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Cold Ions and Atoms Lab main lab interests

Optical Cooling of SolidsQuantum Optics 
with Structured Beams

- fundamental quantum physics
- metrology
- quantum logic
- thermodynamics

- nanoparticle trapping
- laser refrigeration via color centers
- thermodynamics of mesoscopic systems
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Team @ Universidad de Buenos Aires
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Structure of this course

1) Structured light basics

2) Structured light and atoms

3) Structured light and optical forces
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Structure of this course

1) Structured light basics

P0) Motivation

P1) Brief history of Light Matter Interaction

P2) Gaussian and Structured Beams

P3) Orbital angular momentum of light

P4) Beyon the paraxial approximation

P5) Generation of Structured Beams



an ion trap
ion in a beam

Dancing in the dark - the Sao Paulo anecdote, ca. 2008

a hollow beam
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Part 1

A brief history of light-matter interactions
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Polarization Rotation - the begining
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Light-Matter Interaction - a summary
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Light-Matter Interaction - a summary
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Atomic Spectroscopy

Zeeman (1896) and Raman and Bhagavantam (1931)

- Zeeman splitting
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Atomic Spectroscopy - the begining

-
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Atomic Spectroscopy - the begining

-



Christian Schmiegelow - Universidad de Buenos Aires

Light-Matter Interaction - a summary
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Light-Matter Interaction 
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Light-Matter Interaction - spectroscopy
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Light-Matter Interaction 

Beth (1936)

- mechanical effects, angular momentum
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Light-Matter Interaction 

Beth (1936)

- mechanical effects, angular momentum
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Light-Matter Interaction - mechanical effects, angular momentum

Rubinsztein-Dunlop
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Light-Matter Interaction - a summary
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Light-Matter Interaction - mechanical effects, linear momentum
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Light-Matter Interaction - mechanical effects, linear momentum

Radiation pressure - comets and Kepler

Pressure is always in the propagation direction -  longitudinal - 
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Light-Matter Interaction - mechanical effects, linear momentum

Radiation pressure - comets and Kepler
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Light-Matter Interaction - mechanical effects, linear momentum

Nichols and Crookes radiometers
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Light-Matter Interaction - mechanical effects, linear momentum

Atomic Cooling, Fountains and Solar Sails
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Light-Matter Interaction - mechanical effects, linear momentum

Atomic Cooling, Fountains and Solar Sails
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Light-Matter Interaction - a summary
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Light-Matter Interaction - mechanical effects, linear momentum
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- Part 2 -

Gaussian and Structured Beams
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Gaussian Beams - from Saleh & Teich

The wave equation, and the Helmotz equation.

∇2U − 1

c2
∂2U

∂t2
= 0

General wave equation for (complex) field U General (complex) oscillating solution

(∇2 − k2)U(r) = 0

k =
2πν

c
=

ω

c

U(r, t) = U(r) exp(j 2πνt)

Leads to the Helmholz equation

u = ℜ(U)

The real fields...



Gaussian Beams - from Saleh & Teich

The paraxial approximation

Slow varying envelope (and phase) A(r)

U(r) = A(r) exp(j kz)

u(r, t) = |A(r)| cos(2πνt− kz + arg{A(r)})



Slow varying envelope (and phase) A(r)

U(r) = A(r) exp(j kz)

u(r, t) = |A(r)| cos(2πνt− kz + arg{A(r)})

Gaussian Beams - from Saleh & Teich

The paraxial approximation

The paraxial assumtions

∂A

∂z
≪ kA

∂2A

∂z2
≪ k2A

Transform the Helmholtz eqation

(∇2 − k2)U(r) = 0 ∇2
TA− j2k

∂A

∂z
= 0

onto the Paraxial Equation

∇2
T =

∂

∂x2
+

∂

∂y2

with the transversal Lapacian



Gaussian Beams - from Saleh & Teich

Gaussian Beams

∇2
TA− j2k

∂A

∂z
= 0

To solve the Helmholz equation

We take inspiration from the paraboloidal (spherical) wave:

... and seach for a more general solution with the anzatz:

To find the Gaussian wave function:

normalization

Gaussian envelope

plane wave

curvature

Gouy phase

where

A(r) =
A1

z
exp

�
−jk

ρ2

2z

�
, ρ2 = x2 + y2

A(r) =
A1

q(z)
exp

�
−jk

ρ2

2q(z)

�
, q(z) = z + jz0



Gaussian Beams - from Saleh & Teich

Envelope, divergence, and focus limit.

In the Gaussian beam

The waist / envelope is:

Ehich leads to a divergence:

d = 2W0 =
2λ

πθ

Abbe/Helmoltz

Gaussian

d =
λ

2 sin(θ)
≈ λ

2θExtra: focus limit.



Gaussian Beams - from Saleh & Teich

Shapes and wave forms.

Focus and curvature

Collimating and Focusing

Plane/Sperical/Gaussian



Hermite-Gaussian Beams

In the paraxial equation, leads to the separation of variables: 

With recurrent polinomials as the solution.
Hermite, polinomials.

Searching for a more general solution to
the paraxial equation. (y  cartesian coordinates)

- square structure

Hermite-Gaussian beam profiles.HGnm(x, y)

the profile shape is unchaged upon propagation.



Laguerre-Gaussian Beams - cylindrical structure

1) Linear cominations of Hermite Gaussian Beams

+ =

Searching for cylindrical-symmetric solutions.

Two paths.

LGlp

HG01 ± jHG10 = LG±1,0

LGlp(ρ, θ) Laguerre-Gaussian beam profiles.

2) Solve the paraxial equation in cylindrical coordinates

Laguerre Polynomials azimuthal phase

the profile shape is unchaged upon propagation.

!! Wikipedia might be wrong. Collaborate !!





- Part 3 -

Orbital Angular momentum of Light
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Laguerre-Gaussian Beams - angular momentum
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Laguerre-Gaussian Beams - angular momentum

Angular momentum of an EM beam

Take a Laguerre-Gaussian beam:

And you get, for linear polarization:

And for circular polarization:

spin / intrinsic / polarization AM

orbital / structure / vortex AM
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Orbital Angular Momentu - first experiment
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Orbital Angular Momentum
Video intermission coutersy of the
University of Southampton – Optoelectronics Research Centre
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Light-Matter Interaction - a summary
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Beyond paraxial beams: strong focusing



Christian Schmiegelow - Universidad de Buenos Aires

Stong Focusing of Beams - beyond the paraxial approximation
Appearence of longitudinal components due to focusing

Example, HG beam with 
linear polarization

HG01(y)

HG01(x, y)

The polarization, field vector is opposite
 on each lobe, due to the HG function.
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Stong Focusing of Beams - beyond the paraxial approximation
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Stong Focusing of Beams - beyond the paraxial approximation

Focusing of a Gaussian, linearly-polarized beam. Ref: Novotni, principles of nano optics.

x polarization component (original)

z polarization component (longitudinal)

y polarization component (opposite)
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Stong Focusing of Beams - beyond the paraxial approximation

HG01(x, y)ŷ

HG01(x, y)x̂

Appearence of longitudinal components due to focusing in HG beams
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Stong Focusing of Beams - beyond the paraxial approximation
Focusing of LG beams with circular polarization
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Stong Focusing of Beams - vector beams

cred. Moreno & Davis

cred. Umerton et.al.

More intricate, vector beams.

Generation of vector beams from HG beams
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Stong Focusing of Beams - vector beams

z polarization component (longitudinal)

Focusing of a radially polarized beam

radial polarization component (original)

y polarization component (original)
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Stong Focusing of Beams - vector beams
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Stong Focusing of Beams - vector beams Azimuthal

Radial



- Part 5 -

Generation of structured beams

Phase and amplitude modulation
Holography
Waveform matching holography, Carpenter



Spiral phase platesCartesian phase plates

















check Joel Carpenter's work.

The Holography Principle and Waveform Matching

A small discussion on phase/ amplitude plates and beam conversions.



- Part X - Exercises

- Calculate the Gaussian solution to the paraxial Helmolz equation from the sperical wave ansatz.
- Show that the Hermite- and Laguerre-Gaussian solutions are also solutions of the same equation.

- Derive the formula for the total angular momentum of a Laguerre Gaussian Beam.

- Calculate de hologram needed to generate a Laguerre-Gaussian beam using purely a phase plate.  



Thank you for you attention.
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