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Outline

 Lecture 1

 Why ultrafast optics?

 General techniques in solving optics problems?

 Impulse response approach

 Eigenfunction approach

 Laplace/Fourier transfrom approach

 Diffraction and dispersion theory 

 Solution of flattop-beam propagation with 3 approaches

 Lecture 2

 Brief history of lasers

 How lasers work?

 How do we generate pulses with lasers?

 ns-to-ps pulse generation with Q-switching

 ps-to-fs pulse generation with mode-locking
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The long and short of time

A. E. Kaplan, “No-when: the long and short of time,” Optics and Photonics News (2006, February)



Time scale of physical events
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 Mean life of W and Z bozons: 0.3x10-24 s (yoctosecond)

 Half-life of helium-9's outer neutron in the second nuclear halo: 

7x10-21 s (Zeptosecond)

 Shortest event ever created: 53 attosecond (10-18s) x-ray pulse 

(2017)

 Smallest time uncertainty established: 850 zeptoseconds

 Bohr orbit period in hydrogen atom: 150 attoseconds

 Single oscillation of 600 nm light: 2 fs (10-15s)

 Vibrational modes of a molecule: ps (10-12s) timescale 

 Electron transfer in photosynthesis: ps timescale

 Period of phonon vibrations in a solid: ps timescale

 Mean time between atomic collisions in ambient air: 0.1 ns (10-9s)

 Period of mid-range sound vibrations: ms



Physics on femto- to attosecond time scales?
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“Attosecond physics“ F. Krausz and M. Ivanov, Rev. Mod. Phys. 81, 163 (2009)

X-ray EUV

Time [attoseconds]

The larger the energy separation between the two eigenstates, 

the faster is the particle’s motion in the superposition state.

Wave packet: Change in position of 
particles center of mass

Energy spacing

Oscillation period

Expectation value of position



Birth of ultrafast technology
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Muybridge's first picture sequence 

Leland Stanford Eadweard Muybridge

$25,000 bet:  Do all four 
hooves of a running horse 
ever simultaneously leave 
the ground? (1872)

Adapted from Rick Trebino’s course slides



What do we need to probe a fast event?

 The light signal received by the camera film is a train of optical 
pulse.

 We need a FASTER event to freeze the motion. Here the FASTER 
event is shutter opening and closing.

 If we have an optical pulse source, we can record images of a 
running horse in a dark room.
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Effect of Shutter speed on photography
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Understanding Ultrafast Processes

http://www.eadweardmuybridge.co.uk/

Is there a time during galloping,
when all feet are off the ground?
(1872) Leland Stanford

Eadweard Muybridge, * 9. April 1830 in 
Kingston upon Thames; † 8. Mai 1904, 

Britisch pioneer of photography

Harold Edgerton, * 6. April 1903 in Fremont, 
Nebraska, USA; † 4. Januar 1990 in Cambridge, 

MA, american electrical engineer, inventor strobe 
photography.

What happens when a bullet rips 
through an apple?

http://web.mit.edu/edgerton/

ms µs
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1000 fps 1,000,000 fps



A trillion frames per second movie
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Ref: A. Velten, R. Raskar, and M. Bawendi, "Picosecond Camera for Time-of-Flight Imaging," in Imaging Systems Applications, OSA Technical Digest (CD) 
(Optical Society of America, 2011)

1,000,000,000,000 fps

ps



Evolution of ultrafast science

11“Attosecond physics“ F. Krausz and M. Ivanov, Rev. Mod. Phys. 81, 163 (2009)
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The size of things

In general as the process gets faster:

a) the interaction energy increases

b) the system become smaller

“Attosecond physics“ F. Krausz and M. Ivanov, Rev. Mod. Phys. 81, 163 (2009)



Resolving power of microscopes

13Ref: https://www.sciencelearn.org.nz/resources/495-magnification-and-resolution



Structure, Dynamics and Function of Atoms and Molecules

14

Struture of Photosystem I

Chapman, et al. Nature 470, 73, 2011

Todays Frontiers in Space and Time

Aim: Exploring matter at the sub-nm & sub-femtosecond 

space and time scales



X-ray Imaging
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Chapman, et al. Nature 470, 73, 2011

Optical 
Pump

X-ray 
Probe

(Time Resolved)

Imaging before destruction: Femtosecond Serial X-ray crystalography



One of the Main Questions in Optics 

?System

Arbitrary
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Heat Stress (force)

Voltage/Current

The general problem can be very complex:
• Linear optical effects
• Thermo-optical effects
• Electro-optical effects
• Nonlinear optical effects
• Quantum effects

Other inputs

Two simpler questions for today’s lecture (still requires 
math):

• What is the effect on beam profile? (Diffraction theory)
• What is the effect on pulse width? (Dispersion theory)Simplify

Governed by set of coupled 
partial differential equations



Opto- and thermo-mechanical effects (Example case)
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Temperature

Stress &
strain

Thermal
lens

Laser
dynamics



Overview of Optics & Photonics
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Snell‘s Law
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Derivation via Fermat‘s principle Derivation from Maxwell‘s Equations

Derivation from energy and momentum 
conservation

Derivation from Huygens principle
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Ray Propagation

Saleh and Teich, Fundementals of Photonics.
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Table of Ray Matrices

Saleh and Teich, Fundementals of Photonics.
Jung et al., Journal of Biomedical Optics 15(6):066027, (2010).



Outline of the following slides
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Review fundemental techniques for solving research and 
engineering problems in optics and photonics field:

• Impulse response aproach
• Eigenfunction aproach
• Fourier/Laplace transfrom aproach
• …

?),,( 0000 zyxI ),,( zyxI

Optical system

https://www.edmundoptics.eu/knowledge-center/application-notes/optics/why-use-a-flat-top-laser-beam/
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Review: Impulse Response Approach I
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Ref: http://mi.eng.cam.ac.uk/~rwp/Maths/vid09/l2notes.pdf
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Review: Impulse Response Approach II
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Review: Impulse Response Approach III

Impulse response

Step response

(calculated via 
convolution integral)

Ref: Oppenheim et al., Signals and Systems.
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 Lets imagine what (basis) signals φk(t) have the property that:

 i.e. the output signal is the same as the input signal, multiplied by the constant 
“gain” λk (which may be complex)

 For CT LTI systems, we also have that

 Therefore, to make use of this theory we need:
1) system identification is determined by finding {φk,λk}.

 2) response, we also have to decompose x(t) in terms of φk(t) by 
calculating the coefficients {ak}.

 This is analogous to eigenvectors/eigenvalues matrix decomposition

System
φk(t) λkφk(t) 

LTI
System

x(t) = Σk akφk(t) y(t) = Σk akλkφk(t) 

Review: Eigen Functions Approach I
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Review: Eigen Functions Approach II

Ref: http://pchemandyou.blogspot.de/2008/04/particle-in-finite-box-and-harmonic.html
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Review: Laplace/Fourier Transform Approach I
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The eigenvalue of a complex 
exponentioal input (H(s)) is the 
Laplace transform of systems 
impulse response (h(t))

Complex exponentials are the only eigenfunctions of any LTI systems

Inverse Laplace transform

Laplace transform



Review: Laplace/Fourier Transform Approach II
Eigen-function approach

φk(t) λkφk(t) 

x(t) = Σk akφk(t) 
y(t) = Σk akλkφk(t) 

Complex exponential eigenfunction aproach

Impulse response approach
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Laplace/Fourier transform apraoch



30Ref: Oppenheim et al., Signals and Systems.

Review: Laplace/Fourier Transform Approach III

Low-pass filter

Bode plot (frequency response)



Review: Laplace/Fourier Transform Approach II
Eigen-function approach

φk(t) λkφk(t) 

x(t) = Σk akφk(t) 
y(t) = Σk akλkφk(t) 

Complex exponential eigenfunction aproach

Impulse response approach
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Laplace/Fourier transform apraoch



Outline of the following slides
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Review fundemental techniques for solving research and 
engineering problems in optics and photonics field:

• Impulse response aproach
• Eigenfunction aproach
• Fourier/Laplace transfrom aproach
• …
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Optical system

https://www.edmundoptics.eu/knowledge-center/application-notes/optics/why-use-a-flat-top-laser-beam/



Diffraction Theory: Impulse response approach

?
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Impulse response of free 
space: EM disturbance 
that is due to a point 
source according to scalar 
diffraction theory 

Free space
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Some math:
use u (x,y,z) rather 
than I (x,y,z) to simplfy 
algebra….

1-2 hours of work 
starting from Maxwell‘s 
Equations….
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Impulse response approach of diffraction ≈ Huygens-Fresnel principle 
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Ref: Prof. Seok Ho Song, http://optics.hanyang.ac.kr/~shsong/P4-Fourier%20optics.pdf 
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Impulse response approach of diffraction (Fraunhoffer regime: far-field)
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Long propagation in free space 
takes spatial Fourier transfrom



Impulse response approach of diffraction (Fraunhoffer regime: far-field)

Free space),,( 000o zyxu

Spatial Fourier transfrom operation



Impulse response approach of diffraction: different regimes

Dark spot

Minimum width

Fourier transfrom

Shadow

Ref: „X-ray Coherent diffraction interpreted through the fractional Fourier transform“, The European Physical 
Journal B.



Flattop-Gaussian beam propagation: impulse response approach

Ref: „X-ray Coherent diffraction interpreted through the fractional Fourier transform“, The European Physical 
Journal B.

Impulse response appraoch 
works, but it is 
computationally expensive

Impulse response of free space

Convolution integral

z



Diffraction Theory: Frequency response approach
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Frequency response of free space
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Spatial domain

Frequency domain

Fourier transform Fourier transform Inverse Fourier transform
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Ref: „Field Guide to Linear Systems in Optics“, SPIE.
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Spatial domain

Frequency domain

Fourier transform Fourier transform Inverse Fourier transform

Multiplication in 
frequency domain

Similar results with impulse response and 
frequency response approach

Flattop-Gaussian beam propagation: frequency response approach



Diffraction Theory: Eigenfunction approach
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Ref: „Field Guide to Linear Systems in Optics“, SPIE.
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I(x,y,zo) = Σk akφk(x,y) I(x,y,z) = Σk akλkφk(x,y) 

Plane waves

φk(x,y) λkφk(x,y) 

Eigenfunctions of free space

Free space

Free space

Hermite-Gaussian modes Laguerre-Gaussian modes



LTI
System

x(t) = Σk akφk(t) y(t) = Σk akλkφk(t) 

Gaussian beams are also eigen-functions of general more complex paraxial wave 
systems
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Hermite-Gaussian Beams (Eigen-functions of free space)



Gaussian beam 
transformation by 

ABCD law
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Hermite-Gaussian Beam Propagation  
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I(x,y,zo) = Σk akφk(x,y) I(x,y,z) = Σk akλkφk(x,y) 

φk(x,y) λkφk(x,y) 

Eigenfunctions of free space

Free space

ABCD matrix for the optical system

Q-parameter of the beam

Eigenfunction aproach is the simplest option for this specific problem

Ref: B. Lu et al., Journal of Modern Optics, (2001).
V. Bagini et al., JOSA-A, (1996).

Flattop-Gaussian beam propagation: eigenfunction approach

•FGBs can be expressed as a finite sum of 
Laguerre-Gauss beams.

•Paraxial propagation of FBGs can be solved by 
using the propagation formulas of Laguerre-

Gauss beams.
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Flattop beam propagation: solution with eigenfunction approach
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Flattop beam propagation: solution with eigenfunction approach



Diffraction Theory

?
System

Optical
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Eigen-function approach



Diffraction Theory

?System

Optical
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If I know the beam profile at the input (beam shape), what is the beam profile at the output?

Governed by set of coupled 
partial differential equations

Dispersion Theory

?System

Optical

)( 00 tI
)( tI

Governed by set of coupled 
partial differential equations

If I know the pulse shape at the input, what is the pulse shape at the output?



Dispersion Theory

?
system

optical

Linear
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Diffraction and Dispersion Theory

Ref: Saleh and Teich, „Fundamentals of Photonics“.



Analogy of Diffraction and Dispersion Theory

Ref: Saleh and Teich, „Fundamentals of Photonics“.

How do we generate, transport and make 
experiments with ultrafast optical pulses 
considering diffraction and dispersion 
effects (and others)?


