: Spacing depends on film thickness, wavelength, and incidence angle

Principles and Applications of Multiple-Beam Interference

Principles of multiple-beam interference
• Multiple reflections between parallel surfaces (Fabry-Perot interferometer) contribute to interference
pattern

• Advantages over two-beam interference: 1. Sharper fringes as number of interfering beams increases
2. Higher peak intensity improves signal-to-noise ratio and detection sensitivity

Analysis of multiple-beam patterns
• Intensity distribution follows Airy function: 

• : Peak intensity

• : Coefficient of finesse (depends on surface reflectivity)

• : Phase difference between reflections, relates to surface separation ( ), wavelength ( ), and
incidence angle ( ): 

• Resolution determined by finesse ( ), ratio of free spectral range (FSR) to full width at half maximum
(FWHM) of peaks

• Formula: 

• Higher finesse enables distinguishing closely spaced wavelengths

2.4 Interferometers and their applications
Interferometers are powerful tools that use light wave interference to make precise measurements. By
splitting and recombining light beams, they create patterns that reveal tiny changes in distance, refractive
index, or surface flatness.
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From gravitational wave detection to spectroscopy, interferometers have diverse applications. They enable
scientists to measure things on incredibly small scales, analyze materials, and even probe the fundamental
nature of the universe.

Interferometer Principles and Configurations

Principles of common interferometers
• Utilize superposition and interference of light waves to create interference patterns

• Split light into two or more beams traveling different paths and recombining

• Path difference between beams leads to constructive or destructive interference

• Interference pattern provides information about the path difference and the properties of the sample in
one of the paths

• Common types include Michelson, Mach-Zehnder, and Fabry-Perot interferometers (explained in
detail below)

Applications in precision measurements
• Measure distances with high accuracy by counting interference fringes

• Distance determined by wavelength of light and number of fringes observed

• Applications in metrology, calibration, and positioning systems (nanoscale positioning)

• Measure refractive index of materials by comparing optical path length in sample to reference path

• Refractive index calculated from observed phase shift and known sample thickness

• Used in material characterization (thin films), quality control, and sensor applications (gas sensors)

• Measure surface flatness of optical components by comparing reflected wavefront to reference
surface

• Deviations from flatness cause distortions in interference pattern

• Essential for production and testing of high-quality optical surfaces (mirrors, lenses)

Interferometers for gravitational wave detection
• Detect gravitational waves causing minute changes in relative distances between interferometer's
mirrors

• Changes detected as variations in interference pattern

• Examples: LIGO (Laser Interferometer Gravitational-Wave Observatory), Virgo, KAGRA

• Challenges in design and operation: 1. Extremely high sensitivity required to detect tiny distortions
caused by gravitational waves 2. Long arm lengths (several kilometers) needed to increase
signal-to-noise ratio 3. Isolation from seismic noise, thermal noise, and other disturbances crucial 4.
Advanced techniques employed to enhance sensitivity (power recycling, signal recycling)

Interferometry in spectroscopy
• Fourier transform spectroscopy (FTS) uses interferometers to obtain spectral information
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• Typically employs Michelson or Mach-Zehnder interferometers

• Produces interferogram by varying path difference between two beams

• Interferogram Fourier transformed to obtain spectrum of input light

• Advantages of FTS over dispersive techniques: 1. Multiplex advantage (Fellgett's advantage): All
wavelengths measured simultaneously, improving signal-to-noise ratio 2. Throughput advantage
(Jacquinot's advantage): No need for narrow slits, allowing more light to reach detector 3. High spectral
resolution determined by maximum path difference of interferometer 4. Self-calibration: Wavelength
scale determined by laser wavelength, reducing calibration errors

• Applications include chemical analysis (identifying compounds), remote sensing (atmospheric
monitoring), and materials characterization (thin films)
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Unit 3 – Fresnel and Fraunhofer
Diffraction Theory
3.1 Huygens-Fresnel principle and diffraction theory
Light waves behave in fascinating ways when encountering obstacles or openings. The Huygens-Fresnel
principle explains how waves spread and bend, creating intricate patterns of bright and dark spots. It's like
ripples in a pond, but with light!

This principle is crucial for understanding diffraction, a key concept in optics. By treating each point on a
wavefront as a source of new waves, we can predict how light will behave when it passes through small
openings or around edges.

Huygens-Fresnel Principle and Wavefront Propagation

Huygens-Fresnel principle in diffraction
• Powerful tool for understanding and predicting behavior of light waves in presence of obstacles or
apertures

• Combines Huygens' principle each point on wavefront acts as secondary source of spherical wavelets
with Fresnel's additions including concept of interference and inclination factor

• Wavefront at any later time determined by superposition of secondary wavelets

• Wavelets interfere with each other resulting in observed diffraction patterns (interference fringes,
bending of light around obstacles)

• Explains various diffraction phenomena

• Bending of light around obstacles (diffraction around edges)

• Formation of diffraction fringes (alternating bright and dark bands)

• Spreading of light after passing through aperture (diffraction through slits or circular openings)

Wavefront propagation and diffraction
• Wavefront surface of constant phase in propagating wave

• In light wavefronts perpendicular to direction of propagation represent surfaces of constant optical
path length

• According to Huygens-Fresnel principle each point on wavefront acts as source of secondary
spherical wavelets propagating outward with same speed as original wave

• Propagation of wavelets and their subsequent interference give rise to diffraction patterns observed
when light encounters obstacles or apertures

• Diffraction effects more pronounced when size of obstacle or aperture comparable to wavelength of
light (small apertures, edges of objects)
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Mathematical Formulation and Limitations

Mathematical formulation of Huygens-Fresnel
• Fresnel-Kirchhoff diffraction formula calculates complex amplitude of diffracted field at point 

•  complex amplitude at point 

•  complex amplitude at point  on aperture

•  wavelength of light

•  wave number

•  distance between points  and 

•  normal vector to aperture surface

•  vector from  to 

•

 infinitesimal area element on aperture surface

•

Formula integrates contributions of secondary wavelets originating from each point on aperture

• Takes into account amplitude, phase, and inclination factor  of wavelets

Limitations of Huygens-Fresnel model
• Relies on several assumptions and approximations limiting accuracy in certain situations 1. Assumes
aperture or obstacle large compared to wavelength of light 2. Assumes diffracted field observed at large
distance from aperture (far-field approximation) 3. Neglects vectorial nature of light treats it as scalar
wave may lead to inaccuracies when dealing with polarization effects or highly focused beams

• Does not account for finite size of secondary wavelets can lead to discrepancies in predicted
diffraction patterns especially in near-field region

• Despite limitations remains valuable tool for understanding and predicting diffraction phenomena in
many practical situations

• Particularly in far-field region and for apertures much larger than wavelength of light (visible light
through macroscopic apertures)

3.2 Fresnel diffraction: near-field effects
Fresnel diffraction occurs when light waves are observed close to their source. This near-field effect
creates complex patterns that depend on distance and aperture shape. Understanding Fresnel diffraction
is crucial for analyzing light behavior in optical systems.

Calculating Fresnel patterns involves complex integrals and special functions. As the observation distance
increases, Fresnel diffraction gradually transitions to Fraunhofer diffraction. This concept is vital for
applications like near-field microscopy and zone plate design.
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Fresnel Diffraction and Near-Field Effects

Characteristics of Fresnel diffraction
• Occurs when observation distance is comparable to aperture size and light wavelength

• Near-field region defined as ,  is observation distance,  is aperture size,  is wavelength

• Exhibits complex structure with bright and dark fringes

• Pattern not a simple Fourier transform of aperture shape

• Depends on distance between aperture and observation plane

• Wavefront curvature cannot be neglected in near-field region

Calculation of Fresnel diffraction patterns
• Fresnel diffraction integral 

•  complex amplitude at observation point 

•  complex amplitude at aperture

•  wavenumber

• Fresnel integrals  and 

• Calculate diffraction pattern for simple apertures (rectangular, circular)

• Rectangular aperture 

•  and ,  is aperture width

• Circular aperture 

• ,  is radial distance from diffraction pattern center

Transition from Fresnel to Fraunhofer
• Fraunhofer diffraction occurs when observation distance much larger than aperture size and
wavelength ( )

• As observation distance increases, Fresnel pattern gradually transitions to Fraunhofer pattern

• Wavefront curvature becomes less significant

• Diffraction pattern becomes Fourier transform of aperture shape

• Transition characterized by Fresnel number 

• Fresnel diffraction dominates when 

• Fraunhofer diffraction dominates when 

• Transition occurs when 



Fiveable archived study guides Page 21

Applications of Fresnel diffraction theory
• Analyze near-field diffraction phenomena in optical systems

• Diffraction by apertures and obstacles in near-field region

• Light propagation through optical components (lenses, mirrors) in near-field region

• Near-field imaging and lithography techniques

• Fresnel zone plate

• Alternating transparent and opaque concentric rings

• Focuses light by diffraction in near-field region

• Focal length depends on wavelength and zone plate geometry

• Near-field scanning optical microscopy (NSOM)

• Uses subwavelength aperture or tip to probe sample's near-field region

• Achieves resolution beyond diffraction limit by exploiting evanescent waves in near-field region

• Crucial for designing and optimizing near-field optical systems

3.3 Fraunhofer diffraction: far-field patterns
Fraunhofer diffraction occurs in the far-field region, where light waves are treated as plane waves. This
simplifies calculations and allows for the use of Fourier transforms to analyze diffraction patterns. The
conditions for Fraunhofer diffraction include plane wave incidence and large observation distances.

The diffraction pattern depends on the aperture's shape and size. Rectangular apertures produce sinc
functions, while circular apertures create Airy patterns. Increasing aperture size improves resolution and
brightness but adds more secondary maxima to the diffraction pattern.

Fraunhofer Diffraction: Far-Field Patterns

Conditions for Fraunhofer diffraction
• Incident light must be a plane wave or spherical wave from a point source at infinity enables simplified
mathematical analysis

• Diffracted light observed at a large distance from the aperture (far-field region) allows for the use of
Fourier transform in calculations

• Aperture size much larger than the wavelength of incident light ensures the validity of scalar diffraction
theory

• In the far-field region, diffraction pattern independent of distance between aperture and observation
plane simplifies calculations

• Fraunhofer diffraction relevant in far-field region allows analysis of diffraction pattern using Fourier
transform of aperture function (telescopes, microscopes)
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Mathematical derivation of diffraction patterns
• Complex amplitude of diffracted light in far-field region proportional to Fourier transform of aperture
function  enables mathematical analysis

• Fraunhofer diffraction pattern given by:

• 

•  wave number relates wavelength to spatial frequency

•  wavelength of incident light determines scale of diffraction pattern

•  distance between aperture and observation plane affects size of diffraction pattern

•  coordinates in aperture plane define the shape of the aperture

•  coordinates in observation plane determine the location of the diffraction pattern

Diffraction patterns of aperture geometries
• Rectangular aperture:

• Aperture function for rectangular aperture of width  and height : 
describes the shape of the aperture

• Fraunhofer diffraction pattern for rectangular aperture: 

•  normalized sinc function determines the shape of the diffraction pattern

• Circular aperture:

• Aperture function for circular aperture of radius : , where  describes
the shape of the aperture

• Fraunhofer diffraction pattern for circular aperture: 

•  first-order Bessel function of the first kind determines the shape of the diffraction pattern

•  radial coordinate in observation plane defines the location of the diffraction pattern

Effects of aperture on diffraction
• Aperture size effects: 1. Increasing aperture size decreases width of central maximum in diffraction
pattern (higher resolution) 2. Increasing aperture size increases intensity of central maximum (brighter
image) 3. Increasing aperture size increases number of observable secondary maxima (more detail in
diffraction pattern)

• Aperture shape effects:

• Shape of aperture determines overall shape of diffraction pattern (rectangular vs. circular)

• Rectangular apertures produce diffraction pattern with central maximum and secondary maxima along
x and y axes (cross-shaped pattern)

• Circular apertures produce diffraction pattern with central maximum surrounded by concentric rings
(Airy pattern)
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• Relative intensity and spacing of secondary maxima depend on specific shape of aperture (number
and distribution of rings/maxima)

3.4 Diffraction gratings and their applications
Diffraction gratings are optical components with parallel slits or grooves that split light into its component
wavelengths. They work by diffracting light waves, causing constructive interference at specific angles
determined by the grating equation.

These gratings are crucial in spectroscopy, wavelength division multiplexing, and various optical systems.
They enable precise wavelength analysis, increase data capacity in fiber optics, and find applications in
laser technology, holography, and optical sensors.

Diffraction Gratings

Structure of diffraction gratings
• Consist of a large number of parallel, equally spaced slits or grooves on a substrate (glass, plastic, or
metal)

• Slits or grooves are typically very narrow compared to the wavelength of light (hundreds of
nanometers)

• Spacing between slits or grooves is denoted by the grating period,  (typically on the order of
micrometers)

• Light incident on a diffraction grating is diffracted by each slit or groove

• Diffracted waves from each slit or groove interfere with each other

• Constructive interference occurs at specific angles, resulting in bright spots known as diffraction
orders (principal maxima)

• Angle at which constructive interference occurs depends on the wavelength of light and the grating
period (determined by grating equation)

Derivation of grating equation
• Grating equation relates the diffraction angle to the wavelength of light and the grating period:

• 

• : grating period (distance between adjacent slits or grooves)

• : diffraction angle for the -th order (angle between diffracted beam and grating normal)

• : diffraction order (integer: 0, ±1, ±2, ...) (0th order is the direct transmission, higher orders are the
diffracted beams)

• : wavelength of light

• Derived by considering the path difference between waves diffracted from adjacent slits or grooves

• For constructive interference, the path difference must be an integer multiple of the wavelength
(ensures waves are in phase)

• Allows calculation of diffraction angles for a given wavelength and grating period (useful for
spectroscopic applications)
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• Also enables determination of the wavelength of light if the diffraction angle and grating period are
known (wavelength measurement)

Calculation of diffracted orders
• To calculate angular positions of diffracted orders: 1. Determine grating period, , and wavelength of
light,  (given or measured quantities) 2. Choose diffraction order, , of interest (typically start with
lower orders: ±1, ±2) 3. Use grating equation, , to solve for diffraction angle, 
(trigonometric calculation)

• Intensity of diffracted orders depends on the structure of the grating and the wavelength of light

• Intensity distribution can be calculated using the interference pattern of the diffracted waves (requires
advanced mathematical treatment)

• Factors affecting intensity include the number of slits or grooves (more slits = narrower and more
intense orders), width of slits or grooves (affects efficiency), and grating period (affects angular
separation of orders)

Applications in optical systems
• Spectroscopy:

• Diffraction gratings used to disperse light into its constituent wavelengths (separates colors)

• Allows analysis of the spectral composition of light sources (identifies elements or compounds)

• Applications include atomic and molecular spectroscopy (emission and absorption spectra),
astronomical spectroscopy (stellar composition), and Raman spectroscopy (molecular vibrations)

• Wavelength Division Multiplexing (WDM):

• In optical communication systems, diffraction gratings used to multiplex and demultiplex different
wavelengths of light (combines or separates wavelengths)

• Multiple wavelengths can be transmitted simultaneously over a single optical fiber, increasing data
capacity (more channels per fiber)

• Diffraction gratings used in WDM devices such as multiplexers (combines wavelengths),
demultiplexers (separates wavelengths), and optical add-drop multiplexers (OADMs) (selectively adds
or drops wavelengths)

• Other optical systems:

• Monochromators and spectrometers use diffraction gratings to select specific wavelengths of light
(filters out unwanted wavelengths)

• Laser systems employ gratings for wavelength tuning (adjusts laser output wavelength) and beam
combining (combines multiple laser beams)

• Holography (recording and reconstructing wavefronts), optical data storage (high-density data
recording), and optical sensors (detect changes in wavelength or intensity) also utilize diffraction
gratings
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Unit 4 – Polarization: Phenomena and
Devices
4.1 Polarization states and their representations
Light waves can wiggle in different ways as they travel. This wiggling is called polarization. There are three
main types: linear, circular, and elliptical. Each type has unique properties that affect how light interacts
with materials.

We use special math tools to describe polarization. Jones vectors and Stokes parameters help us
represent polarization states precisely. The Poincaré sphere gives us a visual way to understand how
polarization changes as light moves through different materials.

Polarization States

Linear vs circular vs elliptical polarization
• Linear polarization occurs when the electric field oscillates in a single plane, which can be horizontal,
vertical, or at any angle between

• Circular polarization happens when the electric field rotates in a circular path, either right-handed
(RHCP) or left-handed (LHCP), with equal amplitudes in two orthogonal components and a 90° phase
difference

• Elliptical polarization is characterized by the electric field tracing an elliptical path due to unequal
amplitudes in two orthogonal components with a phase difference other than 0° or 90°

• Linear and circular polarizations are special cases of elliptical polarization (phase difference of 0° or
90° and equal or unequal amplitudes)

Jones vectors and Stokes parameters
• Jones vectors are complex 2D vectors representing the amplitude and phase of the electric field,
expressed as

• Horizontal linear polarization:

, vertical linear polarization:

, RHCP:
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, LHCP:

• Stokes parameters are real-valued 4D vectors representing the polarization state, given by

•  represents the total intensity, while , , and  represent the polarization state

• Horizontal linear polarization:

, vertical linear polarization:

, RHCP:

, LHCP:

Poincaré sphere for polarization
• The Poincaré sphere is a 3D representation of polarization states where Stokes parameters , ,
and  form the Cartesian coordinates

• Linear polarization states lie on the equator, circular polarization states are at the poles, and elliptical
polarization states are on the surface of the sphere

• Polarization state changes are represented by rotations on the Poincaré sphere

• Birefringent elements cause rotations about an axis in the -  plane, while polarization rotators
cause rotations about the  axis
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Optical elements and polarization effects
• Linear polarizers transmit light with electric field parallel to the polarizer's axis, following Malus' law:

, where  is the angle between the polarizer and the incident polarization

• Wave plates (retarders) introduce a phase difference between orthogonal components

• Quarter-wave plate (QWP) introduces a 90° phase difference, converting linear polarization to circular
polarization and vice versa

• Half-wave plate (HWP) introduces a 180° phase difference, rotating linear polarization by twice the
angle between the fast axis and the incident polarization

• Polarization rotators change the polarization state

• Faraday rotator uses the Faraday effect to rotate the polarization state, with the rotation angle
depending on the magnetic field strength and the material's Verdet constant

• Optical activity in chiral materials rotates the polarization state, with the rotation angle depending on
the material's specific rotation and the path length

4.2 Polarization devices: polarizers, waveplates, and retarders
Polarization devices are essential tools in optics, manipulating light's electric field oscillations. From linear
polarizers to wave plates, these components control light's intensity, phase, and polarization state,
enabling various applications in imaging and communication.

Understanding polarization devices involves key principles like Malus' law and birefringence. Calculations
using Jones calculus and Stokes parameters help predict how light behaves through these devices,
allowing precise control of polarization for specific optical systems and experiments.

Polarization Devices

Principles of polarization devices
• Linear polarizers transmit light with electric field oscillations aligned with the polarizer's transmission
axis while blocking light with electric field oscillations perpendicular to the transmission axis

• Malus' law describes the transmitted intensity through a linear polarizer as , where  is
the incident intensity and  is the angle between the incident polarization and the transmission axis

• Quarter-wave plates introduce a phase shift of  between the fast and slow axes, converting linearly
polarized light to circularly polarized light and vice versa (right-handed or left-handed circular
polarization)

• Quarter-wave plates are made of birefringent materials (calcite, quartz) with a specific thickness to
achieve the desired phase shift

• Half-wave plates introduce a phase shift of  between the fast and slow axes, rotating the plane of
polarization by an angle , where  is the angle between the incident polarization and the fast axis

• Half-wave plates are also made of birefringent materials with a specific thickness to achieve the
desired phase shift
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Calculation of output polarization states
• Jones calculus represents polarization states using Jones vectors and polarization devices using
Jones matrices

• Output polarization state is calculated by multiplying the input Jones vector by the Jones matrices of
the devices in the order they are encountered

• Stokes parameters represent polarization states using Stokes vectors (S0, S1, S2, S3) and
polarization devices using Mueller matrices

• Output Stokes vector is calculated by multiplying the input Stokes vector by the Mueller matrices of
the devices in the order they are encountered

• Stokes parameters provide a complete description of the polarization state, including the degree of
polarization and the relative phase between orthogonal components

Design for polarization transformations
• Combination of linear polarizers and wave plates can be used to achieve desired polarization states or
transformations 1. Use a linear polarizer to set the initial polarization state (horizontal, vertical, or at a
specific angle) 2. Use a quarter-wave plate to convert between linear and circular polarization
(right-handed or left-handed) 3. Use a half-wave plate to rotate the plane of polarization to the desired
angle

• Liquid crystal devices exhibit electrically controllable birefringence, allowing them to function as
variable wave plates and polarization rotators

• Polarizing beam splitters separate orthogonal polarization components (s-polarized and p-polarized)
and can be used to create and analyze polarization states

Effects on light intensity and phase
• Linear polarizers reduce intensity according to Malus' law, with the transmitted intensity depending on
the angle between the incident polarization and the transmission axis

• Wave plates (quarter-wave and half-wave) do not change the intensity of light but introduce a phase
shift between the fast and slow axes

• Polarizing beam splitters divide the intensity between the transmitted and reflected components based
on their polarization (s-polarized or p-polarized)

• Quarter-wave plates introduce a  phase shift between the fast and slow axes, while half-wave
plates introduce a  phase shift

• Combinations of wave plates can introduce arbitrary phase shifts between orthogonal polarization
components, enabling the creation of various polarization states (elliptical, circular)

Applications and Effects

Principles of polarization devices
• Polarization state control is achieved using linear polarizers to set the polarization state to linear,
quarter-wave plates to convert between linear and circular polarization, and half-wave plates to rotate
the plane of polarization
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• Birefringence is a key property of wave plates, which are made of materials (calcite, quartz) with
different refractive indices for different polarization directions, introducing a phase shift between
orthogonal polarization components

Calculation of output polarization states
• Matrix multiplication is used in Jones calculus and Mueller calculus to calculate the output polarization
state through multiple devices

• Polarization state evolution occurs as light passes through each device, with the final polarization
state depending on the order and orientation of the devices

• Multiplying the input polarization state (Jones vector or Stokes vector) by the matrices representing
the polarization devices yields the output polarization state

Design for polarization transformations
• Polarization state generation is achieved using combinations of linear polarizers and wave plates to
produce specific polarization states (linear, circular, elliptical)

• Polarization state analysis is performed using polarizing beam splitters and linear polarizers to
separate and measure the intensity of orthogonal polarization components, allowing for the
determination of the Stokes parameters

• Polarization state manipulation is achieved using wave plates and liquid crystal devices, with dynamic
control of the polarization state possible by rotating wave plates or applying electric fields to liquid
crystal devices

Effects on light intensity and phase
• Polarization-dependent loss occurs in linear polarizers, which reduce the intensity of light based on
the angle between the incident polarization and the transmission axis, and in polarizing beam splitters,
which divide the intensity between the transmitted and reflected components based on their polarization

• Polarization-dependent phase shift is introduced by wave plates, with the amount of phase shift
depending on the type of wave plate (quarter-wave or half-wave) and its orientation relative to the
incident polarization

• Interference effects can arise when light with polarization-dependent phase shifts is recombined,
leading to constructive or destructive interference based on the relative phase of the polarization
components

• Polarization-dependent effects can be exploited in various applications (liquid crystal displays,
polarization microscopy) to control the intensity, phase, and propagation of light

4.3 Jones calculus and Mueller matrices
Jones calculus and Mueller matrices are powerful tools for understanding polarized light. They help us
describe how light's polarization changes as it passes through different optical elements.

These mathematical methods allow us to predict and analyze complex optical systems. By using Jones
vectors and matrices or Stokes vectors and Mueller matrices, we can calculate how light behaves in
various setups.



Fiveable archived study guides Page 30

Jones Calculus and Mueller Matrices

Jones calculus for polarization states
• Represents the polarization state of light using Jones vectors, which are 2x1 complex vectors

• Horizontal linear polarization:

• Vertical linear polarization:

• +45° linear polarization:

• Right circular polarization:

• Enables calculation of the output polarization state when light passes through polarization devices
represented by Jones matrices

• Suitable for completely polarized light and non-depolarizing devices

Jones and Mueller matrices for polarization
• Jones matrices represent the effect of polarization devices on the electric field of light

• 2x2 complex matrices that operate on Jones vectors

• Cannot account for depolarization or partially polarized light

• Examples: linear polarizers (

for horizontal,

for vertical), wave plates (

for quarter-wave plate with fast axis at 45°,
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for half-wave plate with fast axis at angle )

• Mueller matrices describe the effect of polarization devices on the Stokes parameters of light

• 4x4 real matrices that operate on Stokes vectors

• Can handle depolarization and partially polarized light

• Examples: linear polarizer (

with transmission axis at angle ), quarter-wave plate (

with fast axis at 0° or 90°), half-wave plate (

with fast axis at angle )

Mueller matrices of optical elements
• Represent the polarization properties of optical elements using Stokes parameters

• Stokes vector:

, where  is total intensity,  is the difference between horizontal and vertical polarization intensities, 
is the difference between +45° and -45° polarization intensities, and  is the difference between right
and left circular polarization intensities

• Mueller matrices can describe depolarization, unlike Jones matrices

• The first row and column of a Mueller matrix relate to the total intensity, while the remaining 3x3
submatrix describes the polarization properties of the element
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Polarized light in complex systems
• Calculate the output polarization state and intensity of light passing through a series of polarization
devices using Jones calculus 1. Multiply the Jones matrices of the devices in reverse order to obtain the
total Jones matrix:  2. Multiply the input Jones vector by the total Jones
matrix to get the output Jones vector:  3. Calculate the output intensity, which is
proportional to the square of the absolute value of the output electric field: 

• Solve problems involving the propagation of polarized light through complex optical systems using
Mueller calculus 1. Multiply the Mueller matrices of the optical elements in reverse order to obtain the
total Mueller matrix:  2. Multiply the input Stokes vector by the total
Mueller matrix to get the output Stokes vector:  3. Analyze the polarization properties
using the output Stokes vector, such as calculating the degree of polarization (DOP):

• Combine Jones and Mueller calculus when necessary by converting between Jones and Mueller
matrices or vectors

• Jones to Mueller matrix conversion: , where

and  denotes the Kronecker product

• Stokes to Jones vector conversion:

4.4 Birefringence and optical activity
Birefringence and optical activity are fascinating phenomena that alter light's behavior in materials. These
effects arise from anisotropic crystal structures or chiral molecules, causing light to split or rotate as it
passes through.

Understanding these concepts is crucial for designing optical devices and analyzing materials. From LCD
screens to polarimetry in chemistry, birefringence and optical activity play vital roles in various fields,
shaping how we manipulate and interpret light.

Birefringence

Properties of birefringent materials
• Birefringence arises in anisotropic materials where the refractive index varies depending on the
direction of light propagation and polarization

• Anisotropy stems from the crystal structure (calcite, quartz) or stress-induced effects (plastic sheets)

• Birefringent materials possess two principal refractive indices:

• Ordinary refractive index ( ) corresponds to light polarized perpendicular to the optic axis
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• Extraordinary refractive index ( ) corresponds to light polarized along the optic axis

• The optic axis represents the direction in which light experiences no birefringence and propagates as
a single ray

• Birefringence causes the splitting of an incident light beam into two orthogonally polarized rays:

• The ordinary ray (o-ray) obeys Snell's law and maintains a constant velocity

• The extraordinary ray (e-ray) deviates from Snell's law and exhibits a velocity dependent on the
propagation direction

• Examples of birefringent materials include calcite, quartz, and liquid crystals (LCDs)

Calculations for birefringent effects
• Phase retardation ( ) quantifies the phase difference between the o-ray and e-ray after traversing a
birefringent material

• , where  represents the wavelength of light and  denotes the material thickness

• The incident light's polarization state undergoes changes due to the phase retardation

• A phase retardation of  (quarter-wave plate) transforms linear polarization into circular polarization
and vice versa

• A phase retardation of  (half-wave plate) rotates the polarization plane by an angle of , where  is
the angle between the incident polarization and the optic axis

• Jones calculus or the Poincaré sphere representation enables the determination of the output
polarization state

Optical Activity

Optical activity and applications
• Optical activity refers to the ability of certain materials to rotate the plane of polarization of linearly
polarized light

• Optically active materials contain chiral molecules or structures lacking mirror symmetry (glucose,
amino acids)

• The rotation angle ( ) is determined by the material's specific rotation ( ), concentration ( ), and
path length ( ):

• 

• Polarimetry employs optical activity to measure the concentration of chiral substances (sugars,
proteins)

• Spectroscopy utilizes optical activity to investigate the structure and conformations of chiral molecules

• Circular dichroism (CD) spectroscopy assesses the differential absorption of left and right circularly
polarized light by chiral molecules

• Optical rotatory dispersion (ORD) examines the rotation angle as a function of wavelength
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Combined birefringence and optical activity
• When light interacts with a material exhibiting both birefringence and optical activity, the polarization
state is influenced by both phenomena

• The total phase retardation combines the contributions from birefringence and optical activity:

• 

• The output polarization state is determined by the relative magnitudes and orientations of
birefringence and optical activity

• Aligned optic axis and optical activity direction lead to additive effects

• Perpendicular optic axis and optical activity direction result in subtractive effects

• Jones calculus or the Mueller matrix formalism, accounting for both birefringence and optical activity,
enables the analysis of the combined effects

• Materials displaying both birefringence and optical activity (quartz, certain liquid crystals) find
applications in advanced polarization control and sensing devices
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Unit 5 – Coherence Theory: Temporal &
Spatial Aspects
5.1 Temporal coherence and coherence time
Light waves have a secret superpower: temporal coherence. This measures how well a wave's phases
match up over time as it travels. The more coherent the light, the longer it can interfere with itself, creating
stunning patterns.

Temporal coherence is like a light wave's attention span. Lasers, with their single color, have the longest
coherence times. White light, with its rainbow of colors, has the shortest. This property affects how light
behaves in interferometers and other optical setups.

Temporal Coherence and Coherence Time

Temporal coherence and spectral bandwidth
• Temporal coherence measures the correlation between phases of a light wave at different points
along propagation direction

• Quantifies the ability of a light source to interfere with a delayed version of itself (self-interference)

• Temporal coherence is inversely related to the spectral bandwidth of a light source

• Narrower spectral bandwidth results in higher temporal coherence (lasers)

• Broader spectral bandwidth leads to lower temporal coherence (white light)

• Monochromatic light sources exhibit the highest temporal coherence due to their narrow spectral
bandwidth (single wavelength)

• White light sources have low temporal coherence because of their broad spectral bandwidth (wide
range of wavelengths)

Coherence time calculations
• Coherence time ( ) is the time over which the phase of a light wave remains predictable

• Related to the spectral bandwidth ( ) by: 

• Longer coherence time implies light source maintains phase coherence over a longer duration

• Allows observation of interference effects over larger path length differences

• Shorter coherence time means phase coherence is lost more quickly

• Interference effects only observable for smaller path length differences

• Coherence time determines the maximum path length difference ( ) for observable interference:

• , where  is the speed of light
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Temporal coherence in interferometers
• In interferometers (Michelson, Mach-Zehnder), visibility of interference fringes depends on temporal
coherence of light source

• High temporal coherence (long coherence time) leads to high-contrast, clearly visible interference
fringes

• Fringes remain visible for larger path length differences between interferometer arms

• Low temporal coherence (short coherence time) results in low-contrast or no visible interference
fringes

• Fringes only visible for small path length differences, quickly disappear as path length difference
increases

• Fringe visibility ( ) is related to the degree of coherence ( ) by: 

• Degree of coherence decreases with increasing path length difference and decreasing temporal
coherence

Coherence properties of light sources
• Monochromatic light sources (lasers) have the highest temporal coherence

• Emit light with a single wavelength, very narrow spectral bandwidth

• Produce high-contrast interference fringes over large path length differences

• Quasi-monochromatic light sources (LEDs, filtered lamps) have moderate temporal coherence

• Emit light with a narrow range of wavelengths, relatively narrow spectral bandwidth

• Produce visible interference fringes, but fringe contrast decreases more quickly with increasing path
length difference compared to monochromatic sources

• White light sources (incandescent bulbs, sun) have low temporal coherence

• Emit light with a wide range of wavelengths, broad spectral bandwidth

• Produce interference fringes with very low contrast, visible only for extremely small path length
differences

5.2 Spatial coherence and coherence area
Spatial coherence describes how well light waves from different points in a source maintain their phase
relationship. It's crucial for understanding interference patterns and the behavior of light in various optical
systems.

The coherence area, determined by source size and distance, affects interference visibility. Smaller
sources like lasers have higher spatial coherence, producing clearer fringes, while extended sources like
light bulbs result in less pronounced interference effects.
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Spatial Coherence and Coherence Area

Spatial coherence and light source properties
• Spatial coherence describes the correlation between the phases of light waves at different points in
space originating from the same source at a given time

• High spatial coherence occurs when light waves have a strong correlation in their phases across
different spatial points (laser beams)

• Low spatial coherence occurs when light waves have a weak or no correlation in their phases across
different spatial points (extended sources like light bulbs or stars)

• The size and angular subtense of a light source directly influence its spatial coherence

• Smaller source sizes and smaller angular subtenses result in higher spatial coherence

• Larger source sizes and larger angular subtenses lead to lower spatial coherence

• Angular subtense ( ) represents the angle subtended by the source at the observation point and is
calculated as , where  is the source diameter and  is the distance from the source to the
observation point

Coherence area calculations and implications
• Coherence area ( ) represents the area over which the light waves maintain a high degree of spatial
coherence and is calculated as , where  is the wavelength of light,  is the distance from the
source to the observation point, and  is the source diameter

• Larger coherence areas enable more pronounced interference effects

• Interference fringes appear more visible and have higher contrast

• Smaller coherence areas reduce the visibility of interference effects

• Interference fringes become less visible or may not be observable at all

• The coherence area determines the maximum separation between two points in an interferometer that
can still produce observable interference fringes (Young's double-slit experiment)

Spatial coherence in interferometers
• Michelson interferometer

• High spatial coherence results in clear, high-contrast interference fringes

• Low spatial coherence leads to low-contrast or no observable interference fringes

• Young's double-slit experiment

• High spatial coherence is necessary to observe well-defined interference fringes

• Reduced spatial coherence decreases fringe visibility

• Fabry-Pérot interferometer

• High spatial coherence is essential for the formation of sharp, high-finesse interference fringes

• Low spatial coherence reduces the finesse and contrast of the fringes
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Spatial coherence of various sources
• Point sources

• Idealized sources with infinitesimally small size

• Exhibit high spatial coherence due to their small angular subtense

• Extended sources

• Sources with finite size (light bulbs, stars)

• Have lower spatial coherence compared to point sources

• The degree of spatial coherence depends on the source size and distance

• Laser beams

• Highly spatially coherent light sources

• Emit light with a high degree of phase correlation across the beam cross-section

• Maintain spatial coherence over long distances

• Enable the formation of high-contrast interference fringes in interferometric setups (Michelson
interferometer, Fabry-Pérot interferometer)

5.3 Partial coherence and its effects on interference
Light waves aren't always in perfect sync. Partial coherence measures how well they line up in space and
time. This affects how light behaves in interferometers and other optical systems.

Understanding partial coherence is key for many applications. It impacts fringe visibility in interferometers,
resolution in imaging systems, and even how we measure distant stars. Knowing these effects helps us
design better optical devices.

Partial Coherence and Interference

Partial coherence and light properties
• Partial coherence quantifies correlation between phases of light waves at different points in space and
time

• Light sources exhibit varying partial coherence from completely incoherent to fully coherent

• Temporal coherence relates to spectral purity and monochromaticity of light source

• Longer coherence time implies more monochromatic source and higher temporal coherence (lasers)

• Spatial coherence depends on light source size and distance between considered points

• Smaller source size and larger distances lead to higher spatial coherence (stars, distant objects)

• Degree of partial coherence affects light waves' ability to interfere constructively or destructively
(interference patterns, fringe visibility)

Effects on interference fringe visibility
• Partial coherence reduces visibility and contrast of interference fringes in interferometers
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• Visibility defined as , where  and  are maximum and minimum
fringe intensities

• Lower coherence results in lower visibility and less distinct fringes (blurred or washed out patterns)

• In Michelson interferometers, partial coherence affects fringe sharpness and contrast

• Reduced temporal coherence decreases fringe contrast as path difference between interferometer
arms increases (white light interferometry)

• Fabry-Perot interferometers sensitive to both temporal and spatial coherence

• Partial coherence reduces finesse and sharpness of transmission peaks (broadened peaks, reduced
resolution)

• Partial coherence also affects fringe formation in other interferometric systems (Mach-Zehnder,
Sagnac interferometers)

Analysis using coherence functions
• Mutual coherence function  describes correlation between electric fields at two points 
and  with time delay 

• Defined as , where  is electric field at position  and time 

• Complex degree of coherence  is normalized mutual coherence function

• Given by 

•  ranges from 0 (incoherent) to 1 (fully coherent)

• Complex degree of coherence quantifies temporal and spatial coherence properties of light sources

• Temporal coherence characterized by complex degree of self-coherence 
(autocorrelation)

• Spatial coherence characterized by complex degree of mutual coherence 
(cross-correlation)

Applications in interferometric systems
• In interferometric system design, light source coherence properties must be considered for desired
performance

• High-precision measurements often use highly coherent sources (lasers)

• Applications requiring reduced coherent noise or speckle may prefer partially coherent sources (LEDs,
superluminescent diodes)

• Path difference between interferometer arms should be within source coherence length to maintain
high fringe visibility

• Coherence length related to source spectral bandwidth by , where  is speed of light and 
is spectral bandwidth

• White-light interferometry exploits short coherence length of broadband sources for high axial
resolution
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• Sample scanned through zero path difference position to obtain depth information (optical coherence
tomography)

• Partial coherence can suppress unwanted interference effects (multiple reflections, coherent noise)

• Using partially coherent sources or introducing controlled path differences reduces coherent noise
(speckle reduction, ghost imaging)

Coherence Functions and Their Applications

Analysis using coherence functions
• Mutual coherence function and complex degree of coherence can be measured experimentally

• Young's double-slit experiment measures spatial coherence by observing fringe visibility as function of
slit separation (star size estimation)

• Michelson or Mach-Zehnder interferometers measure temporal coherence by varying path difference
between arms (coherence length measurement)

• Wiener-Khinchin theorem relates mutual coherence function to power spectral density of light source

• Power spectral density  is Fourier transform of self-coherence function 

• Relationship allows coherence properties determination from spectral measurements (spectroscopy)

• Van Cittert-Zernike theorem describes spatial coherence properties of extended incoherent source

• Complex degree of coherence between two points given by Fourier transform of source intensity
distribution

• Theorem useful for understanding coherence properties of extended sources (stars, illuminated
objects)

Applications in interferometric systems
• In astronomical interferometry, partial coherence exploited for high angular resolution

• Multiple telescopes combined to form interferometric array, increasing spatial coherence and resolving
power (Very Large Telescope Interferometer)

• Complex degree of coherence between telescope pairs determines fringe visibility and achievable
resolution (stellar diameter measurement)

• Partial coherence relevant in optical coherence tomography (OCT), a biomedical imaging technique

• OCT uses low-coherence interferometry for depth-resolved images of biological tissues (retina, skin)

• Short coherence length of source enables high axial resolution, while lateral resolution determined by
focusing optics

• In holography, light source coherence properties affect quality and sharpness of recorded holograms

• Highly coherent sources (lasers) typically used for high-quality holograms with high diffraction
efficiency

• Partially coherent sources can reduce speckle noise and improve subjective quality of reconstructed
images (reduced granularity, smoother appearance)
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5.4 Van Cittert-Zernike theorem
The Van Cittert-Zernike theorem is a key concept in understanding spatial coherence. It links a light
source's intensity distribution to its far-field coherence properties, enabling the design of better optical
systems like telescopes and microscopes.

This theorem has wide-ranging applications, from analyzing circular apertures to rectangular slits. It helps
engineers optimize optical systems by considering source properties and their impact on spatial
coherence, ultimately improving resolution and contrast in imaging devices.

Spatial Coherence and the Van Cittert-Zernike Theorem

Van Cittert-Zernike theorem significance
• States complex degree of coherence between two far-field points of quasi-monochromatic, incoherent
source equals normalized Fourier transform of source's intensity distribution

• Mathematical expression: 

•  represents complex degree of coherence between points  and 

•  represents source's intensity distribution

•  represents wavenumber

•  represents distance from source to observation plane

• Relates spatial coherence properties of light source to its angular intensity distribution

• Spatial coherence describes correlation between fields at different spatial points

• Angular intensity distribution describes source's intensity as function of angle

• Allows determination of source's spatial coherence properties from its intensity distribution

• Provides foundation for understanding coherence properties of partially coherent sources

• Enables design of coherent optical systems (telescopes, microscopes) by considering source's spatial
coherence

Applications of Van Cittert-Zernike theorem
• Circular aperture:

• Intensity distribution:

•  represents aperture radius

• Complex degree of coherence: 

•  represents first-order Bessel function of first kind

• Rectangular slit:

• Intensity distribution:
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•  represents slit width

• Complex degree of coherence: 

• 

Implications for optical systems
• Coherent optical systems (telescopes, microscopes) rely on light source's spatial coherence for
optimal performance

• High spatial coherence improves resolution and contrast

• Low spatial coherence reduces resolution and contrast

• Allows designers to determine required source properties for desired spatial coherence level

• Larger sources with uniform intensity distributions produce lower spatial coherence

• Smaller sources with non-uniform intensity distributions produce higher spatial coherence

• Telescopes: larger apertures and more uniform primary mirror illumination improve spatial coherence
and resolution

• Microscopes: smaller, more uniform illumination sources (lasers, high-quality LEDs) provide better
spatial coherence and imaging performance

Analysis of partially coherent sources
• Generalized Van Cittert-Zernike theorem extends original theorem to partially coherent sources

• Describes propagation of mutual intensity function, , from source plane to observation plane

• Mathematical expression: 

•  represents mutual intensity function in source plane

•  and  represent coordinates in source plane

• Mutual intensity function characterizes spatial coherence properties of partially coherent source

• Defined as cross-correlation of fields at two points: 

• Related to complex degree of coherence by: 

• Analyzing mutual intensity function allows complete description of partially coherent source's spatial
coherence properties

• Diagonal elements, , represent intensity distribution

• Off-diagonal elements, , represent correlation between fields at different points
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Unit 6 – Lasers – Principles, Types, and
Applications
6.1 Fundamentals of laser operation: stimulated emission and
population inversion
Lasers are fascinating devices that produce powerful, focused light through stimulated emission. This
process occurs when excited atoms emit photons with the same properties as an incident photon,
amplifying light within the laser cavity.

Population inversion, a crucial concept for laser operation, occurs when more atoms are in an excited state
than the ground state. This non-equilibrium condition enables stimulated emission to dominate, leading to
the generation of coherent, monochromatic, and highly directional laser light.

Fundamentals of Laser Operation

Process of stimulated emission
• Incident photon interacts with excited atom or molecule, causing emission of additional photon

• Emitted photon has same frequency, phase, polarization, and direction as incident photon

• Amplifies original light, one photon leads to emission of two photons

• Key mechanism behind laser operation

• Allows amplification of light within laser cavity

• Emitted photons can further stimulate more excited atoms or molecules, leading to cascading effect

• Requires population inversion for efficient occurrence

• Condition where more atoms or molecules are in excited state than ground state

Concept of population inversion
• Non-equilibrium condition with more atoms or molecules in excited state than ground state

• In thermal equilibrium, population of ground state always higher than excited state (Boltzmann
distribution)

• Crucial for laser operation, enables stimulated emission to dominate over absorption

• Without inversion, incident photons more likely absorbed by ground state atoms or molecules

• Achieved through pumping process

• Can be optical, electrical, or chemical (depending on laser type)

• Excites atoms or molecules from ground state to higher energy levels

• Once achieved, stimulated emission occurs efficiently, amplifying light and generating laser beam
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Components of laser systems
1. Active medium (gain medium) - Material where population inversion and stimulated emission occur -
Examples: gases (CO2, He-Ne), liquids (dye lasers), solids (ruby, Nd:YAG)

2. Pumping mechanism - Process used to achieve population inversion in active medium - Can be
optical (flashlamps, laser diodes), electrical (current injection), or chemical (chemical reactions)

3. Optical resonator (laser cavity) - Two mirrors, one highly reflective and one partially transmissive,
arranged parallel - Confines light within cavity, allows multiple passes through active medium -
Provides feedback for amplification and determines laser's wavelength and beam characteristics -
Additional components: - Q-switch: Generates short, high-intensity laser pulses - Mode-locking
elements: Generates ultrashort laser pulses - Frequency conversion crystals: Changes laser's
wavelength

Energy level diagrams for lasers
• Represent electronic structure of atoms or molecules in active medium

• Illustrate energy levels and transitions, essential for understanding laser operation

• Three-level laser system (ruby laser):

• Ground state, pump level, and metastable level (upper laser level)

• Pumping excites atoms from ground state to pump level

• Atoms quickly relax from pump level to metastable level, creating population inversion

• Stimulated emission occurs between metastable level and ground state, producing laser light

• Four-level laser system (Nd:YAG laser):

• Ground state, pump level, upper laser level, and lower laser level

• Pumping excites atoms from ground state to pump level

• Atoms quickly relax from pump level to upper laser level, creating population inversion

• Stimulated emission occurs between upper and lower laser levels, producing laser light

• Atoms in lower laser level quickly relax back to ground state, maintaining population inversion

• Efficiency depends on energy level structure and transitions involved

• Four-level lasers generally more efficient than three-level lasers

Laser Operation and Characteristics

Laser light amplification within optical resonator
• Optical resonator (laser cavity) consists of highly reflective and partially transmissive mirrors

• Active medium placed between mirrors

• Light passes through active medium, stimulates emission of additional photons, amplifying light

• Emitted photons travel back and forth between mirrors, passing through active medium multiple times
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• Each pass further amplifies light

• Highly reflective mirror reflects most light back into cavity, partially transmissive mirror allows portion
to escape as laser output

• Optical resonator acts as frequency filter

• Only light with wavelengths satisfying resonance condition (integer multiples of half cavity length) can
be sustained and amplified

• Results in laser output with very narrow frequency bandwidth

Characteristics of laser light
1. Directionality - Highly directional, travels in narrow, collimated beam - Due to geometry of optical
resonator, only light traveling perpendicular to mirrors is amplified

2. Monochromaticity - Monochromatic, consists of single wavelength or very narrow range of
wavelengths - Result of resonance condition of optical cavity, selectively amplifies specific wavelengths

3. Coherence - Coherent, photons have fixed phase relationship with each other - Two types of
coherence:

• Temporal coherence: Photons emitted at different times maintain fixed phase relationship, resulting in
long coherence length

• Spatial coherence: Photons emitted from different points in laser beam have fixed phase relationship,
resulting in uniform wavefront

• Characteristics make laser light suitable for wide range of applications (precision measurements,
material processing, optical communication)

Factors affecting laser beam quality and divergence
• Laser beam quality measures how close beam is to ideal Gaussian beam

• Perfect Gaussian beam has lowest divergence and highest focusability

• Beam quality factor (M²) quantifies deviation from ideal Gaussian beam

• Ideal Gaussian beam has M² = 1, real laser beams have M² > 1

• Factors affecting beam quality and divergence: 1. Active medium inhomogeneities

• Variations in refractive index, density, or temperature cause distortions in laser beam 2. Thermal
lensing effects

• Heat generated during pumping causes temperature gradient in active medium, changing refractive
index and creating "thermal lens"

• Can cause laser beam to focus or defocus, affecting quality and divergence 3. Misalignment of optical
resonator

• Imperfectly aligned mirrors cause laser beam to deviate from ideal path, increasing divergence 4.
Aperture effects

• Size and shape of aperture through which laser beam passes affect quality and divergence

• Smaller aperture can lead to diffraction effects, increasing beam divergence
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• Techniques like beam shaping, mode selection, and adaptive optics can improve laser beam quality
and reduce divergence

6.2 Laser resonators and modes
Laser resonators are the heart of laser systems, providing the structure for light amplification and coherent
beam generation. They consist of mirrors that bounce light through a gain medium, creating specific
wavelengths and spatial patterns called modes.

Understanding laser modes is crucial for optimizing laser performance. Longitudinal modes determine the
laser's frequency spectrum, while transverse modes shape the beam's spatial profile. Factors like cavity
design, gain medium properties, and alignment affect mode quality and stability.

Laser Resonator Structure and Purpose

Structure of laser resonators
• Consists of two mirrors, one fully reflective and one partially reflective serves as the output coupler

• Mirrors placed at opposite ends of the gain medium confines light within the cavity

• Light bounces back and forth between the mirrors, passing through the gain medium multiple times for
amplification

• Resonator length determines the allowed wavelengths (modes) that can oscillate within the cavity

• Modes must satisfy the resonance condition: , where  is the cavity length,  is an integer,
and  is the wavelength ensures constructive interference

• Additional optical elements (prisms, gratings, or etalons) can be inserted into the cavity to select
specific modes or control the laser's properties

Purpose of laser resonators
• Provides optical feedback and amplification for the generation of coherent light

• Allows for the buildup of light intensity within the cavity through multiple passes through the gain
medium

• Selects and amplifies specific wavelengths and spatial modes that satisfy the resonance condition

• Determines the spectral and spatial properties of the laser output

• Longitudinal modes correspond to different wavelengths that can oscillate within the cavity

• Transverse modes describe the spatial distribution of the laser beam perpendicular to the optical axis
(Gaussian, Hermite-Gaussian, or Laguerre-Gaussian)

• Enables the generation of high-power, monochromatic, and directional laser beams for various
applications (material processing, spectroscopy, or optical communication)

Laser Modes and Stability

Longitudinal vs transverse modes
• Longitudinal modes
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• Correspond to different standing wave patterns along the optical axis of the resonator

• Determined by the resonator length and the wavelength of the light

• Frequency spacing between adjacent longitudinal modes: , where  is the speed of light
and  is the cavity length

• Different longitudinal modes have slightly different wavelengths and frequencies (multiple wavelengths
can oscillate simultaneously in a laser cavity)

• Transverse modes

• Describe the spatial distribution of the electromagnetic field perpendicular to the optical axis

• Denoted by TEMmn (Transverse Electromagnetic), where m and n are integers representing the
number of nodes in the horizontal and vertical directions

• TEM00 (fundamental mode) has a Gaussian intensity profile and is often preferred for its low
divergence and high focusability

• Higher-order transverse modes (TEM01, TEM10, etc.) have more complex spatial profiles and higher
divergence angles

Frequency spacing in laser cavities
• Frequency spacing between adjacent longitudinal modes: 

•  is the speed of light (approximately 3 × 10^8 m/s)

•  is the length of the laser resonator

• Example: For a laser resonator with a length of 50 cm (0.5 m), the frequency spacing would be:

• 

• Frequency spacing determines the spectral purity and tunability of the laser

• Smaller frequency spacing (longer cavity) results in a higher spectral resolution and narrower linewidth

• Larger frequency spacing (shorter cavity) allows for wider wavelength tuning range and pulsed
operation

Factors affecting laser mode quality
• Resonator geometry 1. Concave mirrors provide focusing and stabilize the mode by compensating for
diffraction 2. Flat mirrors are less stable and more sensitive to misalignment, requiring precise
positioning 3. Confocal resonators (mirror separation equals the radius of curvature) are highly stable
and minimize diffraction losses

• Gain medium properties

• Homogeneity and uniformity of the gain medium affect mode quality by minimizing spatial variations in
amplification

• Thermal lensing effects caused by non-uniform heating can distort the mode and reduce stability,
requiring active cooling or compensation

• Alignment and mechanical stability

• Precise alignment of the mirrors is crucial for maintaining mode quality and minimizing losses



Fiveable archived study guides Page 48

• Mechanical vibrations and thermal fluctuations can cause misalignment and degrade mode stability,
requiring robust mounting and isolation

• Apertures and mode-selecting elements

• Intracavity apertures can be used to select the desired transverse mode (TEM00) by blocking
higher-order modes

• Prisms, gratings, or etalons can be used to select specific longitudinal modes or narrow the linewidth
by introducing wavelength-dependent losses

6.3 Types of lasers: gas, solid-state, semiconductor, and dye lasers
Lasers come in various types, each with unique operating principles and features. Gas, solid-state,
semiconductor, and dye lasers all have distinct gain media and excitation methods, leading to different
wavelengths, power outputs, and applications.

Understanding the factors affecting laser performance is crucial. Wavelength, power, and efficiency are
key parameters influenced by the gain medium, pump source, and resonator design. These factors
determine a laser's suitability for specific uses in industry, medicine, and research.

Types of Lasers

Operating principles of laser types
• Gas lasers

• Gain medium consists of a gas or gas mixture enclosed in a sealed tube

• Excitation achieved through electrical discharge or chemical reaction (HeNe, CO2, argon-ion)

• Population inversion created by selective excitation of gas atoms or molecules to higher energy levels

• Stimulated emission occurs as excited atoms or molecules return to lower energy levels

• Solid-state lasers

• Gain medium is a solid crystal or glass host material doped with rare-earth ions (ruby, Nd:YAG)

• Optical pumping using flash lamps or laser diodes excites the dopant ions to higher energy levels

• Population inversion achieved through efficient energy transfer from the host material to the dopant
ions

• Stimulated emission generates coherent laser light as the excited ions return to the ground state

• Semiconductor lasers

• Gain medium is a semiconductor material with a p-n junction (GaAs, InGaAs)

• Electrical current injection across the p-n junction creates a population inversion

• Recombination of electrons and holes in the active region leads to stimulated emission

• Compact size and direct modulation capability make them suitable for various applications

• Dye lasers
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• Gain medium consists of organic dye molecules dissolved in a liquid solution or embedded in a solid
matrix

• Optical pumping using another laser or flash lamp excites the dye molecules to higher energy states

• Population inversion achieved through efficient energy transfer and rapid vibrational relaxation

• Broad wavelength tunability and short pulse generation are unique features of dye lasers

Features of laser categories
• Gas lasers

• Wide range of available wavelengths from ultraviolet to far-infrared (HeNe: 632.8 nm, CO2: 9.4 μm
and 10.6 μm)

• High output power and efficiency due to efficient excitation and good thermal management

• Excellent beam quality and low divergence resulting from the homogeneous gain medium

• Continuous wave (CW) or pulsed operation modes depending on the excitation method and gas
mixture

• Solid-state lasers

• High output power and energy achieved through efficient optical pumping and energy storage in the
gain medium

• Excellent beam quality due to the stable and rigid structure of the solid-state host material

• Wide range of wavelengths accessible through different gain media and frequency conversion
techniques (Nd:YAG: 1064 nm, Er:fiber: 1550 nm)

• Pulsed operation with high peak powers enables applications in material processing and nonlinear
optics

• Semiconductor lasers

• Compact size and low cost due to the small active region and mass production techniques

• High efficiency and reliability resulting from the direct conversion of electrical energy into laser light

• Direct modulation capability allows for high-speed data transmission in optical communication
systems

• Wide range of wavelengths available through bandgap engineering of semiconductor materials
(GaAs: 800-900 nm, InGaAs: 900-1100 nm)

• Dye lasers

• Broad wavelength tunability achieved by selecting different dye molecules or adjusting the
concentration (Rhodamine 6G: 570-650 nm, Coumarin: 440-540 nm)

• Short pulse generation in the picosecond and femtosecond range due to the fast vibrational relaxation
of dye molecules

• High peak powers suitable for nonlinear optical processes and time-resolved spectroscopy

• Applications in laser medicine, such as photodynamic therapy and dermatology, benefit from the
wavelength selectivity
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Gain media in lasers
• Gas lasers

• Helium-neon (HeNe): 632.8 nm red emission, used in alignment and interferometry

• Carbon dioxide (CO2): 9.4 μm and 10.6 μm infrared emission, used in material processing and
surgery

• Argon-ion: 488 nm blue and 514.5 nm green emission, used in laser shows and fluorescence
excitation

• Solid-state lasers

• Ruby: 694.3 nm red emission, the first demonstrated laser material

• Neodymium-doped yttrium aluminum garnet (Nd:YAG): 1064 nm near-infrared emission, widely used
in industrial and scientific applications

• Erbium-doped fiber: 1550 nm telecommunication wavelength, used in optical amplifiers and fiber
lasers

• Semiconductor lasers

• Gallium arsenide (GaAs): 800-900 nm near-infrared emission, used in laser pointers and optical
storage

• Indium gallium arsenide (InGaAs): 900-1100 nm emission, used in fiber-optic communication and
sensing

• Gallium nitride (GaN): 400-500 nm blue and green emission, used in laser displays and data storage

• Dye lasers

• Rhodamine 6G: 570-650 nm tunable emission, used in spectroscopy and laser medicine

• Coumarin: 440-540 nm blue-green emission, used in underwater communication and remote sensing

• Fluorescein: 530-560 nm green emission, used in ophthalmology and flow cytometry

Factors affecting laser performance
• Wavelength 1. Determined by the energy level structure of the gain medium 2. Can be tuned by
selecting different transitions or using frequency conversion techniques (second harmonic generation,
parametric oscillation)

• Power

• Depends on the gain medium's ability to store and release energy efficiently

• Influenced by the pump source intensity and the resonator design (output coupling, mode volume)

• Thermal management is crucial to prevent overheating and maintain beam quality

• Efficiency

• Ratio of output optical power to input pump power 

• Affected by the quantum efficiency of the gain medium (ratio of emitted photons to absorbed pump
photons)
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• Depends on the overlap between the pump wavelength and the absorption spectrum of the gain
medium

• Influenced by the losses in the resonator (mirror reflectivity, scattering, absorption)

• Optimizing the pump source, gain medium, and resonator design is essential for high-efficiency
operation

6.4 Laser applications in science, industry, and medicine
Lasers revolutionize scientific research, industry, and medicine. From spectroscopy to interferometry, they
enable precise analysis and measurement. In manufacturing, lasers cut, weld, and 3D print with
unparalleled accuracy, transforming production processes across industries.

Medical treatments benefit greatly from laser technology. Eye surgeries like LASIK and skin treatments
such as laser resurfacing showcase the versatility of lasers in healthcare. Safety regulations ensure
responsible use, with classifications and protective measures safeguarding users and patients alike.

Laser Applications in Science

Lasers in scientific research
• Spectroscopy involves using lasers to analyze the composition and structure of materials

• Laser-induced breakdown spectroscopy (LIBS) uses high-energy laser pulses to create plasma on a
sample's surface and analyzes the emitted light to determine the sample's elemental composition
(metals, ceramics, semiconductors)

• Raman spectroscopy utilizes laser light to excite molecules and observe their unique vibrational and
rotational energy states, enabling the identification of chemical compounds and structures
(pharmaceuticals, polymers)

• Interferometry employs lasers to measure tiny distances and displacements with high precision

• Laser interferometers use coherent laser light to create interference patterns that can detect small
displacements, vibrations, and surface irregularities (optical components, precision machining)

• Applications in gravitational wave detection, such as the Laser Interferometer Gravitational-Wave
Observatory (LIGO), use high-power lasers and long-baseline interferometers to detect gravitational
waves from cosmic events (black hole mergers, neutron star collisions)

Industrial applications of lasers
• Laser cutting uses a focused laser beam to melt, vaporize, or burn material along a predetermined
path, enabling precise and efficient cutting of various materials (metals, plastics, textiles)

• Laser welding employs a high-energy laser beam to melt and join materials together, creating strong,
high-quality welds with minimal heat-affected zones in industries such as automotive, aerospace, and
electronics manufacturing

• 3D printing techniques like selective laser sintering (SLS) and selective laser melting (SLM) use a
laser beam to sinter or melt powdered materials layer by layer, creating complex 3D objects for rapid
prototyping and production (medical implants, aerospace components)
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Lasers in medical treatments
• Ophthalmology utilizes lasers for various eye treatments 1. LASIK (Laser-Assisted In Situ
Keratomileusis) reshapes the cornea using an excimer laser to correct vision problems (myopia,
hyperopia, astigmatism) 2. Photodynamic therapy (PDT) treats age-related macular degeneration
(AMD) by activating light-sensitive drugs with lasers to destroy abnormal blood vessels

• Dermatology employs lasers for skin treatments

• Laser skin resurfacing removes damaged skin layers and stimulates collagen production using CO2 or
erbium lasers to treat wrinkles, scars, and pigmentation issues

• Laser hair removal selectively targets and destroys hair follicles using high-energy laser pulses,
providing long-lasting hair reduction

Safety regulations for lasers
• Laser classification system categorizes lasers based on their potential to cause harm (Class 1 to
Class 4), with higher classes requiring more stringent safety measures

• Eye and skin protection

• Appropriate personal protective equipment (PPE) must be worn when working with lasers, including
safety goggles with specific optical density (OD) for the laser's wavelength and protective clothing and
gloves to prevent skin damage

• Controlled areas and access restrictions

• Laser safety officers (LSOs) oversee the safe use of lasers in facilities

• Designated laser-controlled areas with limited access to trained personnel

• Regulations and standards

• American National Standards Institute (ANSI) Z136 series provides guidelines for the safe use of
lasers in various settings

• Occupational Safety and Health Administration (OSHA) enforces workplace safety standards,
including those related to laser use

• Food and Drug Administration (FDA) regulates the manufacture and use of medical laser devices to
ensure patient safety



Fiveable archived study guides Page 53

Unit 7 – Gaussian Beams and Resonators
7.1 Gaussian beam properties and propagation
Gaussian beams are the backbone of laser optics. They describe how laser light behaves as it travels,
focusing on the beam's shape and intensity. Understanding these beams is crucial for working with lasers
in various applications.

The notes cover the key aspects of Gaussian beams, including their electric field distribution, propagation
characteristics, and how they interact with optical elements. This knowledge is essential for designing and
optimizing laser systems in research and industry.

Gaussian Beam Fundamentals

Electric field of Gaussian beams
• Gaussian function describes transverse electric field distribution of Gaussian beams

• Highest electric field amplitude at center decreases with radial distance

• Models laser beams and light propagation in optical fibers (single-mode fibers)

• Intensity distribution proportional to square of electric field amplitude

• Gaussian beam key parameters:

• Beam waist : Minimum beam radius located at 

• Beam radius : Radial distance where electric field amplitude falls to  of maximum value at
position 

• ,  is Rayleigh range

• Radius of curvature : Wavefront radius at position 

• 

• Rayleigh range : Distance from beam waist where beam radius increases by factor of 

• ,  is wavelength

• He-Ne laser:  nm

Gaussian Beam Propagation

Evolution of beam parameters
• Gaussian beams propagate through free space with changing beam radius, radius of curvature, and
phase

• Beam parameter evolution: 1. Beam radius  increases with distance from beam waist

•  2. Radius of curvature  changes from infinity at beam waist to minimum at
Rayleigh range, then increases
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•  3. Gouy phase : Additional phase shift of Gaussian beam compared to plane
wave

• 

• Gouy phase shift is  as beam propagates from  to 

• Important for mode matching in resonators (laser cavities)

ABCD matrix for optical systems
• ABCD matrix formalism analyzes Gaussian beam propagation through simple optical systems

• 2x2 matrix represents each optical element relating input and output beam parameters

• Optical elements: lenses, mirrors, free space propagation

• Overall system matrix is product of individual element matrices in order encountered

• ABCD matrix transforms Gaussian beam parameters:

• ,  and  are complex beam parameters at input and output

• 

• Transformed complex beam parameter determines beam waist size and location after system
propagation

Comparison of wave types
• Plane waves:

• Infinite transverse extent and constant amplitude

• Flat wavefronts perpendicular to propagation direction

• No divergence or convergence upon propagation

• Idealized and not physically realizable

• Spherical waves:

• Amplitude decreases with distance from source

• Spherical wavefronts centered at source

• Diverge upon propagation

• Produced by point sources (antennas)

• Gaussian beams:

• Finite transverse extent with Gaussian amplitude distribution

• Curved wavefronts approaching plane waves far from beam waist

• Diverge upon propagation, slower than spherical waves

• Maintain Gaussian profile during propagation

• Realistic model for laser beams (HeNe, diode lasers)
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Focusing of Gaussian beams
1. Thin lens focuses Gaussian beam to smaller beam waist

2. New beam waist size  and location  calculated using lens focal length  and input beam
parameters: -  - 

Collimation of Gaussian beams
1. Thin lens collimates diverging Gaussian beam producing larger beam waist and nearly flat wavefront

2. Lens focal length required for collimation equals radius of curvature of input beam at lens position

3. Collimated beam waist size : - ,  is beam radius at lens position,  is distance from
input beam waist to lens

• Used in telescopes and beam expanders (Galilean, Keplerian)

7.2 ABCD matrix formalism for beam propagation
ABCD matrices simplify the analysis of light propagation through optical systems. These 2x2 matrices
represent how each element affects a beam's position and angle, allowing us to model complex setups by
multiplying matrices together.

This formalism is particularly useful for Gaussian beams, which are characterized by their waist size and
location. By using ABCD matrices, we can easily calculate how a Gaussian beam changes as it passes
through lenses, mirrors, and free space.

ABCD Matrix Formalism

Ray transfer matrices in beam propagation
• Ray transfer matrices (ABCD matrices) describe transformation of light ray or Gaussian beam
propagating through optical system

• 2x2 matrix represents each optical element

• Matrices multiply to determine overall system effect on beam

• ABCD matrices relate input and output beam parameters using equation:

•

• ,  input beam position and angle

• ,  output beam position and angle

• , , ,  elements of ABCD matrix

• ABCD matrix formalism particularly useful for analyzing Gaussian beam propagation

• Gaussian beams characterized by beam waist size ( ) and location ( )

• Complex beam parameter ( ) describes Gaussian beam at any point along propagation
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ABCD matrices of optical elements
• Free space propagation matrix:

•

•  distance of propagation

• Thin lens matrix:

•

•  focal length of lens

• Curved mirror matrix:

•

•  radius of curvature (positive for concave, negative for convex)

Gaussian beam tracing with matrices
• Trace Gaussian beam through optical system by multiplying ABCD matrices of each element in order
encountered

• Resulting matrix represents total beam transformation

• Output complex beam parameter ( ) related to input ( ) by:

• 

• For resonators, determine ABCD matrix for one round trip

• Resonator stability condition: 

• If met, resonator supports stable Gaussian modes

Beam parameter calculations using matrices
• Complex beam parameter ( ) related to beam size ( ) and radius of curvature ( ) by:

• 

•  wavelength of light

• Find beam parameters at output of optical system: 1. Calculate input complex beam parameter ( )
2. Determine ABCD matrix for entire optical system
3. Use ABCD matrix to find output complex beam parameter ( ) 4. Extract beam size ( ) and radius
of curvature ( ) from 
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7.3 Optical resonators: stability and mode structure
Optical resonators are the heart of lasers, confining and amplifying light using mirrors and a gain medium.
They come in various configurations, each with unique properties that affect stability and performance.

Understanding resonator stability is crucial for laser design. ABCD matrices help analyze light propagation,
while the stability criterion determines if light remains confined. Transverse modes and resonance
frequencies further shape the output beam's characteristics.

Optical Resonator Configuration and Stability

Components of optical resonators
• Optical resonators confine and amplify light using two or more mirrors (flat or curved)

• Common configurations: Fabry-Perot cavities and ring resonators

• Gain medium amplifies light through stimulated emission placed between the mirrors

• Examples: solid-state crystals (Ti:Sapphire), semiconductors (GaAs), gases (He-Ne)

• Light circulates between the mirrors, passing through the gain medium multiple times

• Resonator geometry and mirror properties determine stability and mode structure

Stability analysis with ABCD matrices
• ABCD matrix formalism analyzes light propagation through optical systems

• Each optical element represented by a 2x2 matrix

• Matrices multiplied to determine overall system matrix

• Stability criterion for optical resonators: 

• A and D are elements of the system matrix

• If satisfied, resonator is stable, and light remains confined within the cavity

• Stability depends on mirror curvature, spacing, and alignment

• Planar mirror resonators are marginally stable

• Confocal resonators (mirrors with equal radii of curvature separated by their focal length) are stable

Resonator Mode Structure and Properties

Transverse modes in stable resonators
• Transverse modes describe spatial distribution of light intensity perpendicular to propagation direction

• Hermite-Gaussian (HG) modes: orthogonal solutions to paraxial wave equation in Cartesian
coordinates

• Characterized by indices  and , representing nodes in  and  directions

• Intensity profile described by Hermite polynomials and a Gaussian function

• Laguerre-Gaussian (LG) modes: orthogonal solutions in cylindrical coordinates
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• Characterized by radial index  and azimuthal index 

• Intensity profile described by Laguerre polynomials and a Gaussian function

• Non-zero  LG modes have a phase singularity at the center, resulting in a donut-shaped intensity
profile

• Higher-order modes have larger transverse extent and more complex intensity patterns than the
fundamental mode (HG00 or LG00)

Resonance frequencies and spectral range
• Resonance frequencies: frequencies at which light constructively interferes after one round trip

• Determined by condition: , where  is resonator length,  is an integer, and  is wavelength

• Resonance frequencies given by , where  is speed of light

• Free spectral range (FSR): frequency spacing between adjacent resonance frequencies

• FSR = 

• Inversely proportional to resonator length

• Resonators with larger FSR support fewer longitudinal modes within a given gain bandwidth

Effects of perturbations on resonators
• Mirror misalignment reduces coupling efficiency and increases losses

• Angular misalignment tilts wavefront, causing beam to walk off mirrors

• Lateral misalignment shifts beam position and reduces overlap with gain medium

• Apertures within resonator limit transverse extent of modes

• Smaller apertures increase diffraction losses and suppress higher-order modes

• Carefully designed apertures used for mode selection and improving beam quality

• Other perturbations (thermal lensing in gain medium, mirror vibrations) affect stability and mode
structure

• Thermal lensing: non-uniform heating of gain medium leads to spatially varying refractive index

• Vibrations cause fluctuations in resonator length and alignment, leading to frequency and intensity
noise in output beam

• Proper design, alignment, and stabilization techniques optimize resonator performance in applications
(lasers, optical filters)

7.4 Q-switching and mode-locking techniques
Q-switching and mode-locking are powerful techniques for generating intense laser pulses. Q-switching
builds up energy before releasing it in a short burst, while mode-locking synchronizes laser modes to
create ultra-short pulses.

These methods enable applications like laser cutting, range finding, and studying ultrafast phenomena.
Q-switching offers high energy pulses, while mode-locking produces incredibly short pulses, each with
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unique advantages for different uses.

Q-Switching Techniques

Q-switching for laser pulses
• Modulates Q-factor (quality factor) of laser cavity represents ratio of energy stored to energy lost per
oscillation cycle

• Builds up large population inversion in gain medium before lasing occurs

• Suddenly increasing Q-factor (switching) releases stored energy in short, intense pulse

• Enables pulsed laser ablation for material processing, laser range finding, LIDAR (Light Detection and
Ranging)

• Allows nonlinear optics experiments requiring high peak power

Active vs passive Q-switching
• Active Q-switching methods:

• Electro-optic Q-switching uses electro-optic modulator (Pockels cell) to control cavity losses changes
polarization state of light in response to applied electric field

• Acousto-optic Q-switching employs acousto-optic modulator (AOM) to control cavity losses diffracts
light using sound waves, effectively acting as fast shutter

• Passive Q-switching methods:

• Saturable absorber Q-switching uses material with intensity-dependent absorption (saturable
absorber) inside cavity initially attenuates light, preventing lasing

• As intensity builds up, absorber becomes saturated (transparent), allowing pulse to develop

• Simpler and more compact than active methods

• Offers less control over pulse timing and repetition rate compared to active methods

Mode-Locking Techniques

Principle of mode-locking
• Establishes fixed phase relationship (locking) between longitudinal modes of laser cavity

• Constructive interference of locked modes generates train of short, intense pulses

• Laser cavity supports multiple longitudinal modes with slightly different frequencies

• If modes oscillate independently (random phases), output is continuous wave (CW) with fluctuations

• Synchronizing phases of modes through mode-locking mechanism generates short pulses

• Modes interfere constructively at one point, resulting in high-intensity peak

• Modes interfere destructively elsewhere, suppressing background

• Enables generation of pulses much shorter than cavity round-trip time pulse duration inversely
proportional to bandwidth of locked modes
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Types of mode-locking techniques
• Active mode-locking:

• Utilizes external modulator to synchronize phases of modes

• Amplitude modulation (AM) mode-locking uses electro-optic or acousto-optic modulator to modulate
cavity losses at cavity round-trip frequency

• Frequency modulation (FM) mode-locking employs electro-optic phase modulator to modulate phase
of light at cavity round-trip frequency

• Passive mode-locking:

• Relies on nonlinear optical element (saturable absorber) to self-modulate light

• Kerr-lens mode-locking (KLM) exploits intensity-dependent refractive index (Kerr effect) of gain
medium, leading to self-focusing and self-amplitude modulation

• Semiconductor saturable absorber mirror (SESAM) mode-locking uses semiconductor saturable
absorber mirror to introduce intensity-dependent losses, favoring formation of short pulses

• Passive mode-locking techniques generally produce shorter pulses than active methods not limited by
modulation speed of external devices

Factors in pulse characteristics
• Q-switched lasers:

• Pulse duration determined by cavity round-trip time and switching speed of Q-switch faster switching
and shorter cavity lengths lead to shorter pulses

• Peak power depends on energy stored in gain medium before switching and pulse duration higher
stored energy and shorter pulses result in higher peak power

• Repetition rate limited by time required to replenish population inversion after each pulse determined
by pump power and upper-state lifetime of gain medium

• Mode-locked lasers:

• Pulse duration inversely proportional to bandwidth of locked modes broader bandwidth supports
shorter pulses

• Dispersion management crucial to maintain short pulses by compensating for pulse broadening
effects

• Peak power depends on average power and pulse duration shorter pulses and higher average power
lead to higher peak power

• Repetition rate determined by cavity round-trip time (cavity length) shorter cavities result in higher
repetition rates

• Choice of gain medium, cavity design, and operating parameters influence achievable pulse
characteristics in both Q-switched and mode-locked lasers
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Unit 8 – Nonlinear Optics: Phenomena
and Applications
8.1 Nonlinear susceptibility and wave equation
Nonlinear optics explores how intense light interacts with materials in unexpected ways. When powerful
lasers hit certain substances, they create wild effects like turning red light into blue or making light waves
mix together.

These phenomena happen because materials respond differently to super-bright light. Instead of just
absorbing or reflecting light normally, they start doing funky things with the light waves, bending and
twisting them into new forms.

Nonlinear Optical Phenomena

Nonlinear susceptibility in optics
• Nonlinear susceptibility quantifies nonlinear response of a medium to strong electric fields (lasers)

• Denoted as , where  represents the order of nonlinearity (  for second-order,  for
third-order)

• Relates induced polarization in the medium to applied electric field strength

• Determines strength and nature of nonlinear optical effects enables phenomena like frequency mixing,
harmonic generation, self-phase modulation

• Allows manipulation of light-matter interactions beyond linear regime (superposition principle)

Derivation of nonlinear wave equation
• Begin with Maxwell's equations for nonlinear medium: 1.  (Faraday's law) 2. 
(Ampère's law) 3.  (Gauss's law) 4.  (Gauss's law for magnetism)

• Assume no free charges ( ) and non-magnetic medium ( ) for simplification

• Express electric displacement field  in terms of electric field  and nonlinear polarization :

• Substitute expressions for  and  into Maxwell's equations and simplify to obtain nonlinear wave
equation: 

Origins of nonlinear optical phenomena
• Nonlinear optical phenomena arise from nonlinear response of material to intense electric fields
(focused laser beams)

• Under strong electric fields, induced polarization in medium becomes nonlinear deviates from linear
proportionality

• Nonlinear polarization acts as source term in nonlinear wave equation generates new frequency
components and modifies wave propagation
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• Physical mechanisms contributing to nonlinear optical phenomena include:

• Electronic polarization: distortion of electron cloud around atoms or molecules (Kerr effect)

• Molecular orientation: alignment of polar molecules in strong electric fields (Pockels effect)

• Electrostriction: change in material density due to applied electric field (stimulated Brillouin scattering)

• Thermal effects: temperature changes induced by absorption of high-intensity light (thermal lensing)

Linear vs nonlinear optical responses
• Linear optical response:

• Occurs at low light intensities below nonlinear threshold

• Induced polarization proportional to applied electric field follows superposition principle

• Described by linear susceptibility  governs linear optical properties

• Examples: reflection, refraction, absorption, dispersion (prism)

• Nonlinear optical response:

• Occurs at high light intensities above nonlinear threshold (gigawatts per square centimeter)

• Induced polarization has nonlinear dependence on applied electric field violates superposition
principle

• Described by higher-order nonlinear susceptibilities , , etc. enables novel optical phenomena

• Examples: second-harmonic generation (frequency doubling), third-harmonic generation,
sum-frequency generation (two photons in, one photon out), four-wave mixing (phase conjugation),
self-phase modulation (spectral broadening)

8.2 Second-order nonlinear effects: frequency doubling and parametric
processes
Second-order nonlinear effects in optics manipulate light in fascinating ways. These phenomena, like
second harmonic generation and optical parametric amplification, allow us to create new frequencies and
amplify weak signals using special materials and precise conditions.

These effects have revolutionized laser technology and optical communications. By harnessing nonlinear
processes, we can generate tunable light sources, create shorter wavelengths, and develop high-speed
modulators for various applications in science and technology.

Second-order Nonlinear Effects

Process of second harmonic generation
• Nonlinear optical process doubles the frequency of an input light wave

• Converts input wave with frequency  to output wave with frequency 

• Halves the wavelength of the output wave compared to the input wave (1064 nm to 532 nm)

• Occurs in nonlinear optical materials with non-zero second-order susceptibility 

• Materials include KDP (potassium dihydrogen phosphate) and BBO (beta barium borate)
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• Nonlinear polarization  induced in the material proportional to the square of the input electric field
: 

• Nonlinear polarization acts as a source term for the second harmonic wave

• Intensity of the second harmonic wave depends on the square of the input intensity and length of the
nonlinear material

• Doubling the input intensity quadruples the second harmonic intensity

• Increasing the interaction length enhances the conversion efficiency

Phase-matching for nonlinear processes
• Crucial for efficient second-order nonlinear processes (SHG, parametric amplification)

• Ensures generated nonlinear waves maintain fixed phase relationship with input waves throughout the
nonlinear material

• Phase mismatch  is the difference between the wave vectors of the interacting waves

• For SHG: , where  and  are wave vectors of fundamental and second harmonic
waves

• Perfect phase-matching occurs when 

• Leads to constructive interference and efficient nonlinear conversion

• Methods to achieve phase-matching: 1. Birefringent phase-matching: Utilizes difference in refractive
indices for ordinary and extraordinary waves in birefringent crystals (BBO, LiNbO3) 2.
Quasi-phase-matching (QPM): Periodically modulates sign of nonlinear coefficient to compensate for
phase mismatch

• Achieved through periodic poling of ferroelectric materials (lithium niobate)

Optical parametric amplification and oscillation
• Optical parametric amplification (OPA): Second-order nonlinear process amplifies weak input signal
using strong pump wave

• Pump photon with frequency  splits into signal photon ( ) and idler photon ( )

• Energy conservation: 

• Phase-matching conditions must be satisfied for efficient OPA

• Optical parametric oscillation (OPO): Extension of OPA incorporating feedback to generate tunable
coherent light

• Nonlinear crystal placed inside optical cavity resonant at signal or idler frequency (or both)

• Above threshold pump power, OPO starts to oscillate, generating signal and idler waves

• OPA and OPO generate tunable light sources in infrared and visible regions

• Wavelength tuning achieved by adjusting phase-matching conditions (crystal angle, temperature)
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Applications of second-order nonlinear effects
• Frequency doubling (SHG) generates shorter wavelengths from available laser sources

• Doubling 1064 nm Nd:YAG laser generates 532 nm green light

• Applications: laser displays, microscopy, spectroscopy

• Optical parametric oscillators (OPOs) employed as tunable coherent light sources

• Applications: spectroscopy, remote sensing, quantum optics experiments

• Electro-optic modulators (EOMs) utilize second-order nonlinear effects for high-speed light modulation

• Pockels effect induces refractive index change proportional to applied electric field

• Applications: telecommunications, optical switching, pulse picking

• Nonlinear frequency conversion techniques (sum-frequency generation (SFG), difference-frequency
generation (DFG)) generate light at specific wavelengths

• Applications: quantum optics, spectroscopy, optical frequency metrology

8.3 Third-order nonlinear effects: Kerr effect and four-wave mixing
Third-order nonlinear effects in optics are fascinating phenomena that occur when light interacts with
certain materials. These effects, like the Kerr effect and four-wave mixing, can change how light behaves,
leading to some cool applications in technology.

These nonlinear effects allow us to manipulate light in ways that weren't possible before. We can use them
to create ultrashort laser pulses, convert light between different wavelengths, and even process optical
signals without converting them to electrical signals first.

Third-Order Nonlinear Effects

Kerr effect on refractive index
• Third-order nonlinear optical phenomenon occurs in materials with a third-order nonlinear
susceptibility ( )

• Causes refractive index to become dependent on the intensity of the applied electric field

• Refractive index change expressed as 

•  represents the nonlinear refractive index coefficient

•  represents the intensity of the applied electric field

• Leads to an intensity-dependent phase shift in the propagating light wave (self-phase modulation)

• Enables various nonlinear optical effects and applications such as

• Self-phase modulation (SPM)

• Four-wave mixing (FWM)

• Optical switching and modulation (optical logic gates, modulators)
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Self-phase modulation phenomenon
• Occurs as a result of the Kerr effect when an intense optical pulse propagates through a nonlinear
medium (optical fibers)

• Causes the pulse to experience an intensity-dependent phase shift

• High-intensity parts of the pulse undergo a larger phase shift compared to low-intensity parts

• Leads to spectral broadening of the optical pulse generating new frequency components

• Can cause temporal pulse compression or broadening depending on the initial chirp of the pulse and
the sign of 

• Finds applications in

• Supercontinuum generation (white light sources)

• Pulse compression in ultrashort pulse lasers (femtosecond lasers)

• Spectral shaping and control (pulse shaping)

Four-wave mixing process
• Nonlinear optical process involving the interaction of four waves in materials with 

• Requires the presence of at least two input waves with different frequencies

• Pump waves denoted as  and 

• Signal wave denoted as 

• Generates a fourth wave (idler) with frequency  satisfying energy conservation

• Efficient FWM requires the phase-matching condition  to be met

• Finds applications in

• Wavelength conversion in optical communication systems (WDM networks)

• Optical parametric amplification and oscillation (tunable lasers)

• Entangled photon pair generation for quantum optics (quantum key distribution)

Third-order nonlinearities in signal processing
• Enable various optical signal processing functions exploiting the Kerr effect and FWM

• Optical switching and modulation 1. Kerr effect allows intensity-dependent control of refractive index
2. Used in optical switches, modulators, and logic gates (photonic integrated circuits)

• Wavelength conversion 1. FWM enables efficient wavelength conversion of optical signals 2.
Important for wavelength-division multiplexing (WDM) systems (dense WDM, reconfigurable optical
add-drop multiplexers)

• Optical regeneration 1. SPM and FWM can be used for optical signal regeneration 2. Helps in
reducing amplitude and phase noise 3. Mitigates signal distortions (dispersion compensation,
nonlinearity compensation)

• All-optical signal processing
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• Third-order nonlinearities enable processing of optical signals without electrical conversion

• Offers potential for high-speed, low-latency, and energy-efficient signal processing (optical computing,
neuromorphic photonics)

8.4 Nonlinear optical materials and devices
Nonlinear optical materials are the backbone of modern photonics. They enable us to manipulate light in
ways that were once thought impossible, from changing its color to creating ultra-fast switches for
telecommunications.

These materials have unique properties that allow them to interact with light in fascinating ways. By
understanding their characteristics and applications, we can unlock new possibilities in fields like imaging,
communications, and quantum technology.

Nonlinear Optical Materials

Properties of nonlinear optical materials
• Nonlinear susceptibility quantifies the strength of nonlinear optical effects represented by coefficients

, , and higher-order terms

• Phase matching ensures efficient nonlinear interactions by matching phase velocities of interacting
waves (fundamental and generated frequencies)

• Transparency range defines the spectral region where the material transmits light without significant
absorption (visible, near-infrared, mid-infrared)

• Damage threshold determines the maximum optical intensity the material withstands before
irreversible damage occurs crucial for high-power laser applications

Types of nonlinear optical crystals
• Lithium niobate (LiNbO3) ferroelectric crystal exhibits high nonlinear coefficients wide transparency
range (0.35-5.5 μm) used in frequency conversion (SHG, OPO) and electro-optic modulation
(Mach-Zehnder interferometer)

• Beta barium borate (BBO) negative uniaxial crystal offers wide phase-matching range high damage
threshold low group velocity dispersion commonly used for SHG and SFG (UV to near-infrared)

• Potassium titanyl phosphate (KTP) positive biaxial crystal possesses high nonlinear coefficients wide
acceptance angle high damage threshold used in OPOs and frequency doubling (green lasers)

• Lithium triborate (LBO) negative biaxial crystal features wide transparency range (0.16-2.6 μm) high
damage threshold low walk-off angle used in high-power frequency conversion applications (UV to
mid-infrared)
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Design of nonlinear optical devices
• Frequency converters: 1. Second harmonic generation (SHG) converts input frequency  to output
frequency  requires phase matching and high nonlinear coefficient (BBO for visible, LBO for UV) 2.
Sum-frequency generation (SFG) and difference-frequency generation (DFG) combine two input
frequencies to generate a third frequency used for wavelength conversion and tunable light sources
(KTP, LiNbO3) 3. Optical parametric oscillator (OPO) generates tunable output frequencies from a fixed
input frequency consists of a nonlinear crystal (LiNbO3, KTP) in a resonant cavity (ring, linear, or
bow-tie configuration)

• Optical switches:

• Kerr effect-based switches exploit intensity-dependent refractive index change used in all-optical
signal processing and routing (fiber-based or integrated photonic devices)

• Pockels effect-based switches utilize electric field-induced refractive index change used in
electro-optic modulators (LiNbO3) and Q-switches (KTP, BBO)

Applications in telecommunications and imaging
• Telecommunications:

• Wavelength division multiplexing (WDM) uses frequency converters to generate multiple wavelengths
increases data transmission capacity in optical fibers (dense WDM, coarse WDM)

• All-optical signal processing utilizes optical switches for routing and logic operations enables
high-speed, low-latency data processing (optical cross-connects, optical logic gates)

• Imaging:

• Multiphoton microscopy uses nonlinear optical effects (two-photon absorption, SHG) for deep tissue
imaging provides high resolution and reduced phototoxicity (biological and biomedical applications)

• Coherent anti-Stokes Raman scattering (CARS) microscopy exploits nonlinear Raman scattering for
label-free imaging enables chemical-specific contrast and high sensitivity (molecular imaging, material
characterization)

• Other applications:

• Quantum optics and quantum information processing (entangled photon generation, quantum key
distribution)

• Terahertz generation and detection (nonlinear optical rectification, electro-optic sampling)

• Laser frequency stabilization and metrology (optical frequency combs, precision spectroscopy)
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Unit 9 – Fourier Optics: Transforms and
Holography
9.1 Fourier transforms in optics
Fourier transforms are the backbone of modern optics, allowing us to break down complex signals into
their frequency components. This powerful tool lets us analyze and manipulate optical systems with ease,
from calculating diffraction patterns to characterizing imaging systems.

The beauty of Fourier transforms lies in their ability to switch between spatial and frequency domains
seamlessly. This duality opens up a world of possibilities for optical signal processing, enabling techniques
like spatial filtering and correlation that are crucial in many applications.

Fourier Transforms in Optics

Mathematical foundation of Fourier transforms
• Decompose a function into its constituent frequencies enables analysis and manipulation of complex
signals

• Continuous Fourier transform  expresses a function as a sum of complex
exponentials with different frequencies

• Inverse Fourier transform  reconstructs the original function from its
frequency components

• Relate the spatial and frequency domains in optics allows for powerful analysis and processing
techniques

• Spatial domain represents physical space where optical fields and images exist (real space)

• Frequency domain represents the spatial frequencies present in the optical field or image (reciprocal
space)

• Analyze and manipulate optical systems using Fourier transforms enables efficient design and
optimization

• Diffraction patterns can be calculated by taking the Fourier transform of the aperture function
(Fraunhofer diffraction)

• Imaging systems can be characterized by their transfer function, which is the Fourier transform of the
point spread function (PSF)

• Optical signal processing techniques, such as spatial filtering and correlation, rely on Fourier
transform properties

Spatial vs frequency domains
• Related by Fourier transforms allows for seamless conversion between the two representations

• Forward Fourier transform converts from spatial to frequency domain, revealing the spatial frequency
content
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• Inverse Fourier transform converts from frequency to spatial domain, reconstructing the original
optical field or image

• Affect each other's properties, enabling powerful analysis and manipulation techniques

• Scaling in the spatial domain causes inverse scaling in the frequency domain (larger objects have
lower spatial frequencies)

• Shifting in the spatial domain introduces a linear phase factor in the frequency domain (spatial shifts
do not affect frequency content)

• Convolution in the spatial domain corresponds to multiplication in the frequency domain (useful for
analyzing imaging systems)

• Multiplication in the spatial domain corresponds to convolution in the frequency domain (enables
spatial filtering techniques)

Properties for diffraction and imaging
• Calculate diffraction patterns using Fourier transforms simplifies the analysis of complex apertures

• Fraunhofer diffraction occurs in the far-field, where the diffraction pattern is the Fourier transform of
the aperture function (slit, circular aperture)

• Fresnel diffraction occurs in the near-field, where the diffraction pattern is the Fourier transform of the
product of the aperture function and a quadratic phase factor (zone plate)

• Analyze imaging systems using Fourier transforms characterizes their performance and limitations

• Coherent imaging systems have an image that is the convolution of the object with the PSF, which is
the Fourier transform of the pupil function (holography)

• Incoherent imaging systems have an image that is the convolution of the object intensity with the
squared modulus of the PSF (photography)

• Characterize the imaging system in the frequency domain using the optical transfer function (OTF)

• OTF is the Fourier transform of the PSF and represents the system's ability to transfer spatial
frequencies

• Modulation transfer function (MTF) is the magnitude of the OTF and quantifies the contrast reduction
at different spatial frequencies (resolution limit)

Physical interpretation of Fourier transforms
• Represents the angular spectrum of plane waves, revealing the directional composition of the optical
field

• Each point in the frequency domain corresponds to a plane wave with a specific spatial frequency and
direction (wave vector)

• Amplitude and phase of each plane wave component are given by the complex value at the
corresponding frequency domain point (Fourier spectrum)

• Represents the spatial frequency content, characterizing the level of detail and sharpness in the
image
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• Low spatial frequencies correspond to smooth variations and overall structure (background, large
objects)

• High spatial frequencies correspond to fine details and sharp edges (textures, small features)

• Helps understand the optical system's behavior, guiding the design and optimization process

• Bandwidth of the system determines the range of spatial frequencies that can be transmitted or
captured (resolution limit)

• Filtering in the frequency domain can enhance or suppress specific spatial frequencies (image
processing, super-resolution)

Fourier Transform Properties and Applications

Mathematical foundation of Fourier transforms
• Enable efficient analysis and manipulation of optical systems by exploiting their mathematical
properties

• Linearity  allows for superposition and scaling of Fourier
transforms

• Scaling  relates spatial scaling to frequency scaling (magnification,
demagnification)

• Shifting  introduces a linear phase factor in the frequency domain (spatial
translation)

• Convolution  simplifies the analysis of linear systems (imaging, filtering)

• Multiplication  enables spatial filtering techniques (apodization,
modulation)

• Relate energy in spatial and frequency domains through Parseval's theorem, ensuring conservation of
energy

•  states that the total energy is preserved under Fourier transform

• Lead to the discrete Fourier transform (DFT) for sampled and discretized signals

• DFT

computes the Fourier transform of a discrete signal

• Inverse DFT

reconstructs the original discrete signal

• Fast Fourier transform (FFT) algorithms efficiently compute the DFT (Cooley-Tukey algorithm)
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Properties for diffraction and imaging
• Simplify the analysis of linear shift-invariant (LSI) systems, which are common in optics

• LSI systems are characterized by their impulse response or transfer function (space-invariant PSF)

• Output of an LSI system is the convolution of the input with the impulse response (image formation)

• Transfer function is the Fourier transform of the impulse response (OTF)

• Exploit Fourier transform properties for optical signal processing, enabling advanced manipulation
techniques

• Spatial filtering manipulates the frequency content of an optical field or image (Fourier plane filtering)

1. Low-pass filtering attenuates high spatial frequencies, reducing noise and smoothing the image
(anti-aliasing)

2. High-pass filtering attenuates low spatial frequencies, enhancing edges and fine details (sharpening)

3. Band-pass filtering selects a specific range of spatial frequencies (contrast enhancement, feature
extraction)

• Correlation and pattern recognition detect the presence and location of a specific pattern in an image

• Correlation is performed by multiplying the Fourier transforms of the image and the pattern, followed
by an inverse Fourier transform (matched filtering)

Physical interpretation of Fourier transforms
• Provide insights into the propagation of optical fields, enabling efficient simulation and analysis

• Angular spectrum method propagates optical fields using Fourier transforms (Fourier optics)

1. Field at any plane is the inverse Fourier transform of the product of the angular spectrum and a
propagation phase factor

• Fresnel and Fraunhofer diffraction can be interpreted in terms of angular spectrum propagation
(near-field and far-field)

• Reveal the information content and limitations of an imaging system, guiding the design and
optimization process

• Spatial resolution is determined by the bandwidth of the imaging system (Fourier space coverage)

• Abbe's resolution limit states that the minimum resolvable distance is inversely proportional to the
numerical aperture (diffraction limit)

• Sampling theorem relates the spatial resolution to the sampling rate in the frequency domain (Nyquist
rate)

• Nyquist rate is the minimum sampling rate required to avoid aliasing, which is twice the highest spatial
frequency present in the image (undersampling, oversampling)

9.2 Spatial filtering and optical information processing
Spatial filtering is a powerful technique in optical information processing. It manipulates the spatial
frequency content of images by modifying light in the Fourier plane, enabling image enhancement, feature
extraction, pattern recognition, and noise reduction.
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Designing spatial filters involves creating low-pass, high-pass, and band-pass filters to achieve specific
effects. These filters are analyzed using modulation transfer functions and point spread functions, which
help evaluate their performance and limitations in optical systems.

Spatial Filtering and Optical Information Processing

Concept of spatial filtering
• Technique used in optical information processing manipulates spatial frequency content of an image

• Modifies amplitude or phase of light in Fourier plane of optical system

• Selectively enhances, suppresses, or modifies specific spatial frequencies

• Plays key roles in optical information processing:

• Image enhancement improves quality and visibility of specific features (sharpening, contrast
adjustment)

• Feature extraction isolates and highlights desired features while suppressing unwanted information
(edge detection, texture analysis)

• Pattern recognition identifies and classifies specific patterns or objects (character recognition, object
detection)

• Noise reduction removes or minimizes unwanted noise or artifacts (smoothing, filtering)

Design of spatial filters
• Low-pass filters allow low spatial frequencies to pass while attenuating high frequencies

• Reduce noise and smooth images

• Implemented using circular aperture in Fourier plane

• High-pass filters allow high spatial frequencies to pass while attenuating low frequencies

• Enhance edges and sharpen images

• Implemented using circular obstruction in Fourier plane

• Band-pass filters allow specific range of spatial frequencies to pass while attenuating others

• Enhance or extract selective features (texture, patterns)

• Implemented using annular aperture in Fourier plane

• Analyzing spatial filters involves:

• Modulation transfer function (MTF) describes spatial frequency response of optical system

• Represents contrast transfer as function of spatial frequency

• Evaluates performance and limitations of spatial filters

• Point spread function (PSF) describes response of optical system to point source

• Represents impulse response in spatial domain

• Fourier transform of PSF gives optical transfer function (OTF)
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Optical Fourier processing techniques
• Relies on Fourier transforming properties of lenses

• Lens performs two-dimensional Fourier transform of input image in focal plane

• Pattern recognition using matched filtering:

• Matched filter designed to maximize signal-to-noise ratio for specific pattern

• Filter is complex conjugate of Fourier transform of target pattern

• Input image Fourier transformed and multiplied by matched filter

• Output is correlation between input and target pattern

• Correlation using VanderLugt correlator:

• Optical system performs correlation using holographic filter

• Filter is hologram of Fourier transform of target pattern

• Input image Fourier transformed, multiplied by filter, then inverse Fourier transformed

• Obtains correlation output

Optical vs digital processing
• Advantages of optical information processing:

• High-speed parallel processing enables fast computation of entire images in single step

• High data throughput handles large amounts of data simultaneously

• Inherent Fourier transforming capability of lenses simplifies certain processing tasks

• Limitations of optical information processing:

• Limited flexibility compared to digital systems in programmability and adaptability

• Alignment sensitivity requires precise alignment, vulnerable to mechanical vibrations and disturbances

• Scalability challenges compared to digital systems

• Dynamic range and noise performance limitations compared to digital systems

• Comparison to digital methods:

• Digital methods offer greater flexibility, programmability, and scalability

• Digital methods implement wider range of algorithms and processing techniques

• Optical methods excel in high-speed, parallel processing tasks

• Optical methods advantageous in specific applications leveraging inherent capabilities

9.3 Principles of holography
Holography captures light's amplitude and phase, creating stunning 3D images. Using lasers, it records
interference patterns on special plates, reconstructing wavefronts when illuminated. This technique brings
objects to life, offering depth and realism beyond traditional photography.
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From art to security, holography's applications are diverse. Transmission holograms need lasers, while
reflection types work with white light. Rainbow holograms add a splash of color, changing hues as you
move. These variations showcase holography's versatility and visual appeal.

Fundamentals and Types of Holography

Principles of holography
• Holography records and reconstructs wavefronts of light containing both amplitude and phase
information

• Coherent light source (laser) splits into reference beam and object beam

• Object beam illuminates object, scattered light interferes with reference beam

• Interference pattern recorded on photosensitive material (holographic plate)

• Developed holographic plate illuminated with reference beam diffracts light

• Original object wavefront reconstructed, creating three-dimensional image (holograms, 3D images)

Types of holograms
• Transmission holograms

• Reconstructed image viewed by transmitting light through hologram

• Requires laser or monochromatic light source for viewing (HeNe laser, diode laser)

• Reflection holograms

• Reconstructed image viewed by reflecting light off hologram

• Viewable with white light, suitable for display purposes (art, security features)

• Rainbow holograms

• Type of transmission hologram viewable with white light

• Incorporates horizontal slit to disperse light wavelengths

• Different viewing angles result in image appearing in different colors (red, green, blue)

Principles and Applications of Holography

Interference in holographic imaging
• Holography relies on interference between reference beam and object beam

• Constructive and destructive interference creates holographic interference pattern

• Temporal coherence maintains constant phase relationship over time

• Necessary for creating stable interference pattern

• Spatial coherence correlates phase of light wave across wavefront

• Important for high-quality holograms with good contrast and resolution

• Coherence length is maximum path difference for interference to occur
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• Determined by spectral bandwidth of light source

• Lasers have high temporal and spatial coherence, ideal for holography (HeNe laser, diode laser)

Applications of holography
• 3D displays 1. Create true three-dimensional images without special glasses 2. Potential applications
in entertainment, advertising, medical imaging (holographic TVs, billboards, surgical planning)

• Data storage
1. Uses principles of holography to store and retrieve information 2. Information encoded in interference
pattern of hologram 3. High storage density and fast data access rates vs traditional optical storage
(CDs, DVDs)

• Holographic optical elements (HOEs) used for beam shaping, splitting, combining in optical systems
(lenses, gratings, mirrors)

• Holographic interferometry used for non-destructive testing and measuring surface deformations
(vibration analysis, stress measurement)

• Holographic microscopy enables three-dimensional imaging of microscopic objects (cells, tissues,
nanostructures)

9.4 Digital holography and computer-generated holograms
Digital holography revolutionizes traditional techniques by using digital sensors and algorithms to record
and reconstruct holograms. This enables flexible post-processing, quantitative phase imaging, and precise
measurements, opening up new possibilities in microscopy and metrology.

Computer-generated holograms take it a step further, using numerical simulations to design custom
wavefronts. These can be displayed on spatial light modulators, creating dynamic holograms for
applications like 3D displays and augmented reality.

Digital Holography and Computer-Generated Holograms

Principles of digital holography
• Digital holography records and reconstructs holograms using digital sensors and numerical
reconstruction algorithms

• Replaces traditional photographic film with digital cameras or sensors for recording holograms

• Employs numerical reconstruction algorithms to simulate the optical reconstruction process digitally

• Basic setup for digital holography includes a coherent light source (laser), beam splitter to divide light
into object and reference beams, digital sensor to record interference pattern, and computer to store
and process recorded data

• Recorded digital hologram contains both amplitude and phase information of object wave

• Enables numerical focusing and reconstruction of object at different depths by manipulating recorded
data

• Enables quantitative phase imaging by capturing phase information

• Measures optical path length differences and surface topography using phase data (interferometry)
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Computer-generated hologram techniques
• Computer-generated holograms (CGHs) are created using numerical algorithms and simulations to
design arbitrary wavefronts and light distributions

• Fourier transform serves as fundamental tool in generating CGHs

• Complex amplitude of desired wavefront is Fourier transformed to obtain hologram pattern

• Inverse Fourier transform of hologram reconstructs desired wavefront

• Iterative algorithms like Gerchberg-Saxton algorithm optimize CGHs by iteratively refining hologram to
minimize difference between desired and reconstructed wavefronts

• CGHs can be displayed on spatial light modulators (SLMs) to physically reconstruct designed
wavefront

• SLMs modulate phase or amplitude of incident light based on CGH pattern (liquid crystal displays,
digital micromirror devices)

Digital vs traditional holography
• Advantages of digital holography:

• Eliminates need for photographic film processing by recording and reconstructing holograms digitally

• Enables flexible post-processing and analysis through numerical focusing and reconstruction

• Allows precise measurements of surface topography and optical path length differences via
quantitative phase imaging

• Facilitates easier storage, transmission, and manipulation of digital holograms compared to physical
holograms

• Limitations of digital holography:

• Suffers from limited resolution due to pixel size and number of digital sensor (megapixels)

• Demands high computational power for numerical reconstruction and processing (graphics processing
units)

• Susceptible to noise and artifacts introduced by digital sensor and numerical algorithms (quantization
noise, speckle noise)

• Requires specialized and expensive equipment such as high-resolution cameras and powerful
computers

Applications in microscopy and metrology
• Digital holographic microscopy (DHM) enables quantitative phase imaging of biological samples and
microstructures

• Provides label-free, non-invasive, and real-time imaging of living cells and tissues (cell culture
monitoring)

• Allows numerical refocusing and reconstruction of 3D object volumes (tomography)

• Metrology and surface characterization applications measure surface topography and deformations
with nanometer-scale precision using digital holography
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• Useful for quality control, material characterization, and non-destructive testing (semiconductor wafer
inspection, MEMS characterization)

• Virtual and augmented reality applications use CGHs to create realistic 3D displays and holograms

• Generates complex, dynamic, and interactive 3D scenes for gaming, education, training, and
visualization (holographic displays, head-up displays)
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Unit 10 – Optical Waveguides: Modes and
Applications
10.1 Waveguide theory and modes
Optical waveguides are essential for guiding light in modern optics. They use total internal reflection to
confine light within a high-index core surrounded by a low-index cladding, enabling efficient transmission of
optical signals over long distances.

Waveguide modes describe how light propagates in these structures. These include transverse electric
(TE), transverse magnetic (TM), and hybrid modes. Understanding these modes is crucial for designing
and optimizing optical waveguides for various applications.

Principles and Types of Optical Waveguides

Principles of optical waveguides
• Optical waveguides guide electromagnetic waves in the optical spectrum by confining light within a
specific region

• Allow light to propagate along the waveguide axis with minimal loss of optical power

• Utilize the principle of total internal reflection to guide light, where light is confined within the
waveguide core (higher refractive index) surrounded by cladding (lower refractive index)

• Enable efficient transmission of light signals over long distances (optical communication systems,
sensors, integrated photonic devices)

Types of waveguide modes
• Waveguide modes are specific patterns of electromagnetic field distribution that can propagate along
the waveguide

• Transverse electric (TE) modes have electric field perpendicular to the direction of propagation and
the waveguide axis

• Magnetic field has a component along the propagation direction

• Denoted as TE , where  and  represent the number of field variations in the transverse
directions (TE , TE )

• Transverse magnetic (TM) modes have magnetic field perpendicular to the direction of propagation
and the waveguide axis

• Electric field has a component along the propagation direction

• Denoted as TM , similar to TE modes (TM , TM )

• Hybrid modes (HE and EH) occur when both electric and magnetic fields have components along the
propagation direction

• Arise in waveguides with complex geometries or inhomogeneous media (optical fibers, photonic
crystal waveguides)
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Electromagnetic Wave Equations and Mode Characteristics

Electromagnetic equations for guided waves
• Maxwell's equations in a source-free, linear, and isotropic dielectric medium: 1.  2.

 3.  4. 

• Assume a time-harmonic dependence of the form 

• Derive the Helmholtz equation for the electric field : , where  is the
wavenumber

• Apply boundary conditions at the core-cladding interface: tangential components of  and  must be
continuous

• Solve the Helmholtz equation in cylindrical or rectangular coordinates, depending on the waveguide
geometry, to obtain the guided mode solutions for the electric and magnetic field components

Calculations for waveguide modes
• Cutoff frequency is the lowest frequency at which a specific mode can propagate in the waveguide

• Determined by the waveguide dimensions and the refractive indices of the core and cladding

• For a rectangular waveguide with dimensions  and , the cutoff frequency for TE  modes is given
by: 

• Propagation constant  determines the phase velocity and wavelength of the guided mode

• Related to the wavenumber  and the cutoff wavenumber  by: 

• Modes with  are guided, while modes with  are at cutoff (single-mode and multi-mode
fibers)

• Modes with imaginary  are evanescent and do not propagate (mode filtering, coupling)

10.2 Optical fibers: types, properties, and fabrication
Optical fibers come in different types, each with unique properties. Single-mode fibers have small cores
and carry one light mode, while multi-mode fibers have larger cores and carry multiple modes.
Graded-index fibers offer a middle ground, reducing dispersion in multi-mode setups.

Fiber optics have revolutionized communication and data transmission. Single-mode fibers excel in
long-distance, high-speed applications, while multi-mode fibers are cost-effective for shorter distances. The
choice depends on the specific needs of the network or system being designed.

Types and Properties of Optical Fibers

Types of optical fibers
• Single-mode fibers

• Have a smaller core diameter (typically 8-10 μm)

• Allow propagation of only one mode of light through the fiber
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• Exhibit lower modal dispersion enabling higher bandwidth and longer transmission distances (up to
100 km)

• Commonly used in long-haul telecommunications (intercity networks) and high-speed data
transmission (fiber-to-the-home)

• Multi-mode fibers

• Have a larger core diameter (typically 50-62.5 μm) compared to single-mode fibers

• Allow propagation of multiple modes of light simultaneously through the fiber

• Exhibit higher modal dispersion limiting bandwidth and transmission distances (up to 2 km)

• Offer lower cost and easier light coupling compared to single-mode fibers

• Commonly used in short-distance applications such as local area networks (LANs) and data centers

• Graded-index fibers

• A type of multi-mode fiber with a gradually changing refractive index profile from core to cladding

• Reduce modal dispersion compared to step-index multi-mode fibers by allowing different modes to
travel at similar velocities

• Enable higher bandwidth (up to 10 Gbps) and longer transmission distances (up to 10 km) than
step-index multi-mode fibers

Refractive index in fibers
• Refractive index profile

• Variation of the refractive index across the fiber's cross-section determining light guiding properties

• Step-index profile exhibits an abrupt change in refractive index between the core and cladding found
in both single-mode and multi-mode fibers and is simpler to manufacture compared to graded-index
fibers

• Graded-index profile exhibits a gradual change in refractive index from the center of the core to the
cladding reducing modal dispersion in multi-mode fibers and enabling higher bandwidth and longer
transmission distances compared to step-index multi-mode fibers

• Numerical aperture (NA)

• Measures the light-gathering ability of the fiber determined by the refractive index difference between
the core and cladding

• Higher NA allows more light to be coupled into the fiber but increases modal dispersion in multi-mode
fibers (0.2-0.3 for multi-mode, 0.1-0.2 for single-mode)

Fabrication and Applications of Optical Fibers

Production of optical fibers
• Materials

• Silica (SiO2) most commonly used in optical fibers due to high purity and transparency in the infrared
region
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• Dopants such as germanium and phosphorus used to modify the refractive index of the core and
cladding

• Fabrication processes 1. Preform fabrication using methods such as Modified Chemical Vapor
Deposition (MCVD), Outside Vapor Deposition (OVD), or Vapor Axial Deposition (VAD) to create a
large-scale version of the fiber 2. Fiber drawing by heating the preform and drawing it into a thin fiber
(125 μm diameter) while applying protective coatings

• Quality control

• Ensuring high purity (99.999%) and uniformity of materials to minimize attenuation and scattering
losses

• Precise control of the refractive index profile to achieve desired optical properties

• Minimizing defects (bubbles, inclusions) and impurities (OH-, transition metals) in the fiber to reduce
absorption losses

Applications of fiber types
• Single-mode fibers

• Advantages: low modal dispersion enabling high bandwidth (up to 100 Gbps) and long transmission
distances (up to 100 km), suitable for long-haul telecommunications and high-speed data transmission
(5G networks)

• Limitations: higher cost and more difficult light coupling compared to multi-mode fibers, requires
precise alignment and specialized equipment (fusion splicers)

• Multi-mode fibers

• Advantages: lower cost and easier light coupling compared to single-mode fibers, suitable for
short-distance applications such as LANs (Ethernet) and data centers

• Limitations: higher modal dispersion limiting bandwidth (up to 10 Gbps) and transmission distances
(up to 2 km), not suitable for long-haul telecommunications

• Graded-index fibers

• Advantages: reduced modal dispersion compared to step-index multi-mode fibers, enabling higher
bandwidth (up to 10 Gbps) and longer transmission distances (up to 10 km)

• Limitations: more complex and expensive to manufacture compared to step-index fibers, not as widely
used as step-index fibers in commercial applications (Gigabit Ethernet)

10.3 Dispersion and losses in optical fibers
Optical fibers are crucial for modern communication, but they face challenges like dispersion and losses.
Dispersion causes signal distortion, while losses reduce signal strength. Understanding these issues is key
to optimizing fiber performance.

Engineers tackle these problems through clever design and advanced techniques. They use specialized
fibers, compensate for dispersion, and minimize losses. These strategies help maintain signal quality over
long distances, enabling faster and more reliable data transmission.
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Dispersion in Optical Fibers

Types of optical fiber dispersion
• Modal dispersion occurs in multimode fibers due to different propagation paths of modes (e.g.,
step-index and graded-index fibers) causes pulse broadening and limits the bandwidth-distance product
(e.g., 100 Mbps over 2 km for step-index fibers)

• Chromatic dispersion results from the wavelength dependence of the refractive index has two main
components: material dispersion and waveguide dispersion

• Material dispersion caused by the variation of the refractive index with wavelength (e.g., higher
dispersion in the visible spectrum compared to the near-infrared)

• Waveguide dispersion caused by the geometry of the fiber (e.g., core diameter and refractive index
profile)

• Polarization mode dispersion (PMD) occurs in single-mode fibers due to birefringence caused by
random variations in the fiber core shape and stress (e.g., non-circular core or external pressure)

Calculation of dispersion parameters
• Group velocity dispersion (GVD) parameter: 

•  propagation constant

•  angular frequency

• Dispersion coefficient: 

•  speed of light (approximately 3 × 10^8 m/s)

•  wavelength (e.g., 1550 nm for long-haul optical communication systems)

• Pulse broadening due to chromatic dispersion: 

•  fiber length (e.g., 100 km for long-haul systems)

•  spectral width of the pulse (e.g., 0.1 nm for a narrow-linewidth laser)

• Differential group delay (DGD) for PMD: 

•  difference in propagation constants for the two polarization modes (e.g., 1 ps/√km for a typical
single-mode fiber)

Losses in Optical Fibers

Sources of optical fiber losses
• Absorption losses

• Intrinsic absorption caused by the material properties of the fiber

1. Ultraviolet absorption electronic transitions in the fiber material (e.g., silica glass)

2. Infrared absorption vibrations of the atomic bonds in the fiber material (e.g., Si-O bonds)
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• Extrinsic absorption caused by impurities in the fiber, such as OH ions and transition metals (e.g., iron
and copper)

• Scattering losses

• Rayleigh scattering caused by small-scale inhomogeneities in the fiber core (e.g., density fluctuations)
dominant loss mechanism in modern optical fibers

• Mie scattering caused by imperfections comparable to the wavelength of light (e.g., dust particles or
bubbles)

• Bending losses

• Macrobending caused by large-scale bends in the fiber (e.g., tight coils or sharp turns) can be
minimized by proper fiber installation and handling

• Microbending caused by small-scale fluctuations in the fiber geometry (e.g., due to external pressure
or temperature variations)

Strategies for dispersion reduction
• Dispersion management

• Use of dispersion-shifted fibers (DSF) with zero dispersion at the operating wavelength (e.g., 1550 nm
for long-haul systems)

• Dispersion compensation using dispersion-compensating fibers (DCF) or fiber Bragg gratings (FBG)
(e.g., inserting a DCF with negative dispersion to cancel out the positive dispersion of the main fiber)

• Loss reduction

• Use of high-purity materials to minimize absorption losses (e.g., ultra-low loss silica fibers with OH
content < 1 ppb)

• Optimization of the fiber manufacturing process to reduce scattering losses (e.g., using vapor
deposition techniques to ensure homogeneous fiber core)

• Proper fiber installation and handling to minimize bending losses (e.g., following the manufacturer's
recommended minimum bend radius)

• Wavelength selection operating at wavelengths with low absorption and scattering losses, such as
1310 nm and 1550 nm (e.g., using wavelength-division multiplexing to transmit multiple signals at
different wavelengths)

• Advanced modulation formats and coding schemes

• Use of coherent detection and digital signal processing to mitigate dispersion and losses (e.g., using
quadrature amplitude modulation and adaptive equalization)

• Forward error correction (FEC) to improve the system's tolerance to errors caused by dispersion and
losses (e.g., using Reed-Solomon or low-density parity-check codes)

10.4 Fiber optic communication systems
Fiber optic communication systems are the backbone of modern telecommunications. They use light to
transmit data over long distances at high speeds, enabling everything from internet connections to phone
calls.
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These systems consist of transmitters, optical fibers, receivers, and amplifiers. Each component plays a
crucial role in converting electrical signals to light, guiding the light through fibers, and converting it back to
electrical signals at the destination.

Fiber Optic Communication System Components and Architecture

Components of fiber optic systems
• Transmitter converts electrical signals into optical signals

• Light source generates the optical signal (laser or LED)

• Modulator encodes the electrical signal onto the optical carrier (external or direct)

• Driver circuit provides the necessary current and voltage to operate the light source

• Optical fiber guides the light signal from the transmitter to the receiver

• Core is the central light-guiding region made of high-purity silica glass

• Cladding is the outer reflective layer with a lower refractive index than the core

• Buffer and jacket provide mechanical protection and insulation to the fiber (acrylate or polyimide)

• Receiver converts the optical signal back into an electrical signal

• Photodetector converts the incoming light into an electrical current (PIN or avalanche photodiode)

• Amplifier increases the strength of the electrical signal for further processing

• Signal processing circuitry recovers the original transmitted data from the amplified signal

• Connectors and splices join fiber segments or connect fibers to devices

• Connectors allow easy connection and disconnection (SC, LC, ST, FC)

• Splices provide permanent joints between fiber segments (fusion or mechanical)

• Regenerators or repeaters amplify and reshape the optical signal for long-distance transmission

• Regenerators convert the optical signal to electrical, regenerate it, and convert it back to optical

• Repeaters amplify the optical signal directly without electrical conversion (optical amplifiers)

Optical Transmitters, Receivers, and Amplifiers

Principles of optical devices
• Optical transmitters convert electrical signals into optical signals

• Laser diodes offer narrow spectral width and high output power for long-distance and high-bandwidth
applications

• Fabry-Perot (FP) lasers have a simple structure and are cost-effective

• Distributed feedback (DFB) lasers have a grating structure for single-wavelength operation

• Light-emitting diodes (LEDs) have a broader spectral width and lower output power for short-distance
and lower-bandwidth applications
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• Surface-emitting LEDs (SLEDs) emit light from the surface of the semiconductor chip

• Edge-emitting LEDs (ELEDs) emit light from the edge of the semiconductor chip

• Modulation techniques encode data onto the optical carrier

• Direct modulation varies the current of the light source to modulate the optical output

• External modulation uses an electro-optic modulator (Mach-Zehnder or electro-absorption) to
modulate the light

• Optical receivers convert optical signals back into electrical signals

• Photodetectors convert incoming light into an electrical current

• PIN photodiodes are responsive to a wide range of wavelengths and have low noise

• Avalanche photodiodes (APDs) provide higher sensitivity and gain through internal amplification

• Transimpedance amplifier converts the weak photocurrent into a voltage signal

• Post-amplifier and decision circuit further amplify the signal and recover the original digital data

• Optical amplifiers boost the power of optical signals without electrical conversion

• Erbium-doped fiber amplifiers (EDFAs) amplify signals in the 1550 nm wavelength region for
long-distance transmission

• Erbium ions are pumped by a laser to a higher energy state and then stimulated by the input signal to
emit amplified light

• Semiconductor optical amplifiers (SOAs) are compact and integrable with other components for
short-distance and access networks

• SOAs use a semiconductor gain medium (InGaAsP) to amplify light through stimulated emission

Fiber Optic System Performance Metrics

Performance metrics in fiber optics
• Bandwidth determines the maximum data rate that can be transmitted through the fiber

• Single-mode fibers have higher bandwidth than multi-mode fibers due to the absence of modal
dispersion

• Dispersion-shifted fibers (DSFs) are designed to minimize chromatic dispersion at specific
wavelengths (1550 nm)

• Bandwidth is typically measured in MHz·km or GHz·km

• Bit error rate (BER) quantifies the reliability of the communication system

• BER is the ratio of the number of bit errors to the total number of transmitted bits

• Factors affecting BER include signal attenuation, dispersion, and noise

• Forward error correction (FEC) techniques (Reed-Solomon, Turbo codes) can improve BER by adding
redundancy to the transmitted data

• Acceptable BER values depend on the application (10^-9 for voice, 10^-12 for data)
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• Signal-to-noise ratio (SNR) compares the level of the desired signal to the level of background noise

• SNR is the ratio of the signal power to the noise power, usually expressed in decibels (dB)

• Noise sources include the light source (RIN), photodetector (shot noise), and amplifiers (ASE)

• Higher SNR leads to lower BER and better system performance

• Typical SNR values range from 10 dB to 30 dB, depending on the system design and requirements

• Attenuation is the reduction of signal power as it propagates through the fiber

• Attenuation is caused by absorption (material impurities), scattering (Rayleigh, Mie), and bending
losses (macrobending, microbending)

• Attenuation is measured in decibels per kilometer (dB/km) and depends on the wavelength of the light

• Typical attenuation values are 0.2 dB/km at 1550 nm and 0.35 dB/km at 1310 nm for modern
single-mode fibers

• Dispersion is the broadening of light pulses as they travel through the fiber, limiting the maximum data
rate and transmission distance

• Modal dispersion occurs in multi-mode fibers due to the different propagation velocities of the modes

• Chromatic dispersion occurs in single-mode fibers due to the wavelength dependence of the refractive
index

1. Material dispersion is caused by the variation of the refractive index with wavelength

2. Waveguide dispersion is caused by the geometry of the fiber waveguide

• Dispersion compensation techniques include dispersion-compensating fibers (DCFs), fiber Bragg
gratings (FBGs), and electronic dispersion compensation (EDC)

Applications and Advantages of Fiber Optic Communication Systems

Applications of fiber optic communications
• Telecommunications networks rely on fiber optics for high-capacity, long-distance transmission

• Long-haul backbone networks connect cities and countries using dense wavelength division
multiplexing (DWDM) systems

• Fiber-to-the-home (FTTH) networks provide high-speed internet, voice, and video services to
residential users (PON, AON)

• 5G wireless networks use fiber optic backhaul to connect base stations to the core network

• Data centers use fiber optics for high-speed, low-latency interconnects between servers and storage
devices

• Fiber optics reduce power consumption and heat generation compared to copper cables, improving
energy efficiency

• Fiber optics enable higher data densities and scalability, supporting the growth of cloud computing
and big data applications

• Fiber optic interconnects are used in various form factors (SFP, QSFP, CXP) and protocols (Ethernet,
Fibre Channel, InfiniBand)
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• Sensing applications leverage the sensitivity of fiber optics to various physical parameters

• Fiber optic sensors can measure temperature, strain, pressure, and other quantities with high
accuracy and resolution

• Distributed acoustic sensing (DAS) uses fiber optics for continuous monitoring of pipelines, borders,
and other critical infrastructures

• Medical applications include endoscopy (imaging internal organs) and optical coherence tomography
(OCT) for high-resolution tissue imaging

• Advantages of fiber optic communication systems over traditional copper-based systems

• High bandwidth and data rates, reaching terabits per second using advanced modulation formats and
multiplexing techniques

• Low attenuation and long transmission distances, up to hundreds of kilometers without regeneration

• Immunity to electromagnetic interference (EMI) and radio frequency interference (RFI), ensuring
signal integrity in harsh environments

• Small size, light weight, and flexibility of optical fibers, enabling easy installation and space savings

• Enhanced security, as optical signals are difficult to intercept without detection, making fiber optics
suitable for sensitive applications

• Wavelength division multiplexing (WDM) allows multiple signals to be transmitted over a single fiber,
greatly increasing the capacity and flexibility of the system
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Unit 11 – Photonics: Integrated Optics &
Computing
11.1 Photonic devices: modulators, switches, and detectors
Optical modulators, switches, and detectors are key components in photonic systems. These devices
manipulate light properties, route signals, and convert optical information to electrical signals, enabling
advanced communication and sensing applications.

Understanding the principles and performance trade-offs of these components is crucial. From
electro-optic modulators to avalanche photodiodes, each device plays a unique role in shaping the
capabilities and limitations of modern photonic systems.

Photonic Devices: Modulators, Switches, and Detectors

Principles of optical modulators
• Optical modulators manipulate light properties (amplitude, phase, or polarization) to encode
information onto an optical carrier signal

• Electro-optic modulators (EOMs) utilize electric fields to change the refractive index of a material
(lithium niobate or gallium arsenide)

• Mach-Zehnder interferometer (MZI) configuration splits input light into two paths, applies an electric
field to one path inducing a phase shift, and recombines the light producing constructive or destructive
interference

• Modulation bandwidth limited by electrical circuitry speed and material response time (tens of GHz)

• Acousto-optic modulators (AOMs) employ acoustic waves to create periodic refractive index
variations, diffracting light into different orders based on acoustic frequency and amplitude

• Slower modulation rates compared to EOMs (tens of MHz)

• Key characteristics of optical modulators include

• Modulation depth quantifies the ratio of maximum to minimum transmitted intensity

• Insertion loss measures the signal attenuation introduced by the modulator (typically a few dB)

• Extinction ratio represents the ratio of maximum to minimum output power (20-30 dB)

Functioning of optical switches
• Optical switches route or redirect light between different paths in photonic systems

• Electro-optic switches utilize the electro-optic effect to control refractive index

• Directional couplers or MZI configurations couple light between waveguides based on an applied
electric field

• Applications in optical cross-connects and network reconfiguration (wavelength routing)

• Micro-electromechanical systems (MEMS) switches mechanically move or tilt mirrors to redirect light
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• Slower switching speeds compared to electro-optic switches (milliseconds)

• Applications in optical add-drop multiplexers and protection switching (fiber optic networks)

• Thermo-optic switches exploit temperature-dependent refractive index changes by heating
waveguides to control light propagation

• Slower response times than electro-optic switches (microseconds)

• Applications in optical attenuators and variable optical splitters (power equalization)

Types of optical detectors
• Optical detectors convert optical signals to electrical signals for processing and analysis

• Photodiodes are p-n or p-i-n junction devices where photogenerated carriers are swept by an electric
field producing a photocurrent

• Responsivity is the ratio of photocurrent to incident optical power measured in 

• Dark current refers to the current flowing in the absence of light (typically nA to µA)

• Bandwidth determines the speed at which the detector can respond to optical signal changes (tens of
GHz)

• Avalanche photodiodes (APDs) provide internal gain through impact ionization resulting in higher
sensitivity and faster response compared to regular photodiodes

• Gain-bandwidth product is a measure of the device's performance (tens to hundreds of GHz)

• Excess noise factor quantifies the noise introduced by the multiplication process

• Important properties of optical detectors include

• Quantum efficiency is the ratio of detected photons to incident photons (typically 0.5-0.9)

• Spectral response describes the wavelength-dependent sensitivity (visible to near-infrared)

• Noise equivalent power (NEP) represents the minimum detectable optical power (typically fW to pW
per )

Performance of photonic components
• Modulators involve trade-offs between modulation bandwidth and power consumption

• Higher bandwidth requires faster materials and more complex driving circuitry

• Insertion loss impacts the overall system power budget (few dB)

• Switches balance switching speed against crosstalk and insertion loss

• Faster switching often comes at the cost of higher crosstalk and insertion loss

• Scalability and port count limitations exist for different switch technologies (tens to hundreds of ports)

• Detectors exhibit performance trade-offs

• Responsivity vs. dark current and noise: higher responsivity often accompanied by increased dark
current and noise levels
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• Bandwidth vs. sensitivity: improving bandwidth may reduce sensitivity due to decreased photon
capture time

• Spectral response range must be compatible with system wavelengths (1310 nm or 1550 nm for fiber
optic communications)

11.2 Integrated optics and photonic circuits
Integrated optics shrinks optical systems onto chips, saving power and boosting reliability. This tech
combines waveguides, splitters, and modulators on one substrate, cutting costs and size while improving
performance. It's revolutionizing fields from telecom to sensors.

Materials like silicon and indium phosphide enable various functions in photonic circuits. These include
guiding light, splitting signals, and modulating data. Challenges remain in coupling chips to external
components and managing thermal stress, but solutions are evolving rapidly.

Integrated Optics and Photonic Circuits

Advantages of integrated optics
• Miniaturizes optical systems by combining multiple components on a single chip or substrate
(waveguides, splitters, modulators)

• Reduces power consumption compared to discrete components enables battery-powered or
energy-efficient devices (smartphones, sensors)

• Enhances stability and reliability by reducing the number of interconnects and interfaces minimizes
misalignment and signal degradation

• Lowers coupling losses between components due to precise alignment and monolithic integration
eliminates the need for free-space optics or fiber coupling

• Enables mass production using semiconductor fabrication techniques (photolithography, etching)
reduces cost per unit for high-volume applications (data centers, telecommunications)

Materials for photonic circuits
• Silicon (Si)

• CMOS-compatible material leverages existing semiconductor manufacturing infrastructure

• High refractive index contrast with silicon dioxide (SiO2) enables compact waveguides and tight bends

• Indium Phosphide (InP)

• Direct bandgap semiconductor allows efficient light emission and amplification

• Used for active components (lasers, optical amplifiers) in telecommunication wavelengths (1310 nm,
1550 nm)

• Lithium Niobate (LiNbO3)

• Ferroelectric crystal with strong electro-optic and nonlinear optical properties

• Enables high-speed modulators (>100 GHz) and wavelength conversion devices (second-harmonic
generation, parametric amplification)
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Functionalities of integrated photonics
• Waveguides

• Confine and guide light within the integrated circuit

• Common geometries: rib, ridge, and strip waveguides

• Fabricated using high-index materials (Si, InP) surrounded by lower-index cladding (SiO2, air)

• Optical splitters and combiners

• Divide or combine optical signals

• Implemented using Y-branches or multimode interference (MMI) devices

• Optical modulators

• Modulate the phase, amplitude, or polarization of light

• Mach-Zehnder interferometer (MZI) modulators use electro-optic effect to control phase

• Electro-absorption modulators (EAMs) change the absorption coefficient with applied voltage

• Photodetectors

• Convert optical signals to electrical currents

• PIN photodiodes operate based on the photoelectric effect

• Avalanche photodiodes (APDs) provide internal gain through impact ionization

• Optical amplifiers

• Increase the power of optical signals

• Semiconductor optical amplifiers (SOAs) use stimulated emission in a gain medium

• Erbium-doped waveguide amplifiers (EDWAs) leverage the properties of rare-earth elements

• Filters and multiplexers/demultiplexers

• Select and combine/separate wavelength channels

• Arrayed waveguide gratings (AWGs) use phased arrays and diffraction

• Echelle gratings employ reflective diffraction gratings

Challenges in photonic system design
• Efficient coupling between the chip and external components 1. Grating couplers: diffract light into or
out of the chip surface 2. Edge couplers: guide light through the cleaved facet of the chip 3. Spot-size
converters: gradually taper the waveguide to match the mode size of the external component

• Precise alignment and assembly of multiple components

• Passive alignment techniques (V-grooves, alignment markers) enable self-alignment during bonding

• Flip-chip bonding allows direct attachment of components to the photonic chip

• Wafer-scale testing identifies functional devices before dicing and packaging
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• Thermal and mechanical stress management

• Heat sinks and temperature-stabilized packaging dissipate excess heat

• Proper material selection and design minimize thermal expansion mismatches

• Variability in fabrication processes

• Design for manufacturability (DFM) principles ensure robust performance across process variations

• Process control monitors and corrects deviations in critical parameters (waveguide dimensions,
doping concentrations)

• Post-fabrication trimming fine-tunes the performance of individual components (thermal tuning, laser
trimming)

11.3 Optical computing principles and architectures
Optical computing harnesses light for information processing, offering advantages like high bandwidth and
parallel processing. This innovative approach uses photons as carriers, employing optical logic gates and
switches to perform computations on light signals.

Various architectures exist, including free-space, integrated, and optoelectronic systems. While challenges
like miniaturization and material limitations persist, optical computing shows promise in quantum,
neuromorphic, and AI applications, potentially revolutionizing data processing and computation.

Optical Computing Fundamentals and Architectures

Fundamentals of optical computing
• Optical computing utilizes light for information processing

• Photons serve as information carriers in optical computing systems

• Optical logic gates and switches perform computational operations on light signals

• Advantages of optical computing over electronic computing

• High bandwidth and low latency enable faster data transmission and processing

• Parallel processing capabilities allow simultaneous computation on multiple light beams

• Low power consumption reduces energy requirements compared to electronic systems

• Immunity to electromagnetic interference enhances signal integrity and reliability

Optical computing architectures
• Free-space optical computing

• Uses free-space propagation of light for computation

• Suitable for matrix-vector multiplications and Fourier transforms (convolution, correlation)

• Applications in image processing and pattern recognition (facial recognition, object detection)

• Integrated optical computing
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• Utilizes photonic integrated circuits (PICs) that combine optical and electronic components on a single
chip

• Enables compact and scalable optical computing systems

• Applications in high-speed data processing and telecommunications (optical interconnects,
wavelength division multiplexing)

• Optoelectronic computing

• Hybrid approach combining optical and electronic components to leverage the strengths of both
technologies

• Optical components perform computation while electronic components provide control and memory
functions

• Applications in neuromorphic computing and machine learning (optical neural networks, reservoir
computing)

Challenges in optical computing
• Miniaturization and scalability challenges

• Difficulty in fabricating compact optical components at the micro and nanoscale

• Integration of optical and electronic components requires precise alignment and packaging

• Material limitations

• Need for efficient nonlinear optical materials with strong light-matter interactions

• Development of low-loss optical interconnects for high-speed data transmission

• Power efficiency and heat dissipation

• Improving the power efficiency of optical devices to reduce energy consumption

• Managing heat dissipation in high-density optical systems to prevent performance degradation

• Lack of standardization and compatibility

• Need for standardized optical computing platforms and protocols

• Ensuring compatibility with existing electronic systems for seamless integration

Potential of optical computing
• Quantum optical computing

• Utilizes quantum properties of light (superposition, entanglement) for computation

• Potential for solving intractable problems in cryptography (quantum key distribution) and optimization
(quantum annealing)

• Neuromorphic optical computing

• Mimics the structure and function of biological neural networks using optical components

• Potential for efficient processing of large-scale data and pattern recognition (optical neural networks,
spiking neural networks)
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• Optical reservoir computing

• Utilizes the dynamics of optical systems (nonlinear media, delay lines) for computation

• Potential for real-time processing of temporal data and time series prediction (speech recognition,
financial forecasting)

• Optical computing for machine learning and artificial intelligence

• Acceleration of training and inference in deep learning models using optical processors

• Potential for energy-efficient and high-speed AI applications (autonomous vehicles, medical
diagnosis)

11.4 Emerging photonic technologies
Emerging photonic technologies are revolutionizing optics. Quantum photonics harnesses light's quantum
properties for secure communication and ultra-precise sensing. Neuromorphic photonics mimics brain
function with light, enabling faster, more efficient AI. Advanced materials and nanostructures push the
boundaries of what's possible with light.

These cutting-edge developments build on fundamental optical principles. Quantum photonics exploits
quantum mechanics for unbreakable encryption and powerful computing. Neuromorphic systems use
optical components to process information like our brains. Nanophotonics manipulates light at tiny scales,
opening up new applications in sensing and imaging.

Emerging Photonic Technologies

Emerging photonic technologies
• Quantum photonics

• Harnesses quantum properties of light (entanglement, superposition) for secure communication and
computation

• Enables applications like quantum key distribution (QKD) for unbreakable encryption, quantum
sensing for ultra-precise measurements, and quantum computing for exponential speedup in certain
tasks

• Neuromorphic photonics

• Emulates functionality of biological neural networks using photonic devices (waveguides, resonators,
modulators)

• Allows for high-speed, energy-efficient implementation of artificial intelligence and machine learning
algorithms (deep learning, convolutional neural networks)

• Advanced materials and nanophotonic structures

• Metamaterials with engineered optical properties

• Achieves unusual effects like negative refractive index for perfect lensing, electromagnetic cloaking for
invisibility

• Plasmonic nanostructures for enhanced light-matter interactions

• Enables highly sensitive chemical and biological sensing (surface-enhanced Raman spectroscopy),
compact nanoscale lasers
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• Two-dimensional materials (graphene, transition metal dichalcogenides)

• Exhibits tunable optical properties, ultrafast response times, and strong nonlinear effects for advanced
optoelectronic devices (modulators, detectors)

Principles of quantum photonics
• Quantum key distribution (QKD)

• Uses quantum states of photons (polarization, phase) to securely share encryption keys between
parties

• Guarantees security based on fundamental principles of quantum mechanics (no-cloning theorem,
measurement disturbance)

• Quantum computing with photons

• Represents quantum bits (qubits) using photonic degrees of freedom (polarization, path, time-bin)

• Implements quantum gates and circuits using linear optical components (beam splitters, phase
shifters)

• Offers potential for exponential speedup in certain computational tasks (factoring large numbers,
simulating quantum systems)

• Quantum sensing and metrology

• Exploits entangled photon states for enhanced sensitivity and precision beyond classical limits

• Finds applications in detecting gravitational waves, improving atomic clock accuracy, sensing weak
magnetic fields

Concept of neuromorphic photonics
• Photonic neural networks

• Utilizes optical interconnects (waveguides, fibers) for high-bandwidth, low-latency communication
between artificial neurons

• Leverages parallel processing and multiplexing capabilities of photonic devices for efficient neural
network implementation

• Photonic synapses and neurons

• Employs tunable optical elements (phase-change materials, microring resonators) to represent
synaptic weights

• Uses nonlinear optical devices (semiconductor optical amplifiers) to mimic activation functions of
biological neurons

• Advantages over electronic neuromorphic systems

• Offers higher bandwidth, lower power consumption, and reduced latency compared to electronic
counterparts

• Enables seamless integration with optical sensors (cameras) and communication systems (fiber
optics) for end-to-end photonic AI
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Impact of nanophotonics
• Metamaterials and metasurfaces

• Consists of engineered subwavelength structures (nanoantennae, nanoresonators) with tailored
optical properties

• Enables flat optics for compact imaging systems, holographic displays, computational imaging

• Plasmonics and nanoantennas

• Confines and enhances electromagnetic fields at the nanoscale using collective oscillations of free
electrons (surface plasmons)

• Improves sensitivity and resolution in sensing (single-molecule detection), imaging (super-resolution
microscopy), spectroscopy (surface-enhanced infrared absorption)

• Integration of photonic devices with advanced materials

• Leverages CMOS-compatible fabrication processes for large-scale integration of silicon photonic
devices with electronic circuits

• Enables hybrid photonic-electronic systems for high-performance computing (optical interconnects)
and communication (fiber-optic networks)

• Allows for flexible and wearable photonic devices using organic and polymeric materials (light-emitting
diodes, solar cells)
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Unit 12 – Quantum Optics: Photons and
Information
12.1 Quantization of the electromagnetic field
Electromagnetic fields, once thought to be continuous, are actually made up of tiny packets of energy
called photons. This quantum view explains how light interacts with matter and forms the basis for many
modern technologies.

Quantizing the electromagnetic field involves treating it like a quantum harmonic oscillator. This approach
allows us to describe light using creation and annihilation operators, opening up new ways to manipulate
and understand electromagnetic radiation.

Quantization of the Electromagnetic Field

Field quantization concept and implications
• Treats classical fields as composed of discrete quanta instead of continuous values

• Allows fields to take on only specific, discrete values (quantization)

• Contrasts with classical fields (electromagnetic field) which are treated as continuous and can have
any value

• Quantizes the electromagnetic field into photons, the fundamental quanta of light

• Photons have specific properties (energy, momentum) determined by the frequency and wavelength
of the electromagnetic wave

• Governs the interaction between matter and the electromagnetic field through the absorption and
emission of photons

Quantized electromagnetic field Hamiltonian
• Derived using the analogy with the quantum harmonic oscillator

• Treats electric and magnetic field components as conjugate variables, similar to position and
momentum in the harmonic oscillator

• Expresses the Hamiltonian in terms of creation and annihilation operators for each mode of the field

• Takes the form: 

• : wave vector, determines the direction and wavelength of the mode

• : polarization of the mode (horizontal, vertical)

• : angular frequency of the mode, given by , where  is the speed of light

•  and : creation and annihilation operators for the mode 

• Represents the total energy of the quantized electromagnetic field
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• Each mode contributes an energy  for each photon in that mode, plus a ground state energy of

• Creation and annihilation operators add or remove photons from each mode, changing the energy of
the field

Properties of photons as quanta
• Massless particles with zero rest mass

• Always travel at the speed of light in vacuum ( )

• Energy: , where  is the angular frequency of the electromagnetic wave

• Momentum: , where  is the wave number (magnitude of the wave vector)

• Spin-1 particles with an intrinsic angular momentum of 

• Spin is related to the polarization of the electromagnetic wave

• Exhibit wave-particle duality, displaying both wave-like and particle-like properties depending on the
context

Problem-solving with quantized fields
• Photon number states: Describe the state of the electromagnetic field using , where 
represents the number of photons in the mode 

• Creation operator  adds a photon to the mode: 

• Annihilation operator  removes a photon from the mode: 

• Coherent states : Eigenstates of the annihilation operator, representing classical-like
electromagnetic waves

• Defined by , where  is a complex number

• Have a well-defined amplitude and phase, and minimize the uncertainty relation between the electric
and magnetic field components

• Squeezed states: Reduce uncertainty in one quadrature (electric field) at the expense of increased
uncertainty in the other quadrature (magnetic field)

• Generated by applying the squeezing operator  to the vacuum state or
a coherent state

• Have applications in precision measurements and quantum information processing

12.2 Photon statistics and coherent states
Light behaves in fascinating ways at the quantum level. Photon statistics reveal how light particles interact
and arrive at detectors. Understanding these patterns helps us grasp the quantum nature of light and its
unique properties.

Coherent states, like laser light, show Poissonian statistics with random photon arrivals. Other quantum
states can exhibit sub-Poissonian or super-Poissonian behavior, leading to antibunching or bunching
effects. These phenomena are crucial for quantum optics applications.
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Photon Statistics

Types of photon statistics
• Photon statistics describe the probability distribution of photon numbers in a light field

• Determined by the second-order correlation function,  measures the temporal correlations
between photons at different times

• Poissonian statistics exhibit a Poisson distribution of photon numbers

• Characteristic of coherent states (laser light) where the variance in photon number equals the mean
photon number, 

• Photon arrivals are independent and randomly distributed in time

• Sub-Poissonian statistics have a narrower photon number distribution than Poissonian

• Variance in photon number is less than the mean photon number,  indicating reduced
photon number fluctuations

• Found in non-classical light sources (single photon emitters, squeezed states) with antibunching and
regularized photon arrivals

• Super-Poissonian statistics have a broader photon number distribution than Poissonian

• Variance in photon number is greater than the mean photon number,  indicating
increased photon number fluctuations

• Characteristic of thermal light sources (incandescent bulbs) and chaotic light with bunching and
clustered photon arrivals

Properties of coherent states
• Coherent states are quantum states that most closely resemble classical light

• Eigenstates of the annihilation operator,  where  is a complex amplitude, 

• Generated by displacing the vacuum state,  using the displacement operator,

• Coherent states are minimum uncertainty states, satisfying 

• Have equal uncertainties in the quadrature components (amplitude and phase)

• Represented by a circular Gaussian distribution in phase space (Wigner function)

• Coherent states exhibit a Poissonian photon number distribution, 

• Mean photon number is given by 

• Photon number variance equals the mean, 

• Coherent states have a constant phase and amplitude, leading to a well-defined classical limit

• Expectation values of the electric field operator oscillate with a stable phase,
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• Coherent states provide a bridge between classical and quantum descriptions of light, serving as a
reference for other quantum states

Calculations for quantum light states
• Photon number distribution, , gives the probability of measuring  photons in a given state 1.
Fock states (number states):  for  where  is the Kronecker delta 2. Coherent
states:  with mean photon number  3. Thermal states:

 with mean photon number 

• Second-order correlation function, , characterizes the temporal correlations between photons

• Defined as  where  is the intensity operator and  denotes
normal ordering 1. For coherent states,  indicating no correlation between photons 2. For
thermal states,  and  where  is the coherence time, showing
bunching at short timescales 3. For single-photon states,  indicating perfect antibunching
and the impossibility of detecting two photons simultaneously

Experiments demonstrating quantum light
• Photon antibunching experiments demonstrate the non-classical nature of light

• Characterized by  and  indicating a reduced probability of detecting two
photons simultaneously compared to classical light

• Observed in resonance fluorescence from single atoms (quantum dots) where the emission of a
photon is followed by a dead time before the next emission

• Requires a Hanbury Brown and Twiss (HBT) setup with a beamsplitter and two detectors to measure
the second-order correlation function

• Photon bunching experiments reveal the temporal clustering of photons

• Characterized by  and  indicating an increased probability of detecting
two photons simultaneously compared to classical light

• Observed in thermal light sources (black body radiation) and some nonlinear optical processes
(parametric down-conversion)

• Bunching arises from the constructive interference of multiple photon paths leading to clustered
arrivals

• HBT experiment uses a beamsplitter and two detectors to measure the second-order correlation
function

• Correlates the photon detection events between the two detectors at different time delays

• Enables the study of non-classical light sources (single photon emitters, entangled photon pairs) and
quantum optical phenomena (antibunching, bunching, entanglement)

• Played a crucial role in the development of quantum optics and the understanding of the quantum
nature of light
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12.3 Quantum entanglement and Bell's inequalities
Quantum entanglement is a mind-bending phenomenon where particles become linked, defying our
classical understanding of reality. It's like having two coins that always land on opposite sides, no matter
how far apart they are.

Bell's inequalities provide a mathematical framework to test the weirdness of entanglement. They show
that quantum mechanics breaks the rules of local realism, forcing us to rethink our view of the universe.

Quantum Entanglement and Bell's Inequalities

Quantum entanglement fundamentals
• Quantum entanglement phenomenon where two or more quantum systems become correlated such
that the state of one system cannot be described independently of the others

• Entangled particles remain connected even when separated by large distances (Einstein's "spooky
action at a distance")

• Measuring the state of one entangled particle instantly affects the state of the other(s) (collapse of the
wave function)

• Entanglement plays a crucial role in quantum mechanics demonstrating the non-local nature of
quantum systems

• Key resource in quantum information processing and communication (quantum cryptography,
quantum teleportation)

• Entanglement arises from the superposition principle and the tensor product structure of composite
quantum systems

• Superposition allows particles to exist in multiple states simultaneously (Schrödinger's cat thought
experiment)

• Tensor product combines the individual state spaces of entangled particles creating a larger,
composite state space

EPR paradox and Bell's inequalities
• Einstein-Podolsky-Rosen (EPR) paradox challenges the completeness of quantum mechanics

• EPR argued that quantum mechanics must be incomplete due to the apparent violation of locality and
realism

• Locality: idea that an object can only be influenced by its immediate surroundings

• Realism: belief that physical properties have definite values independent of measurement

• EPR proposed a thought experiment involving entangled particles

• Measuring the position or momentum of one particle would instantly determine the corresponding
property of the other, seemingly violating locality (Einstein's "spooky action at a distance")

• Bell's inequalities provide a resolution to the EPR paradox

• John Bell derived mathematical inequalities that must be satisfied by any local hidden variable theory
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• Quantum mechanics violates Bell's inequalities, showing incompatibility with local hidden variable
theories

• Experimental tests of Bell's inequalities have consistently favored quantum mechanics over local
realism (Aspect's experiments, loophole-free tests)

Implications of Bell's theorem
• Bell's theorem has profound implications for our understanding of reality demonstrating quantum
mechanics incompatibility with the combination of locality and realism

• Violation of Bell's inequalities suggests that either locality or realism (or both) must be abandoned

• Accepting quantum mechanics requires a revision of our classical notions of reality

• Properties of quantum systems may not have definite values prior to measurement (wave function
collapse)

• Act of measurement plays an active role in determining the state of a quantum system (observer
effect)

• Bell's theorem challenges the idea of a local, deterministic universe

• Non-local correlations between entangled particles cannot be explained by any local hidden variable
theory

• Universe may be fundamentally non-local, with instantaneous connections between distant particles
(quantum nonlocality)

Entanglement in quantum information
• Entanglement is a crucial resource in quantum information processing and communication enabling
novel technologies that surpass classical systems

• Quantum teleportation relies on entanglement to transmit quantum states over large distances

• State of a quantum system can be transferred to another location without physically transmitting the
system itself (quantum state transfer)

• Teleportation has applications in secure communication and distributed quantum computing (quantum
repeaters, quantum networks)

• Quantum cryptography uses entangled particles to establish secure communication channels

• Entanglement allows for the detection of eavesdropping attempts and the generation of unbreakable
encryption keys (BB84 protocol, E91 protocol)

• Quantum computing harnesses entanglement to perform certain computations exponentially faster
than classical computers

• Entangled qubits can be used to solve problems intractable for classical computers (Shor's algorithm
for factoring, Grover's search algorithm)

• Entanglement is essential for the development of quantum networks and the realization of a global
quantum internet

• Entangled particles can be used to distribute quantum information and establish secure
communication links between distant nodes (quantum repeaters, quantum key distribution)
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12.4 Quantum cryptography and quantum computing
Quantum cryptography and computing are revolutionizing information security and processing. These
fields harness quantum mechanics principles like superposition and entanglement to create unbreakable
encryption and solve complex problems faster than ever before.

Quantum key distribution ensures secure communication, while quantum computers use qubits to perform
calculations exponentially faster than classical computers. These technologies promise to transform fields
like finance, drug discovery, and artificial intelligence, but face challenges in scalability and error
correction.

Quantum Cryptography

Principles of quantum key distribution
• Quantum key distribution (QKD) securely communicates by using quantum mechanics principles to
generate and share secret keys

• Relies on fundamental properties of quantum states such as superposition (ability of a quantum
system to be in multiple states simultaneously) and entanglement (strong correlation between quantum
particles)

• QKD ensures security of the shared key by exploiting the no-cloning theorem (impossibility of creating
an identical copy of an unknown quantum state) and the Heisenberg uncertainty principle (inability to
simultaneously measure certain pairs of physical properties with arbitrary precision)

• Any attempt to intercept or measure the quantum states during transmission introduces detectable
errors

• Advantages of QKD over classical cryptography include:

• Unconditional security based on laws of physics rather than computational complexity

• Eavesdropping attempts can be detected, ensuring integrity of the shared key

• Not vulnerable to advances in computing power (quantum computers) or mathematical algorithms

Quantum Computing

Elements of quantum computers
• Quantum computers use quantum bits (qubits) as the fundamental unit of information

• Qubits exist in a superposition of states, representing both 0 and 1 simultaneously (unlike classical
bits which are either 0 or 1)

• Qubits can be entangled, allowing correlations between multiple qubits even when separated by large
distances

• Quantum gates are building blocks of quantum circuits, analogous to logic gates (AND, OR, NOT) in
classical computers

• Examples of quantum gates: Hadamard (creates superposition), CNOT (controlled-NOT, entangles
qubits), Pauli gates (rotate qubit states)

• Quantum gates manipulate states of qubits to perform computations
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• Quantum algorithms harness properties of quantum systems to solve specific problems

• Examples:

1. Shor's algorithm factors large numbers exponentially faster than classical algorithms

2. Grover's algorithm searches unstructured databases with quadratic speedup

• Quantum algorithms provide exponential speedups over classical algorithms for certain problems

Applications and challenges of quantum computing
• Potential applications of quantum computing:

• Cryptography: Quantum computers could break current public-key cryptosystems (RSA),
necessitating development of post-quantum cryptography

• Optimization: Quantum algorithms could efficiently solve complex optimization problems in finance
(portfolio optimization), logistics (vehicle routing), drug discovery (protein folding)

• Simulation: Quantum computers could simulate complex quantum systems like molecules (drug
design) and materials (high-temperature superconductors)

• Challenges in realizing practical quantum computers:

• Scalability: Building large-scale quantum computers with many qubits is technically challenging due to
need for precise control and isolation from environment

• Error correction: Quantum systems prone to errors from decoherence (loss of quantum properties)
and noise, requiring robust error correction schemes

• Algorithm development: Designing efficient quantum algorithms for practical problems is ongoing
research area, requiring deep understanding of both problem domain and quantum computing
principles

Impact of quantum information processing
• Quantum computing has potential to revolutionize various fields by solving problems intractable for
classical computers

• Could lead to breakthroughs in artificial intelligence (machine learning), drug discovery (molecular
simulations), financial modeling (risk analysis)

• Quantum communication, including QKD, could provide secure communication channels for sensitive
information exchange

• Particularly important given increasing cyber threats and potential vulnerabilities of classical
cryptography to quantum attacks

• Development of quantum technologies may require paradigm shift in design and architecture of
computing and communication systems

• Could lead to emergence of hybrid quantum-classical systems and need for quantum-resistant
cryptographic protocols (lattice-based cryptography)

• Quantum information processing has significant implications for data privacy, national security,
technological competitiveness
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• Governments and industries heavily investing in quantum research and development to gain strategic
advantage
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Unit 13 – Light-Matter Interactions:
Absorption & Emission
13.1 Absorption and emission processes
Light absorption and emission are fundamental processes in optics. When a photon interacts with matter, it
can be absorbed, causing an electron to jump to a higher energy state. This process is crucial in various
applications, from solar cells to photosynthesis.

Energy levels play a key role in these transitions. Electrons move between discrete energy states during
absorption and emission, following specific rules. These processes are affected by factors like material
composition, temperature, and impurities, leading to unique absorption and emission spectra for different
materials.

Absorption and Emission Processes

Principles of light absorption
• Absorption occurs when a photon interacts with a material and transfers its energy to an electron

• Electron transitions from a lower energy state to a higher energy state absorbing the photon's energy

• Photon energy must precisely match the energy difference between the two states described by the
equation  where  is Planck's constant and  is the photon frequency

• Examples of absorption include solar cells converting sunlight into electricity and plants using
chlorophyll to absorb light for photosynthesis

Energy levels in optical transitions
• Energy levels are discrete energy states that electrons can occupy in a material determined by the
material's atomic or molecular structure

• Transitions involve electrons moving between energy levels during absorption and emission
processes

• Absorption transitions occur when an electron moves from a lower to a higher energy state by
absorbing a photon (ultraviolet light absorbed by DNA)

• Emission transitions occur when an electron moves from a higher to a lower energy state releasing a
photon (LED emitting light)

• Transition probabilities depend on the material's electronic structure and selection rules governing
allowed transitions (atomic selection rules)

• Conservation of energy dictates that the total energy is conserved during absorption and emission
with the photon energy equaling the energy difference between electron states

Factors affecting absorption spectra
• Material composition determines the available energy levels and transitions resulting in unique
absorption and emission spectra for different materials (dyes, pigments)
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• Temperature affects the population of higher energy states influencing the intensity and shape of
emission spectra (blackbody radiation)

• Dopants and impurities introduce additional energy levels within the material's bandgap modifying the
absorption and emission spectra of the host material (doped semiconductors)

• Strain and defects alter the local electronic structure and energy levels causing shifts or broadening of
absorption and emission peaks (strained quantum wells)

Applications of absorption and emission
• Optical filters exploit the absorption properties of materials to selectively transmit or block certain
wavelengths 1. Bandpass filters transmit a narrow range of wavelengths while blocking others (color
filters) 2. Longpass filters transmit wavelengths above a cutoff while blocking shorter wavelengths (IR
filters)
3. Shortpass filters transmit wavelengths below a cutoff while blocking longer wavelengths (UV filters)

• Light sources utilize the emission properties of materials to generate light

• Light-emitting diodes (LEDs) emit light through electroluminescence in semiconductors (LED displays)

• Lasers produce coherent light through stimulated emission in a gain medium (laser pointers, fiber
optics)

• Fluorescent lamps emit light through the fluorescence of phosphors excited by UV emission from
mercury vapor (CFL bulbs)

• Spectroscopy analyzes the absorption and emission spectra of materials providing information about
composition, structure, and energy levels

• Material characterization identifies elements and compounds based on their spectral fingerprints
(Raman spectroscopy)

• Chemical analysis detects and quantifies substances by their absorption or emission spectra (atomic
absorption spectroscopy)

• Environmental monitoring uses spectroscopy to measure pollutants and trace gases in the
atmosphere (LIDAR)

13.2 Fluorescence and phosphorescence
Luminescence phenomena are fascinating light emission processes that occur when materials absorb
energy. Fluorescence and phosphorescence are two key types, differing in their emission timescales and
underlying mechanisms. These processes have wide-ranging applications in science and technology.

From bioimaging to display technologies, luminescence plays a crucial role in modern life. Understanding
the factors affecting luminescence efficiency, like quantum yield and quenching, is essential for optimizing
its applications. This knowledge opens doors to innovative uses in various fields.

Luminescence Phenomena

Mechanisms of fluorescence and phosphorescence
• Fluorescence and phosphorescence are types of photoluminescence

• Photoluminescence involves emission of light from a substance after absorbing photons (light)
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• Fluorescence

• Occurs when a substance emits light after absorbing light or other electromagnetic radiation

• Involves emission from excited singlet states

• Typically has a short lifetime ranging from nanoseconds (  to  seconds)

• Phosphorescence

• Occurs when a substance emits light after absorbing light or other electromagnetic radiation

• Involves emission from excited triplet states

• Has a longer lifetime than fluorescence, ranging from milliseconds to hours

• Underlying mechanisms involve

• Absorption of photons excites electrons to higher energy states

• Relaxation of electrons back to the ground state results in the emission of photons

• Intersystem crossing enables transition between singlet and triplet states

Fluorescence vs phosphorescence characteristics
• Fluorescence characteristics

• Short lifetime (nanoseconds)

• Emission from singlet states

• Higher energy emission compared to phosphorescence

• Phosphorescence characteristics

• Longer lifetime (milliseconds to hours)

• Emission from triplet states

• Lower energy emission compared to fluorescence

• Fluorescence applications

• Fluorescence microscopy enables imaging of biological samples (cells, tissues)

• Flow cytometry allows analyzing cell populations based on fluorescent markers

• Fluorescence spectroscopy helps studying molecular interactions and conformations

• Fluorescent labeling tags molecules for detection and tracking (proteins, nucleic acids)

• Phosphorescence applications

• Glow-in-the-dark materials used in emergency signage, toys, and decorations

• Oxygen sensing based on phosphorescence quenching by oxygen

• Organic light-emitting diodes (OLEDs) utilize phosphorescent materials for display technologies and
solid-state lighting
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Factors in luminescence efficiency
• Quantum yield represents the ratio of emitted photons to absorbed photons

• Influenced by competing non-radiative processes (internal conversion, intersystem crossing)

• Fluorescence and phosphorescence lifetime depend on

• Rate of radiative and non-radiative transitions

• Factors such as temperature, solvent, and the presence of quenchers

• Quenching reduces fluorescence or phosphorescence intensity through

• Collisional quenching deactivates excited states by collisions with quencher molecules

• Static quenching forms non-fluorescent complexes between fluorophores and quenchers

• Energy transfer enables non-radiative transfer of excitation energy from a donor to an acceptor
molecule

Applications of luminescence phenomena
• Bioimaging applications

• Fluorescent proteins (GFP) enable labeling and tracking proteins in living cells

• Fluorescent dyes allow staining specific cellular structures or molecules (nucleus, mitochondria)

• Fluorescence resonance energy transfer (FRET) helps studying protein-protein interactions and
conformational changes

• Display technologies

• Organic light-emitting diodes (OLEDs) use phosphorescent materials for efficient and flexible displays
(smartphones, TVs)

• Quantum dots are nanoscale semiconductor crystals with size-dependent fluorescence properties

• Other applications include

• Environmental monitoring for detecting pollutants and contaminants (oil spills, heavy metals)

• Art conservation for analyzing pigments and binders in paintings

• Forensic science for detecting trace evidence and bodily fluids (fingerprints, blood stains)

13.3 Raman and Brillouin scattering
Raman and Brillouin scattering are inelastic light scattering processes that reveal material properties.
Raman scattering interacts with molecular vibrations, while Brillouin scattering involves acoustic waves.
Both provide valuable insights into material structure and composition.

These techniques offer non-destructive ways to study materials in various states and environments.
Raman spectroscopy identifies chemical compounds and analyzes crystal structures, while Brillouin
spectroscopy determines elastic constants and studies phase transitions. They're widely used in material
characterization and sensing applications.
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Raman and Brillouin Scattering

Principles of Raman and Brillouin scattering
• Raman and Brillouin scattering are inelastic scattering processes where incident photons interact with
the material, exchanging energy and momentum, resulting in scattered photons having a different
frequency than the incident photons (Stokes and anti-Stokes scattering)

• Raman scattering involves the interaction of photons with molecular vibrations or phonons

• Stokes scattering occurs when a photon loses energy and the molecule transitions to a higher
vibrational state (red-shifted)

• Anti-Stokes scattering occurs when a photon gains energy and the molecule transitions to a lower
vibrational state (blue-shifted)

• Brillouin scattering involves the interaction of photons with acoustic waves or phonons, which are
collective oscillations of atoms or molecules in a material (sound waves)

• Scattered photons gain or lose energy equal to the energy of the acoustic phonon, resulting in a
frequency shift proportional to the velocity of sound in the material

Raman vs Brillouin scattering characteristics
• Origin of the scattering

• Raman scattering originates from the interaction with molecular vibrations or optical phonons
(intramolecular bonds)

• Brillouin scattering originates from the interaction with acoustic waves or acoustic phonons
(intermolecular interactions)

• Frequency shift

• Raman scattering typically exhibits frequency shifts in the range of  to  Hz (THz range)

• Brillouin scattering typically exhibits frequency shifts in the range of  to  Hz (GHz range)

• Spectral linewidth

• Raman scattering produces relatively broad spectral lines due to the short lifetime of molecular
vibrations (  to  s)

• Brillouin scattering produces narrow spectral lines due to the longer lifetime of acoustic phonons (
 to  s)

• Scattering geometry

• Raman scattering can be observed in any direction relative to the incident light (isotropic)

• Brillouin scattering is strongly dependent on the scattering angle, with maximum intensity observed at
specific angles determined by the acoustic wave velocity and the refractive index of the material
(anisotropic)

Material properties from scattering analysis
• Raman scattering provides information about the molecular structure and composition of a material
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• Raman spectra contain peaks corresponding to specific molecular vibrations (fingerprint region)

• Peak positions, intensities, and shapes can be used to identify molecules and their environments
(crystallinity, stress, temperature)

• Enables the study of chemical bonding, phase transitions, and molecular interactions

• Brillouin scattering provides information about the elastic and acoustic properties of a material

• Frequency shift of the scattered light is related to the velocity of acoustic waves in the material, which
depends on the elastic constants (Young's modulus, shear modulus) and density of the material

• Allows the determination of elastic constants, study of phase transitions (solid-liquid), and
characterization of thin films and nanostructures (thickness, interfaces)

• Both techniques are non-destructive and can be used to probe the properties of materials in various
states (solid, liquid, gas) and environments (high pressure, high temperature)

Applications in characterization and sensing
• Material characterization 1. Raman spectroscopy: identification of chemical compounds (polymers,
pharmaceuticals), analysis of crystal structure and phase (graphene, diamond), and detection of
defects and impurities (doping, strain) 2. Brillouin spectroscopy: determination of elastic constants
(ceramics, composites), study of phase transitions (glass transition), and characterization of thin films
and nanostructures (semiconductor layers, optical coatings)

• Sensing applications 1. Raman scattering: detection of specific molecules or chemical species
(explosives, drugs), monitoring of chemical reactions (polymerization, catalysis), and analysis of
biological samples (cells, tissues) 2. Brillouin scattering: measurement of temperature and pressure
(geophysics, oceanography), monitoring of mechanical stress and strain (structural health monitoring),
and detection of flow and turbulence in fluids (aerodynamics, microfluidics)

• Remote sensing and imaging

• Raman and Brillouin scattering can be used for remote sensing and imaging of materials and
structures (standoff detection)

• Applications include the analysis of artwork and historical artifacts (pigments, binders), monitoring of
industrial processes (quality control), and detection of hazardous materials (chemical warfare agents)

• Enables non-contact and non-invasive measurements with high spatial resolution (confocal
microscopy) and depth profiling capabilities (optical sectioning)

13.4 Nonlinear light-matter interactions
Nonlinear light-matter interactions occur when a material's response to light depends nonlinearly on the
field strength. This leads to fascinating phenomena like frequency doubling, where two photons combine to
create one with twice the energy.

These interactions enable cool applications in ultrafast optics, quantum tech, and optical signal processing.
From generating ultrashort laser pulses to quantum cryptography and all-optical switching, nonlinear optics
opens up a world of possibilities.
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Introduction to Nonlinear Light-Matter Interactions

Concept of nonlinear light-matter interactions
• Nonlinear light-matter interactions occur when a material's response to an applied optical field
depends nonlinearly on the field strength

• In linear optics, the induced polarization  is proportional to the electric field :  where
 is the linear susceptibility

• In nonlinear optics, the polarization is expressed as a power series:
 where  and  are the second and third-order nonlinear

optical susceptibilities

• Nonlinear optical interactions enable the generation of new frequencies (second harmonic
generation), manipulation of light (optical switching), and the study of light-matter interactions at high
intensities (high harmonic generation)

• Significance includes allowing for coherent light generation at new frequencies (frequency doubling),
enabling advanced optical devices (optical parametric oscillators), and providing insights into
fundamental material properties (nonlinear spectroscopy)

Nonlinear Optical Processes and Applications

Types of nonlinear optical processes
• Second Harmonic Generation (SHG) combines two photons of frequency  in a non-centrosymmetric
material (  process) to generate a single photon with frequency , used for frequency doubling and
generating visible light from infrared lasers

• Third Harmonic Generation (THG) combines three photons of frequency  in any material (
process) to generate a single photon with frequency , used for frequency tripling and generating
ultraviolet light from visible lasers

• Sum Frequency Generation (SFG) combines two photons with frequencies  and  in a
non-centrosymmetric material (  process) to generate a single photon with frequency 
, used for generating tunable light sources and in spectroscopy

• Difference Frequency Generation (DFG) uses two photons with frequencies  and  in a
non-centrosymmetric material (  process) to generate a single photon with frequency 
, used for generating mid-infrared light and optical parametric amplification

Material properties in nonlinear optics
• Nonlinear optical susceptibilities ( , , etc.) determine the strength of nonlinear interactions, with
higher values leading to stronger effects

• Dispersion, the frequency-dependent refractive index, affects phase-matching conditions necessary
for efficient nonlinear interactions

• Materials must be transparent at the relevant frequencies to avoid absorption losses

• Centrosymmetric materials have inversion symmetry, resulting in , and only exhibit third-order
and higher-order nonlinearities (silica glass)
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• Non-centrosymmetric materials lack inversion symmetry and exhibit both second-order and
higher-order nonlinearities (lithium niobate)

• Crystal symmetry determines the nonzero elements of the nonlinear susceptibility tensors, which
dictate the allowed nonlinear processes

• Efficient nonlinear interactions require phase-matching between the interacting waves, achieved by
exploiting birefringence (angle tuning) or quasi-phase-matching techniques (periodic poling)

Applications of nonlinear optics
• Ultrafast optics applications include: 1. Generation of ultrashort laser pulses through mode-locking
and nonlinear pulse compression (few-cycle pulses) 2. Studying ultrafast dynamics in materials and
molecules using pump-probe techniques (femtosecond spectroscopy) 3. High-harmonic generation for
attosecond pulse generation and extreme ultraviolet spectroscopy (attosecond science)

• Quantum optics applications include: 1. Spontaneous parametric down-conversion for generating
entangled photon pairs (quantum entanglement) 2. Quantum key distribution and quantum
cryptography (secure communication) 3. Quantum computing and information processing using
nonlinear optical gates (optical quantum logic)

• Optical signal processing applications include: 1. All-optical switching and logic gates based on
nonlinear optical interactions (optical computing) 2. Optical frequency conversion for
wavelength-division multiplexing and demultiplexing (telecommunications) 3. Optical amplification using
parametric processes like optical parametric amplifiers (high-power lasers)

• Other applications include nonlinear microscopy and imaging (two-photon microscopy,
second-harmonic imaging), nonlinear spectroscopy for material characterization and sensing (CARS,
SFG spectroscopy), and terahertz wave generation and detection using nonlinear optical methods
(time-domain terahertz spectroscopy)
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Unit 14 – Optical Imaging: Lenses and
Resolution Limits
14.1 Imaging with lenses and mirrors
Lenses and mirrors bend light to form images. This section covers how different optical elements create
real or virtual images, and how to calculate image properties using equations like the thin lens formula.

Image formation isn't just about creating pictures. It's about understanding how light behaves, allowing us
to design everything from eyeglasses to telescopes. We'll explore magnification, orientation, and the
differences between real and virtual images.

Image Formation and Characteristics

Principles of image formation
• Light rays refract when passing through lenses or reflect off mirrors change direction based on the
medium's refractive index (refraction) or bounce off surfaces at the same angle as the incident ray
(reflection)

• Converging lenses and concave mirrors focus light rays to form real images can be projected onto a
screen

• Diverging lenses and convex mirrors spread light rays forming virtual images cannot be projected onto
a screen

Applications of lens and mirror equations
• Thin lens equation  relates focal length of the lens ( ), distance from object to lens ( ),
and distance from lens to image ( )

• Mirror equation  uses focal length of the mirror ( , positive for concave, negative for
convex)

• Magnification equation  calculates magnification ( ) using image height ( ) and object
height ( )

Real vs virtual images
• Real images form when light rays converge can be projected onto a screen appear inverted relative to
the object

• Virtual images form when light rays diverge cannot be projected onto a screen appear upright relative
to the object

Image Magnification and Orientation

Effects on image characteristics
• Magnification depends on the ratio of image distance to object distance 1. Larger image distance
results in higher magnification 2. Smaller object distance results in higher magnification
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• Converging lenses (convex) and concave mirrors can form both real and virtual images

• Real images are inverted can be magnified (enlarged) or diminished (reduced in size)

• Virtual images are upright always appear magnified

• Diverging lenses (concave) and convex mirrors only form virtual, upright, diminished images

• Orientation determined by image type

• Real images appear inverted (upside-down)

• Virtual images maintain upright orientation

14.2 Optical aberrations and their correction
Optical aberrations can wreak havoc on image quality. From spherical aberration to chromatic fringing,
these pesky distortions blur details and reduce contrast. But fear not! There are ways to fight back.

Clever lens designs and adaptive optics can correct many aberrations. By combining different materials
and shapes, or using deformable mirrors, we can sharpen images and boost performance. Evaluating
corrections helps push optical systems to their limits.

Types and Causes of Optical Aberrations

Types of optical aberrations
• Spherical aberration occurs when light rays passing through the edges of a spherical lens or mirror
focus at a different point than rays passing near the center resulting in a blurred image and reduced
contrast

• Coma is an off-axis aberration that occurs when light from an off-axis point source is focused at
different positions depending on the zone of the lens or mirror it passes through causing a
comet-shaped blur in the image with the "tail" pointing away from the optical axis

• Astigmatism occurs when a lens or mirror has different focal lengths in two perpendicular planes
resulting in an image that is sharp along one axis but blurred along the other

• Chromatic aberration caused by the wavelength-dependent refractive index of optical materials has
two main types:

• Axial (longitudinal) chromatic aberration where different wavelengths focus at different distances along
the optical axis

• Lateral (transverse) chromatic aberration where different wavelengths focus at different positions in
the image plane

• Chromatic aberration results in color fringing and reduced image sharpness

Causes and effects of aberrations
• Causes of aberrations include:

• Spherical surfaces in lenses and mirrors

• Misalignment of optical components

• Wavelength-dependent properties of optical materials (dispersion)
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• Effects of aberrations on image quality include:

• Reduced sharpness and contrast

• Blurring and distortion (coma, astigmatism)

• Color fringing and chromatic errors (chromatic aberration)

• Loss of resolution and detail

Correction Methods and System Performance

Methods for aberration correction
• Aspheric surfaces are non-spherical lens or mirror surfaces designed to minimize spherical aberration
and can be used in combination with spherical surfaces to balance aberrations

• Achromatic doublets combine two lenses with different dispersion properties (crown and flint glass) to
minimize chromatic aberration by ensuring that two or more wavelengths focus at the same point

• Adaptive optics actively correct aberrations using deformable mirrors or liquid crystal spatial light
modulators: 1. Wavefront sensing measures the aberrations 2. The corrective element is adjusted in
real-time to compensate

• Commonly used in astronomy and high-resolution imaging systems (telescopes, microscopes)

Evaluation of aberration correction
• Wavefront analysis measures the deviation of the actual wavefront from the ideal wavefront:

• Quantified using Zernike polynomials or other basis functions

• Provides a comprehensive assessment of the system's aberrations

• Modulation transfer function (MTF) describes the contrast transfer of an optical system as a function of
spatial frequency:

• Indicates the system's ability to resolve fine details and maintain contrast

• Can be measured experimentally or calculated from the system's aberrations

• Strehl ratio is the ratio of the peak intensity of the aberrated point spread function (PSF) to that of the
ideal, diffraction-limited PSF:

• Provides a single-value measure of the system's overall image quality

• A Strehl ratio of 1 indicates a perfect, diffraction-limited system, while lower values indicate the
presence of aberrations

14.3 Resolution limits and super-resolution techniques
Optical resolution is crucial in imaging systems, determining how well we can see fine details. It's affected
by diffraction, aberrations, and sensor characteristics. Understanding these limits helps us push
boundaries in microscopy, astronomy, and manufacturing.

Super-resolution techniques break traditional limits, allowing us to see things once thought impossible.
Methods like structured illumination and stimulated emission depletion microscopy revolutionize our ability
to observe tiny biological structures, opening new frontiers in scientific research.



Fiveable archived study guides Page 117

Resolution and Its Limits

Concept of optical resolution
• Resolution quantifies an optical system's ability to distinguish between closely spaced objects or
features

• Higher resolution enables finer details to be resolved in an image (individual cells in a tissue sample)

• Resolution plays a crucial role in various applications

• Microscopy requires high resolution to observe small biological structures (viruses, organelles)

• Astronomy relies on resolving distant celestial objects (stars in a galaxy cluster)

• Photolithography demands high resolution for manufacturing small features in integrated circuits
(transistors on a microchip)

Factors limiting optical resolution
• Diffraction fundamentally limits resolution due to the wave nature of light

• Light passing through an aperture spreads out, causing a diffraction pattern (Airy disk)

• The diffraction pattern limits the minimum resolvable distance between two objects (Rayleigh criterion)

• Aberrations, imperfections in the optical system, degrade image quality and resolution

• Spherical aberration occurs when light rays from the lens edges focus at a different point than those
from the center (blurring)

• Chromatic aberration happens when different wavelengths of light focus at different points (color
fringing)

• Aberrations can be minimized through careful lens design and using multiple lens elements
(achromatic doublets)

• Sensor characteristics, such as pixel size and noise, can also limit the resolution of an imaging system

• Smaller pixels allow for higher spatial sampling and better resolution (smartphone cameras)

• Noise in the sensor can obscure fine details and reduce the effective resolution (low-light
photography)

Calculation of resolution limits
• The Rayleigh criterion states that two point sources are just resolvable when the central maximum of
one diffraction pattern falls on the first minimum of the other

• The angular resolution limit is given by , where  is the wavelength of light and  is the
aperture diameter

• The spatial resolution limit is given by , where  is the system's numerical aperture

• The Abbe diffraction limit expresses the resolution limit of a microscope

• It states that the minimum resolvable distance is given by , where  is the wavelength of light
and  is the objective lens's numerical aperture
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Super-Resolution Techniques

Super-resolution techniques and applications
• Super-resolution techniques overcome the diffraction limit and achieve higher resolution than
conventional optical systems

• Structured illumination microscopy (SIM) uses patterned illumination to encode high-frequency
information into the observed image 1. Multiple images are captured with different illumination patterns
2. The images are processed to reconstruct a super-resolved image with up to twice the resolution of
conventional microscopy

• SIM improves resolution and contrast when imaging biological samples (cytoskeleton, organelles)

• Stimulated emission depletion (STED) microscopy uses a combination of excitation and depletion
lasers to achieve super-resolution 1. The excitation laser excites fluorophores in the sample 2. The
depletion laser, shaped into a donut profile, selectively suppresses fluorescence around the edges 3.
By scanning the sample and controlling the depletion laser, STED achieves resolutions down to 20-30
nm, far below the diffraction limit

• STED excels at imaging fine structures in biological samples (synapses, cytoskeletal elements)

14.4 Advanced microscopy techniques
Advanced microscopy techniques have revolutionized our ability to visualize and study complex biological
systems. Confocal, two-photon, and light sheet microscopy offer unique advantages in resolution, depth
penetration, and sample compatibility, enabling researchers to probe deeper into living tissues and
organisms.

Each technique has its strengths and trade-offs, making them suitable for different applications. Confocal
excels in thin samples, two-photon shines in deep tissue imaging, and light sheet allows for rapid,
low-phototoxicity imaging of large specimens. Understanding these differences is crucial for choosing the
right tool for your research needs.

Advanced Microscopy Techniques

Advanced microscopy techniques comparison
• Confocal microscopy

• Uses a pinhole to block out-of-focus light improving resolution and contrast

• Achieves optical sectioning by scanning the sample point-by-point

• Suitable for thin samples (tissue sections, cell cultures) and fluorescence imaging

• Two-photon microscopy

• Uses femtosecond pulsed laser to excite fluorophores with two lower-energy photons simultaneously

• Provides deeper tissue penetration (brain tissue) and reduced photobleaching compared to confocal
microscopy

• Ideal for thick, scattering samples (organoids, tissue explants) and in vivo imaging (animal models)

• Light sheet microscopy
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• Illuminates the sample with a thin sheet of light reducing out-of-focus excitation and phototoxicity

• Enables high-speed, low-phototoxicity imaging of large, transparent samples (embryos, cleared
tissues)

• Particularly useful for developmental biology (zebrafish, Drosophila) and whole-organism imaging (C.
elegans, Arabidopsis)

Principles of microscopy techniques
• Confocal microscopy principles and advantages

• Resolution: Achieves sub-micron lateral resolution by using a pinhole to reject out-of-focus light
improving contrast and signal-to-noise ratio

• Depth penetration: Limited to relatively thin samples (up to ~100 μm) due to scattering of excitation
and emission light

• Sample preparation: Requires fluorescent labeling (immunofluorescence, genetic reporters) and
mounting of fixed or live samples on glass slides or dishes

• Two-photon microscopy principles and advantages

• Resolution: Similar lateral resolution to confocal microscopy but improved axial resolution due to
nonlinear excitation confined to the focal plane

• Depth penetration: Can image deeper into scattering tissues (up to ~1 mm) due to longer excitation
wavelengths (near-infrared) and reduced scattering

• Sample preparation: Requires fluorescent labeling but allows for in vivo imaging of live animals with
minimal invasiveness and tissue damage

• Light sheet microscopy principles and advantages

• Resolution: Achieves high lateral resolution with axial resolution determined by the light sheet
thickness (typically a few microns)

• Depth penetration: Can image large, transparent samples (up to several mm) with minimal scattering
and aberrations

• Sample preparation: Requires transparent, fixed, or live samples; often used with clearing techniques
(CLARITY, CUBIC) to enhance transparency

Applications in scientific fields
• Biology applications

• Confocal microscopy: Imaging of fixed cells and tissues (histology), co-localization studies (protein
interactions), and live-cell dynamics (membrane trafficking)

• Two-photon microscopy: In vivo brain imaging (neuron activity), calcium imaging (cell signaling), and
deep tissue imaging (tumor microenvironment)

• Light sheet microscopy: Developmental biology (embryogenesis), whole-embryo imaging
(organogenesis), and 3D tissue imaging (organoids, spheroids)

• Materials science applications



Fiveable archived study guides Page 120

• Confocal microscopy: Characterization of surface topography (roughness), defects (cracks, voids),
and phase distributions (composites) in materials

• Two-photon microscopy: Imaging of nonlinear optical properties (second harmonic generation) and
deep-level defects (fluorescence) in semiconductors (silicon, GaAs)

• Light sheet microscopy: 3D imaging of porous materials (ceramics), polymers (hydrogels), and
composites (fiber-reinforced)

• Nanotechnology applications

• Confocal microscopy: Imaging of nanostructures (nanowires), nanoparticles (quantum dots), and
self-assembled monolayers (SAMs)

• Two-photon microscopy: Characterization of nonlinear optical properties of nanomaterials (graphene,
carbon nanotubes)

• Light sheet microscopy: 3D imaging of nanodevices (MEMS), microfluidic systems (lab-on-a-chip),
and lab-on-a-chip platforms (organ-on-a-chip)

Trade-offs in microscopy selection
• Resolution trade-offs 1. Confocal and two-photon microscopy offer the highest lateral resolution
(sub-micron) while light sheet microscopy provides better axial resolution (a few microns) 2. Increasing
resolution often requires slower imaging speeds (longer pixel dwell times) and may be limited by
sample properties (thickness, transparency)

• Speed trade-offs
1. Light sheet microscopy enables the fastest imaging speeds (hundreds of frames per second)
followed by spinning disk confocal microscopy and two-photon microscopy 2. Higher imaging speeds
may compromise resolution (undersampling) and signal-to-noise ratio (reduced photon counts)

• Sample compatibility trade-offs 1. Confocal microscopy is best suited for thin, fixed, or live samples
that can be fluorescently labeled and mounted on glass substrates 2. Two-photon microscopy is ideal
for thick, scattering samples and in vivo imaging of live animals with minimal invasiveness 3. Light
sheet microscopy requires transparent, fixed, or live samples and is often used with clearing techniques
to enhance optical clarity

• Selecting the appropriate technique 1. Consider the desired resolution (lateral vs axial), imaging
speed (temporal resolution), and sample properties (thickness, transparency, labeling) when choosing
a microscopy technique 2. Prioritize the most critical factors for the given application (e.g., speed for
live-cell imaging, depth for in vivo studies) and optimize the imaging parameters (excitation power,
exposure time, z-step size) accordingly 3. Consult with experts, attend workshops, and review literature
to gain hands-on experience and stay updated with the latest advances in microscopy techniques and
applications
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Unit 15 – Spectroscopy: Absorption,
Emission, and Raman
15.1 Principles of spectroscopy
Spectroscopy is all about how light and matter interact. It's a powerful tool that helps us understand the
world around us by looking at how atoms and molecules absorb, emit, or scatter light.

In modern optics, spectroscopy is used for everything from identifying materials to medical imaging. It's
based on the idea that atoms and molecules have specific energy levels, and transitions between these
levels create unique spectral fingerprints.

Principles of Spectroscopy

Principles of spectroscopic techniques
• Spectroscopy studies the interaction between electromagnetic radiation and matter

• Analyzes absorption, emission, or scattering of light by atoms, molecules, or materials

• Fundamental principles of spectroscopy:

• Atoms and molecules have quantized energy levels

• Transitions between energy levels result in absorption or emission of photons with specific energies

• Photon energy is related to frequency by , where  is Planck's constant and  is frequency

• Applications in modern optics:

• Characterizes and identifies materials

• Analyzes chemicals and senses their presence

• Monitors environmental conditions

• Enables biomedical diagnostics and imaging (MRI, fluorescence microscopy)

Electromagnetic radiation-matter interactions
• Absorption occurs when a photon's energy matches the energy difference between two states in an
atom or molecule

• Photon is absorbed, exciting the atom or molecule to a higher energy state

• Emission:

• Spontaneous emission: Excited atom or molecule spontaneously decays to lower energy state,
releasing a photon with energy equal to the difference between states

• Stimulated emission: Incoming photon stimulates excited atom or molecule to decay to lower energy
state, releasing a second photon with same energy, phase, and direction as stimulating photon (lasers)

• Scattering:
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• Elastic scattering (Rayleigh scattering): Photons scattered by atoms or molecules without change in
energy (blue sky)

• Inelastic scattering (Raman scattering): Photons interact with molecular vibrations or phonons,
resulting in scattered photons with slightly different energies than incident photons

Energy levels and spectral transitions
• Atoms and molecules have discrete, quantized energy levels

• Transitions between energy levels occur when atom or molecule absorbs or emits photon with energy
equal to difference between levels

• Photon energy is related to wavelength by , where  is Planck's constant,  is speed of light,
and  is wavelength

• Spectra observed in spectroscopic techniques:

• Absorption spectra: Dark lines or bands corresponding to wavelengths of light absorbed by sample

• Emission spectra: Bright lines or bands corresponding to wavelengths of light emitted by sample
(neon signs, fireworks)

• Intensity and position of spectral lines or bands provide information about composition, structure, and
properties of sample

Types of spectroscopy
• Electronic spectroscopy involves transitions between electronic energy levels in atoms or molecules

• Examples: UV-visible spectroscopy, X-ray spectroscopy, photoelectron spectroscopy

• Vibrational spectroscopy involves transitions between vibrational energy levels in molecules

• Examples: Infrared (IR) spectroscopy, Raman spectroscopy

• Rotational spectroscopy involves transitions between rotational energy levels in molecules

• Examples: Microwave spectroscopy, far-infrared spectroscopy

• Nuclear spectroscopy involves transitions between nuclear energy levels

• Examples: Nuclear magnetic resonance (NMR) spectroscopy, Mössbauer spectroscopy

Spectroscopic Techniques and Applications

Principles of spectroscopic techniques
• Spectroscopic techniques based on interaction between electromagnetic radiation and matter

• Different techniques utilize different regions of electromagnetic spectrum (radio waves, microwaves,
infrared, visible light, ultraviolet, X-rays, gamma rays)

• Key applications of spectroscopic techniques in modern optics:

• Determines atomic and molecular structures

• Analyzes chemical composition quantitatively and qualitatively
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• Characterizes surfaces and interfaces

• Monitors chemical reactions and processes in real-time

• Enables remote sensing and imaging (satellite imagery, astronomical spectroscopy)

15.2 Absorption spectroscopy techniques
Absorption spectroscopy measures how materials absorb light at different wavelengths. It's a powerful tool
for identifying and quantifying substances in various fields. The Beer-Lambert law is key, linking light
absorption to sample concentration and path length.

This technique has wide-ranging applications, from environmental monitoring to pharmaceutical analysis.
Factors like concentration, path length, and wavelength affect absorption spectra, influencing the accuracy
and sensitivity of measurements. It's a versatile, non-destructive method for chemical analysis.

Principles and Instrumentation

Principles of absorption spectroscopy
• Measures absorption of electromagnetic radiation by a sample as a function of wavelength or
frequency

• Incident light attenuated by the sample, transmitted light measured

• Absorption occurs when energy of incident photons matches energy difference between ground state
and excited state of sample molecules

• Allows identification and quantification of chemical species based on their characteristic absorption
spectra (UV-Vis, IR)

• Non-destructive technique, sample can be recovered after analysis

• Sensitivity and selectivity depend on the choice of wavelength and sample preparation

Beer-Lambert law in quantitative analysis
• Relates attenuation of light to properties of material through which light is traveling

• Absorbance ( ) directly proportional to concentration ( ) of absorbing species and path length ( ) of
sample: 

•  is molar attenuation coefficient, constant characteristic of absorbing species at particular wavelength

• Prepare series of standard solutions with known concentrations of analyte

• Measure absorbance of standard solutions and create calibration curve (absorbance vs.
concentration)

• Measure absorbance of unknown sample and determine concentration using calibration curve

• Allows accurate quantification of analytes in various matrices (solutions, gases)

Factors affecting absorption spectra
• Concentration

• Higher concentrations lead to increased absorbance, more molecules available to absorb light
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• Deviations from linearity may occur at high concentrations due to aggregation or saturation effects

• Path length

• Longer path lengths result in increased absorbance, light interacts with more sample molecules

• Doubling path length doubles absorbance, as per Beer-Lambert law

• Choose appropriate path length to ensure absorbance falls within linear range of instrument (0.1-1.0)

• Wavelength of incident light

• Absorption occurs when energy of incident photons matches energy difference between molecular
states

• Different compounds absorb light at different wavelengths, leading to characteristic absorption spectra

• Wavelength of maximum absorption ( ) often used for quantitative analysis

• Choose wavelength with high molar attenuation coefficient for increased sensitivity

Applications of absorption spectroscopy
• Environmental monitoring

• Determine concentration of pollutants in water or air samples (heavy metals, organic contaminants)

• Monitor water quality in rivers, lakes, and oceans

• Assess air quality in urban and industrial areas

• Pharmaceutical analysis

• Verify identity and purity of drug compounds

• Quantify active ingredients and impurities in formulations

• Ensure compliance with regulatory standards (USP, EP)

• Biochemical assays

• Quantify concentration of biomolecules in biological samples (proteins, nucleic acids)

• Monitor enzymatic reactions and kinetics

• Study protein-ligand interactions and binding affinity

• Material science

• Characterize optical properties of materials (semiconductors, polymers)

• Investigate electronic transitions and band structure

• Assess purity and composition of materials

• Food and beverage industry

• Determine nutritional content of food products (vitamins, minerals)

• Monitor fermentation processes in beer and wine production

• Detect adulteration and contamination in food samples
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15.3 Emission spectroscopy and fluorescence spectroscopy
Emission and fluorescence spectroscopy are powerful tools for analyzing materials. These techniques use
light to excite atoms or molecules, which then emit characteristic wavelengths. This allows scientists to
identify and study various substances, from simple elements to complex biological molecules.

The methods rely on specialized equipment like light sources, monochromators, and detectors. Factors
such as temperature and sample structure affect the results. These techniques find applications in diverse
fields, including environmental monitoring, biochemistry, and nanomaterial research.

Emission and Fluorescence Spectroscopy

Principles of emission and fluorescence spectroscopy
• Emission spectroscopy involves exciting atoms or molecules to higher energy states by absorbing
energy from a heat source (flame) or electrical discharge (plasma)

• Excited species relax back to lower energy states, emitting photons with characteristic wavelengths
specific to the element or molecule

• Emitted light is dispersed by a monochromator (diffraction grating or prism) and detected, creating an
emission spectrum unique to the sample

• Fluorescence spectroscopy involves molecules absorbing photons and being excited to higher
electronic states

• Vibrational relaxation occurs, bringing the molecule to the lowest vibrational level of the excited
electronic state

• Molecule returns to the ground electronic state, emitting a photon with a longer wavelength than the
absorbed photon (Stokes shift)

• Emitted fluorescence is detected at a right angle to the excitation source to minimize interference from
the incident light

Instrumentation for spectroscopic techniques
• Light sources vary depending on the spectroscopic technique

• Emission spectroscopy uses hollow cathode lamps (element-specific), inductively coupled plasma
(ICP), or electrical discharges (arc or spark)

• Fluorescence spectroscopy employs xenon arc lamps (broad spectrum), lasers (monochromatic), or
light-emitting diodes (LEDs) for excitation

• Monochromators disperse light into individual wavelengths using diffraction gratings or prisms

• Select specific wavelengths for excitation (fluorescence) or emission (both techniques) to improve
signal-to-noise ratio and specificity

• Detectors convert the optical signal into an electrical signal for quantification and analysis 1.
Photomultiplier tubes (PMTs) offer high sensitivity and fast response time 2. Charge-coupled devices
(CCDs) allow simultaneous detection of multiple wavelengths 3. Avalanche photodiodes (APDs)
provide high sensitivity and fast response time, suitable for single-photon counting experiments
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Factors affecting spectral output
• Electronic structure of the sample determines the energy levels and transitions, which dictate the
wavelengths of the emitted or fluoresced light

• Molecular structure, bonding, and functional groups (aromatic rings, conjugated systems) affect the
electronic transitions and spectral features

• Temperature influences the population of higher vibrational and rotational levels, leading to
broadening of spectral lines at higher temperatures

• Non-radiative relaxation processes (internal conversion, intersystem crossing) become more likely at
higher temperatures, reducing emission or fluorescence intensity

• Quenching effects decrease the emission or fluorescence intensity through various mechanisms

• Collisional quenching: Deactivation of excited states through collisions with other molecules (oxygen,
heavy atoms)

• Static quenching: Formation of non-fluorescent complexes between the fluorophore and quencher
(metal ions, aromatic compounds)

Applications in sample analysis
• Atomic emission spectroscopy (AES) identifies and quantifies elements in a sample based on their
characteristic emission lines

• Applications in metallurgy (alloy composition), environmental monitoring (water and soil analysis), and
geochemistry (mineral identification)

• Molecular fluorescence spectroscopy studies the structure, dynamics, and interactions of molecules

• Applications in biochemistry (protein folding, enzyme kinetics), material science (polymer
characterization), and environmental analysis (pollutant detection)

• Specific examples include monitoring DNA-ligand interactions, detecting pesticides in water samples,
and studying the photophysics of organic semiconductors

• Nanomaterial characterization investigates the optical properties, size distribution, and surface
characteristics of nanomaterials

• Quantum dots and fluorescent nanoparticles exhibit unique emission and fluorescence properties due
to quantum confinement effects

• Applications in bioimaging (cell labeling), sensing (chemical and biological sensors), and
optoelectronics (light-emitting diodes, solar cells)

15.4 Raman spectroscopy and its applications
Raman spectroscopy uses inelastic light scattering to study molecular vibrations. It's based on the Raman
effect, where incident photons interact with molecules, causing changes in energy and wavelength. This
technique provides valuable insights into molecular structure and composition.

Raman spectroscopy requires specific instrumentation, including laser sources, sample holders, and
spectrometers. Various factors affect Raman spectra, such as sample polarizability and laser wavelength.
Applications range from material science to forensics, making it a versatile analytical tool.
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Principles and Instrumentation of Raman Spectroscopy

Principles of Raman spectroscopy
• Raman spectroscopy based on the Raman effect involves inelastic scattering of light by molecules

• Incident photons interact with molecular vibrations resulting in a change in the photon's energy and
wavelength

• Stokes scattering occurs when the scattered photon has lower energy than the incident photon

• Molecule absorbs energy and is excited to a higher vibrational state

• Anti-Stokes scattering occurs when the scattered photon has higher energy than the incident photon

• Molecule loses energy and returns to a lower vibrational state

• Selection rules determine which vibrational modes are Raman-active

• Raman-active modes must involve a change in the polarizability of the molecule during the vibration
(stretching, bending)

Instrumentation for Raman spectroscopy
• Laser sources provide monochromatic, high-intensity light for Raman spectroscopy

• Common laser sources include Ar+ (488 nm, 514.5 nm), Kr+ (647.1 nm), and Nd:YAG (532 nm, 1064
nm) lasers

• Sample holders accommodate various sample types and minimize background interference

• Examples include glass slides, cuvettes, and microscope stages for micro-Raman spectroscopy

• Spectrometers disperse and detect the scattered light

• Dispersive spectrometers use gratings to separate the scattered light by wavelength

• Fourier-transform (FT) Raman spectrometers use interferometers and Fourier transform algorithms to
obtain the Raman spectrum

Factors Affecting Raman Spectra and Applications

Factors affecting Raman spectra
• Intensity of Raman scattering depends on the polarizability of the sample

• Molecules with more polarizable electron clouds exhibit stronger Raman scattering (benzene, carbon
tetrachloride)

• Choice of laser wavelength affects the Raman signal intensity and potential for fluorescence
interference

• Shorter wavelengths provide higher Raman signal intensity but may induce fluorescence in some
samples (chlorophyll, aromatic compounds)

• Sample preparation techniques influence the quality of Raman spectra

• Samples should be clean, homogeneous, and free of impurities that may cause interference
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• Surface-enhanced Raman spectroscopy (SERS) enhances the Raman signal of low-concentration or
weakly scattering samples (single-molecule detection, trace analysis)

Analysis techniques in Raman spectroscopy
• Raman peak assignment identifies molecular vibrations and functional groups

• Raman shifts correspond to specific vibrational modes (C=C stretch at ~1600 cm , C-H stretch at
~3000 cm )

• Raman imaging maps the spatial distribution of chemical components in a sample

• Raman microscopy combines Raman spectroscopy with microscopy to analyze small samples or
specific regions (cells, microstructures)

• Chemometric methods analyze complex Raman datasets

• Principal component analysis (PCA) and partial least squares (PLS) regression extract relevant
information from Raman spectra (classification, quantification)

Applications of Raman spectroscopy
• Material science characterizes the structure and composition of materials

• Examples include studying carbon nanomaterials (graphene, carbon nanotubes), polymers
(polyethylene, polystyrene), and ceramics (silicon carbide, zirconia)

• Pharmaceutical industry uses Raman for drug identification, quality control, and polymorph screening

• Raman detects counterfeit drugs and monitors the distribution of active ingredients in formulations
(tablets, capsules)

• Forensic analysis identifies and analyzes trace evidence

• Examples include identifying illegal drugs (cocaine, heroin), explosives (TNT, RDX), and fibers
(cotton, polyester)

• Raman is non-destructive and requires minimal sample preparation, making it suitable for forensic
applications


