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Cold lons and Atoms Lab main lab interests

Quantum Optics Optical Cooling of Solids
with Structured Beams ‘_
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- fundamental quantum physics
- metrology ficle t .
- guantum logic - Nanhoparticie trapping
- thermodynamics - laser refrigeration via color centers

- thermodynamics of mesoscopic systems
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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

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

an ion trap . .
lon In @ beam

Axr ~ 60 nm

a hollow beam

-
wop ~ 1000 nm

Zelaquett Ferdi
Khoury Schmidt-Kaler
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Part 1

A brief history of light-matter interactions



Polarization Rotation - the begining

1811

Argo: rotation of polarization by Quartz crystals
1815

Biot: rotarion of polarization by Organic Chemicals
1820

Herschel: quartz and
1849 and 1974

Pasterur, van't Hoff and Lebel:

"

anti-quartz”

dextro and levo molecules explanation
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Light-Matter Interaction -asummary

Atomic Mechanical Mechanical
Spectroscopy Effects on Matter Effects on Light

Enerqy - Linear
Momentum

Spin Angular
Momentum

Orbital Angular
Momentum
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Light-Matter Interaction -asummary

Atomic Mechanical Mechanical
Spectroscopy Effects on Matter Effects on Light
Energy - Linear \/"
Momentum
Refraction

Spin Angular
Momentum

Orbital Angular
Momentum
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Atomic Spectroscopy - Zeeman splitting

Zeeman (1896) and Raman and Bhagavantam (1931)
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Atomic Spectroscopy - the begining

Christian Schmiegelow - Universidad de Buenos Aires



Atomic Spectroscopy - the begining

Uber eine Anomalie bei der Polarisation der Ramanstrahlung

- W. Hanle, Naturwissenschaften May 1931, Volume 19, Issue 18, pp 5/7/5-3/5
- R. Bar, Naturwissenschaften May 1981, Volume 19, Issue 22, pp 465-465

Evidence for the Spin of the Photon from Light-Scattering.
- C. V. Raman & S. Bhagavantam, Nature 128, 114-115 (18 July 1931)

Also...
- A. Kastler, Compt. Rend., 193 (1931) 1075.

- J. Cabannes, J. Phys., 2 (1931) 381.

lon existence d'un spin des photons
A. Kastler - J. Phys. Radium 2, 159-164 (1931)

The Nobel Prize in Physics 1966 was awarded to Alfred Kastler
"for the discovery and development of optical methods for studying

Hertzian resonances in atoms”.
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Light-Matter Interaction -asummary

Atomic Mechanical Mechanical
Spectroscopy Effects on Matter Effects on Light
Energy - Linear \V" ‘V"

Momentum

Fraunhofer Refraction

Spin Angular
Momentum

Orbital Angular
Momentum
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Light-Matter Interaction

Light field description
Oscilating Field
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Light-Matter Interaction - spectroscopy

Light field description
Oscilating Field
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JULY 15, 1936

PHYSICAL

Light-Matter Interaction - mechanical effects, angular momentum

REVIEW VOLUME 50

Mechanical Detection and Measurement of the Angular Momentum of Light

RicHARD A. BETH,* Worcester Polytechnic Institute, Worcester, Mass. and Palmer Physical Laboratory, Princeton University
(Received May 8, 1936)

The electromagnetic theory of the torque exerted by a
beam of polarized light on a doubly refracting plate which
alters its state of polarization is summarized. The same
quantitative result is obtained by assigning an angular
momentum of & (—#4) to each quantum of left (right)
circularly polarized light in a vacuum, and assuming the
conservation of angular momentum holds at the face of the
plate. The apparatus used to detect and measure this effect

was designed to enhance the moment of force to be
measured by an appropriate arrangement of quartz wave
plates, and to reduce interferences. The results of about 120
determinations by two observers working independently
show the magnitude and sign of the effect to be correct,
and show that it varies as predicted by the theory with
each of three experimental variables which could be
independently adjusted.

Beth (1936)
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Light-Matter Interaction - mechanical effects, angular momentum
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F1G. 3. Wave plate arrangement,

F1G. 1. Diagram of apparatus.

Beth (1936)
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Light-Matter Interaction - mechanical effects, angular momentum

NATURE VOL 394|23 JULY 1998

Optical alignment and spinning
of laser-trapped
microscopic particles

M. E. J. Friese, T. A. Nieminen, N. R. Heckenberg
& H. Rubinsztein-Dunlop

Centre for Laser Science, Department of Physics, The University of Queensland,
Brisbane, Queensland 4072, Australia

:10;1.111 | 40 ms per frame

Rubinsztein-Dunlop
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Light-Matter Interaction -asummary

Atomic Mechanical Mechanical
Spectroscopy Effects on Matter Effects on Light

v v

Fraunhofer Refraction

Energy - Linear
Momentum

Spin Angular
Momentum

v

Orbital Angular
Momentum
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Light-Matter Interaction - mechanical effects, linear momentum

1619
Kepler: Comet Tails
1901
Nicols radiometer
19xx
Photon recoil
19xx
Satellites and spacecrafts

NOT - Crooks Radiometer.
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Light-Matter Interaction - mechanical effects, linear momentum

Radiation pressure - comets and Kepler

Gas tail

Dust tall

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

Radiation pressure - comets and Kepler

Camara: Canon EOS DIGITAL REBEL XT, Velocidad: 15.0 sec, Diafragma: f/5.6
Distancia focal: 54.0 mm, ISO: 800, Fecha: 2007:01:18 22:45:07
Titulo: ‘McNaught 3’
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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 -asummary

Atomic Mechanical Mechanical
Spectroscopy Effects on Matter Effects on Light
Energy - Linear \V" ‘V"

Momentum

Fraunhofer Refraction

Spin Angular
Momentum

v

Orbital Angular
Momentum

Christian Schmiegelow - Universidad de Buenos Aires



Light-Matter Interaction - mechanical effects, linear momentum

Light field description

Plane Wave
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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.

General wave equation for (complex) field U General (complex) oscillating solution
) 1 9*U U(r,t) = U(r)exp(j 2nvt)
VU =
c? Ot?

The real fields...

u = RU)

Leads to the Helmholz equation
(V2= k5\U(r) =0

L 2w

C C

Christian Schmiegelow - Universidad de Buenos Aires



Gaussian Beams - from Saleh & Teich

The paraxial approximation

| A} Wavefronts ' araxial

/ rays
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Slow varying envelope (and phase) A(r)
U(r) = A(r) exp(j k2)
u(r,t) = |A(r)| cos(2nvt — kz + arg{ A(r) })




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(2mvt — kz + arg{ A(r)})

The paraxial assumtions

2
04 s 24

3, 573 < kA

Transform the Helmholtz eqgation

| A Wavefronts  Faraxial

rays
1’“’”’“-77‘”7\14“ *1
N gunisstiit g
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onto the Paraxial Equation

0A

(V2 =k \U(r) =0

A— 12k—
V 9 5, =\

with the transversal Lapacian

s, s,
Vi = 0x? I 0y?




Gaussian Beams - from Saleh & Teich

Gaussian Beams

To solve the Helmholz equation

Pt =2t 4y

0A
VA — j2k— =0
0z
We take inspiration from the paraboloidal (spherical) wave:
A _ p°
Alr) = —exp | —7k—
(r) = — exp k5

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

A(r) = exp |—Jjk i

q(2) _

2q(z)

9 Q(Z) — Z_I_]ZO

To find the Gaussian wave function:

~-—

A Yo e
"W(z)

U(r) =

normalization

Gaussian envelope

where

r

W(z) = W,

R(z) =z

4 exp| —jkz — jk P’
—ikz —

wi(z) | o T 2R(z)
plane wave

curvature
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Gaussian Beams - from Saleh & Teich

Envelope, divergence, and focus limit.

In the Gaussian beam

W 2 2 1
U(r) = A " ex p exp| —jkz — Jk p + j{(z)
OW(Z) p 2(2) p J ., 2R(Z) j -
The waist / envelope is: Wiz)
1/2
~ 2
<0
/\ZO 1/2
WO — —_—
v
Ehich leads to a divergence:
A A
8 B /\ Extra: focus limit. Abbe/Helmoltz d = 28111(9) ~ 2—9
-
LAY | 2\
Gaussian d=2Wy=—



Gaussian Beams - from Saleh & Teich

Shapes and wave forms.

Plane/Sperical/Gaussian

Focus and curvature

20> f

Collimating and Focusing



Hermite-Gaussian Beams - square structure

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

X y .
A(x,y,z) = f[\/i W(2) ]{/[\5 W(2) ] exp[ iZ(2)]Ag(x, ¥, 2), HG,,;n(z,y) Hermite-Gaussian beam profiles.

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

l(f’zﬁf’ 32”) 1(523/ 6%) 07

Z

> —2u— | + — 5> — 20— +kW2(z)—— ==
Ju u 7\ v v 0z

With recurrent polinomials as the solution.
Hermite, polinomials.

Hyyi(u) = 2uH(u) = 21H,_\(u)

Ho(u) =1, H(u) = 2u.

the profile shape is unchaged upon propagation.

H,(u) = 4u® -2,  Hy(u) = 8u® — 12u,



Laguerre-Gaussian Beams - cylindrical structure

Searching for cylindrical-symmetric solutions. LGlp

Two paths.

) Linear cominations of Hermite Gaussian Beams LGlp(

HGOl 1T jHGl() — LG::l,O

P, (9) Laguerre-Gaussian beam profiles.

2) Solve the paraxial equation in cylindrical coordinates

y— Alp(ﬂy §b, )-* zkze—iwt

Ay = Ao 2 exp (@—@ﬁ%ﬂ@@))

2]
1:)/(—5) El,” (?1)22’)(22)) exp(ilo)

the profile shape is unchaged upon propagation.

Laguerre Polynomials azimuthal phase

1! Wikipedia might be wrong. Collaborate !!



Twisted Light

A — Alp(p, ¢7 Z)e—*eikze—iwt

2 ik 02 :
€XPp (wpz) T 21%?2:) +z®<}(z))

Ly (325 exp(ilo)




- Part 3 -

Orbital Ahgular momentum of Light



Laguerre-Gaussian Beams - angular momentum

PHYSICAL REVIEW A VOLUME 45, NUMBER 11 1 JUNE 1992

Orbital angular momentum of light and the transformation of Laguerre-Gaussian laser modes

L. Allen, M. W. Bejjersbergen, R. J. C. Spreeuw, and J. P. Woerdman
Huygens Laboratory, Leiden University, P.O. Box 9504, 2300 RA Leiden, The Netherlands
(Received 6 January 1992)

Laser light with a Laguerre-Gaussian amplitude distribution is found to have a well-defined orbital an-
gular momentum. An astigmatic optical system may be used to transform a high-order Laguerre-
Gaussian mode into a high-order Hermite-Gaussian mode reversibly. An experiment is proposed to
measure the mechanical torque induced by the transfer of orbital angular momentum associated with
such a transformation.

PACS number(s): 42.50.Vk

(a) (b)
C D> +h

)
D -h

4 4

FIG. 1. (a) A suspended A/2 birefringent plate undergoes
torque in transforming right-handed into left-handed circularly
polarized light. (b) Suspended cylindrical lenses undergo torque
in transforming a Laguerre-Gaussian mode of orbital angular
momentum — /# per photon, into one with +/# per photon.
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Laguerre-Gaussian Beams - angular momentum

Angular momentum of an EM beam

M=¢,r X(EXB)

while the total angular momentum of the field is

J=¢, [ rX(EXB)dr .

Take a Laguerre-Gaussian beam:

A=xu(x,p,z)e

1!

r

C ’r\/-i 2r°
U (I‘, )Z)— LI
T a7 w1 W) |
2 | o2
— —ikr‘z
X ex €X exp( —il$)
) wi(z) p2(22+21%) P ’
Xexp (i(2p+1+tan ™' == | |
R

/

M

Mz=-l—|u|2+
®

And you get, for linear polarization:

1

22

= Iz|u|2r+-':- 1 |u|2¢+—1—bu|2z.
@ r c | (z°+2zg) 0

And for circular polarization:

ag,r 8|u|2
2w Or

spin / intrinsic / polarization AM

orbital / structure / vortex AM
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Orbital Angular Momentu - first experiment

VOLUME 75, NUMBER 5 PHYSICAL REVIEW LETTERS 31 JuLy 1995
Pg. 826

Direct Observation of Transfer of Angular Momentum to Absorptive Particles
from a Laser Beam with a Phase Singularity

H. He, M. E.J. Friese, N. R. Heckenberg, and H. Rubinsztein-Dunlop

Department of Physics, The University of Queensland, Brisbane, Queensland, Australia Q4072
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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 -asummary

Atomic Mechanical Mechanical
Spectroscopy Effects on Matter Effects on Light
Energy - Linear \V" \/"

Momentum

Fraunhofer Refraction

Spin Angular
Momentum

v

Orbital Angular
Momentum

Christian Schmiegelow - Universidad de Buenos Aires



- Part 4 -

Beyond paraxial beams: strong focusing



Stong Focusing of Beams - beyond the paraxial approximation

Appearence of longitudinal components due to focusing

Example, HG beam with
linear polarization

HGOl(ZC, y)

-

.

The polarization, field vector is opposite
on each lobe, due to the HG function.

HGo1(y)
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Stong Focusing of Beams - beyond the paraxial approximation

Christian Schmiegelow - Universidad de Buenos Aires



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)

y polarization component (opposite)

z polarization component (longitudinal)

- 44 -

Figure 3.10 (a,b) Contour plots of constant |E|* in the focal region of a focused
Gaussian beam (NA= 1.4, n = 1.518, fo=1): (a) plane of incident polarization
(x, z), (b) plane perpendicular to plane of incident polarization (y, z). A loga-
rithmic scaling 1s used with a factor of 2 between adjacent contour lines. (c,d, e)
show the magnitude of the individual field components |E, . IE',.lz, and |E-|? in
the focal plane (z =0), respectively. A linear scale 1s used.
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Stong Focusing of Beams - beyond the paraxial approximation

Appearence of longitudinal components due to focusing in HG beams

HGOl(xa y)?j

HGQl(ZE, y):%
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Stong Focusing of Beams - beyond the paraxial approximation

Focusing of LG beams with circular polarization

beam profile

longitudinal cuts

paralell { =0

\

no longitudinal field
E. =0

antiparallel £ # o

v BN -
- / AP AT AN S
- &~ /% o " N -
AR YN ST
1’ - » ,‘.”" }f_,‘f ,"':-' 'I \".m_'. ‘.i‘i" -‘fﬁ‘ - - o y
L ¥y N -
A AR v d 4 a4 « v v . . .
o R strong longitudinal field
w N # 4 S A B B LI T S E
7 T Thvd 4 4« ¢« 4o v v BN D %S Z “ # O
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Stong Focusing of Beams - vector beams

More intricate, vector beams.

Generation of vector beams from HG beams

Radial Azimuthal

cred. Moreno & Davis

cred. Umerton et.al.
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Stong Focusing of Beams - vector beams

Focusing of a radially polarized beam

Radial

z polarization component (longitudinal)

radial polarization component (original)

y polarization component (original)

- 44 e ]S

Figure 3.13 (a) Contour plots of constant |E|? in the focal region of a focused ra-
dially polarized doughnut mode (NA=1.4, n = 1.518, fp=1)inthe (p, z) plane.
The intensity is rotationally symmetric with respect to the z-axis. A logarithmic
scaling 1s used with a factor of 2 between adjacent contour lines. (b, ¢, d) show
the magnitude of the individual field components IE- |, |Ep|2, and |E)-|2 in the
focal plane (z =0), respectively. A linear scale 1s used.
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Stong Focusing of Beams - vector beams

week ending
VOLUME 91, NUMBER 23 PHYSICAL REVIEW LETTERS 5 DECEMBER 2003

Sharper Focus for a Radially Polarized Light Beam

R. Dorn, S. Quabis,” and G. Leuchs

Max-Planck-Research-Group for Optics, Information and Photonics, Universitdt Erlangen-Niirnberg,
D-91058 Erlangen, Germany
(Received 19 May 2003; published 2 December 2003)

We experimentally demonstrate for the first time that a radially polarized field can be focused to a
spot size significantly smaller [0.16(1)A?] than for linear polarization (0.26A%). The effect of the vector
properties of light is shown by a comparison of the focal intensity distribution for radially and
azimuthally polarized input fields. For strong focusing, a radially polarized field leads to a longitudinal
electric field component at the focus which is sharp and centered at the optical axis. The relative
contribution of this component is enhanced by using an annular aperture.
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Stong Focusing of Beams - vector beams

Azimuthal
b
Sharper Focus for a Radially Polarized Light Beam 1.0 5 np
R. Dorn, S. Quabis,™ and G. Leuchs :_(E 8. .- "e‘ 'f
g ‘ | :
S 06-
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oD PH NCFPI CL M ] > 04- j
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- Part 5 -

Generation of structured beams

Phase and amplitude modulation
Holography
Waveform matching holography, Carpenter



Spiral phase plates

Cartesian phase plates

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

The Holography Principle and Waveform Matching

check Joel Carpenter's work.
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- 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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