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Observation of Optical Polarization Mdbius Strips

Thomas Bauer, Peter Banzer, Ebrahim Karimi, Sergej Orlov, Andrea Rubano,
Lorenzo Marrucci, Enrico Santamato, Robert W Boyd and Gerd Leuchs

Science, 347,964 (2015)

Mobius strips are familiar geometrical structures, but their occurrence in nature is
extremely rare. We generate such structures in the nanoscale in tightly focused
vector light beams and confirm experimentally their MAbius topology.



- Optical Mébius Strips — When Light Turns One-Sided and Single-Edged

An ‘ordinary’ Mobius strip A polarization Mobius strip
1 (introduced by Isaac Freund)

Isaac Freund discovered, described, and investiated these unusal objects
* Optical Mébius strips can be found in light fields

* One has to look at a very special field distribution in a very special way

* By doing so, one can observe optical Mobius strips in the field structure

1 Wikipedia

2|saac Freund, Bar-llan Univ., Talk: Optical Moebius Strips and Twisted Ribbons, Conf. on Singular Optics, ICTP Trieste, Part I, 30 May 2011

Isaac Freund, Opt. Commun. 242, 65-78 (2004) Isaac Freund, Opt. Commun. 249, 7-22 (2005) Isaac Freund, Opt. Commun. 256, 220-241 (2005)
Isaac Freund, Opt. Commun. 283, 1-15 (2010) Isaac Freund, Opt. Commun. 283, 16-28 (2010) Isaac Freund, Opt. Lett. 35, 148-150 (2010)

6 Isaac Freund, Opt. Commun. 284, 3816-3845 (2011)



Full vectorial beam measurement on the nanoscale

Nanoparticle-based probing technique for vector beam reconstruction

1. A dipole-like spherical nanoparticle (90 nm diameter) is scanned through the beam

2. The forward- and backward-scattered light for each position of the nanoparticle
relative to the beam in the focal plane is measured

measured intensity
(can also measure
polarization and phase)
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Full ampitude and phase reconstruction scheme:
T. Bauer, S. Orlov, U. Peschel, P. B. and G. Leuchs, “Nanointerferometric Amplitude and Phase Reconstruction of
Tightly Focused Vector Beams”, Nat. Photon 8, 23 - 27 (2014).



Observing a Polarization
Mobius Strip

____________ g-plate | Fourier o=
J filter LGy,
NS, LHC
§ E i Microscope
i objective NA0.9 O=1T
--------- Nanoparticle | LG,
RHC
3D-Piezo stage | Glass
Microscope substrate
objective NA1.3 6 =m/2
Imaging Super-
CCD-camera | ons P‘?ss:::’n

Crucial: tight focusing enhances the Mobius effect, 5..cr 1 Banzer P, Karimi E, Orlovas S, Rubano

which depends on the z component of the field A, Marrucci L, Santamato E, Boyd RW, and
Leuchs G. Science, 2015.



Observation of Polarization Mobius Strips-
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* Theory

We find _|q|+1 Bauer, Banzer, Karimi, Orlovas, Rubano, Marucci,
half twists Santamato, Boyd, Leuchs, Science (2015).
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Our Work on “Slow Light” and Fresnel Drag



Controlling the Velocity of Light

“Slow,” “Fast” and “Backwards” Light

— Light can be made to go:
slow: vg << ¢ (as much as 100 times slower!)
fast: Vg >C
backwards: v, negative

Here vy 1s the group velocity: vg=c/ng ng =n+ w (dn/dw)

— Velocity controlled by structural or material resonances

absorption
profile

Review article: Boyd and Gauthier, Science 326, 1074 (2009).
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Slow and Fast Light Using Isolated Gain or Absorption Resonances

a absorption g gain
resonance resonance

. Y slow light

&3
W _ slow light

~ fast light ]
— W
™ fast light

ne =n+ w (dn/dw)



Observation of Superluminal and

“Backwards” Pulse Propagation

. - laboratory results
- A strongly - conceptual prediction

counterintuitive A //

phenomenon S R /\ /\
. But entirely | /\» | j\ - il
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ng negative l

consistent with
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Velocity of (Slow) Light in Moving Matter:
Photon Drag (or Ether Drag) Effects

Fizeau (1859): Longitudinal photon drag:

Velocity of light in flowing water.
V =700 cm/sec; L =150 cm; displacement of 0.5 fringe.
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Modern theory: relativistic addition of velocities

c/n+V C ( 1)
V= ~—+V|l-—
1+(V/c)1/n) n n?

Fresnel “drag” coefficient



Dispersive Light Drag Experiment

Light Drag in a Slow Light Medium

Lab Setup |CW laser | Toptica
c 1 B —n 3
u=—=v|l-—+-=5
n n L / > < / l'} Camera
% Sagnac 2030 BS\/
.« qe . . interferometer
We Use Rubidium as Our Slow Light Medium

Y
* Transmission spectrum of Rb around D, transition: N v=1m/s |
. ﬁ—Rb celil——@
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Safari, De Leon, Mirhosseini, Magana-Loaiza, and Boyd
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Charles H. Townes
July 28, 1915 to January 27, 2015

 Inventor of the maser and laser
* Nobel Prize, 1964

» Advisor to three US presidents
» Teacher, mentor, and friend



Charles Townes: Father of the Field of Photonics

Part of the Charles Townes Legacy

Inventor of the Laser

Discoverer of Fundamental Nonlinear Optical Processes
Autler-Townes Effect
Self Trapping of Light (Optical Solitons)
Stimulated Brillouin Scattering (SBS)

Research group discovered light-by-light scattering
(the essence of photonics)



Nonlinear Optics and Light-by-Light Scattering

The elementary process of light-by-light scattering has never
been observed in vacuum, but is readily observed using the
nonlinear response of material systems.

Nonlinear material is fluorescein-doped boric acid glass (FBAG)

ny(FBAG) = 1014 ny(silica) [But very slow response!]

M. A. Kramer, W. R. Tompkin, and R. W. Boyd, Phys. Rev. A, 34,2026, 1986.
W. R. Tompkin, M. S. Malcuit, and R. W. Boyd, Applied Optics 29, 3921, 1990.



Huge Nonlinear Optical Response of ITO near its Epsilon-Near-Zero Wavelength

Indium Tin Oxide (ITO) displays enormously strong NLO properties:
e n, is 2.5 x 10° times that of fused silica
e nonlinear change in refractive index 3)((3)
as large as 0.8 2
e response time of 270 fs

B degcng Re(ng)

Wavelength dependence of ¢

1.5 Wavelength dependence of n;
L 0.090
o ] 17 ' —
= 0.5 — Drude <
s O Measured : CS\D 0.060 |
E Of=======- e %
P Drude fit I —
-0.51 ¢ =3.77 | $0.030 ;
1] 7 =0.0468 w, | <
wp/2m =473 THz | Re(€) 0 A ‘ ey
-1.5 . . - . | o—e=o=0="2
0.95 1.05 1.15 1.25 1.35 1.45 095 1.05 115 125 1.35
Wavelength (mm) Wavelength (um)

Some possible new effects
e Waveguiding outside the “weakly-guiding” regime
e Efficient all-optical switching

e No need for phase-matching Alam. De Leon. Bovd
am, De Leon, Boy
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Quantum Information and Orbital Angular
Momentum (OAM) of Light

 Utilize the transverse degree of freedom of light
- Spatial division multiplexing

e In particular, encode in angular position and its conjugate vaiable,
orbital angular momentum (OAM)

e Motivation: Encode more information and even more information
per photon



What Are the OAM States of Light?

e Light can carry spin angular momentum (SAM) by means of its circular
polarization.

e Light can also carry orbital angular momentum (OAM) by means of the
phase winding of the optical wavefront.

e A well-known example are the Laguerre-Gauss modes. These modes
contain a phase factor of exp(il¢) and carry angular momentum of (A per
photon. (Here ¢ is the azimuthal coordinate.)

See, for instance, A.M. Yao and M.J. Padgett, Advances in Photonics 3, 161 (2011).
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Laguerre-Gauss Modes

The paraxial approximation to the Helmholtz equation (V2 + k?)E(k) = 0 gives
the paraxial wave equation which is written in the cartesian coordinate system as

0* 82 o

The paraxial wave equation is satisfied by the Laguerre-Gaussian modes, a family
of orthogonal modes that have a well defined orbital angular momentum. The field
amplitude LGé(p, ¢, z) of a normalized Laguerre-Gaussian modes is given by

2p! 1 [\/ﬁp

|1]
[ 2
Aol [wi)| [uﬁ(z)]

2 7.2 2
p ik*pz : -1 [~ —il¢
X exp [_w2—(z)] exp [—m] exXp [Z(2p+ |l‘ + l)tan (5)] e s (2)
where k is the wave-vector magnitude of the field, zp the Rayleigh range, w(z) the
radius of the beam at z, [ is the azimuthal quantum number, and p is the radial

LGl (p, ¢, 2) =

quantum number. Lé is the associated Laguerre polynomial.



How to create a beam carrying orbital angular momentum?

- Pass beam through a
spiral phase plate

Incoming
4 Plane-Wave

Outgoing
7 Helical-Wave

Spiral Phase™
Plate

- Use a spatial light modulator

acting as a computer generated
hologram (more versatile)

Incoming
4 Plane-Wave

Outgoing

Forked
Diffraction
Grating

Exact solution to simultaneous intensity and phase masking
with a single phase-only hologram, E. Bolduc, N. Bent, E.

Santamato, E. Karimi, and R. W. Boyd, Optics Letters 38, 3546 (2013).



A beam of light with helicity of the phase front given by the azimuthal
phase dependence of e™ carries orbital angular momentum (OAM).



Entanglement of the orbital angular
momentum states of photons

Alois Mair*, Alipasha Vaziri, Gregor Weihs & Anton Zeilinger

Institut fiir Experimentalphysik, Universitidt Wien, Boltzmanngasse 5, 1090 Wien,
Austria
NATURE| VOL 412[19 JULY 2001 | www.nature.com

week ending

PPRL 104, 010501 (2010) PHYSICAL REVIEW LETTERS 8 JANUARY 2010

Angular Two-Photon Interference and Angular Two-Qubit States

Anand Kumar Jha,' Jonathan Leach,” Barry Jack.> Sonja Franke-Amold,” Stephen M. Barnett,’

Robert W. Boyd,' and Miles J. Padgett®
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PRL 115, 160505 (2015) PHYSICAL REVIEW LETTERS 16 OCTOBER 2015

Quantum Hilbert Hotel
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Andreas C. Liapis,” Daniel K. L. Oi,° Robert W. Boyd,”" and John Jeffers®
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Use of Quantum States for Secure Optical Communication

. The celebrated BB84 protocol for quantum key distribution (QKD)
transmits one bit of information per received photon

- We have built a QKD system that can carry more than one bit
per photon.

— Note that in traditional telecom, one uses many photons per bit!

- Our procedure is to encode using beams that carry orbital angular
momentum (OAM), such as the Laguerre-Gauss states, which reside
in an infinite dimensional Hilbert space.




QKD System Carrying Bits Per Photon

We are constructing a QKD system in which each photon carries many bits of information

We encode 1n states that carry OAM such as the Laguerre-Gauss states

As a diagnostic, we need to be able to measure the statevector of OAM states

Single Photon States

Laguerre-Gaussian Basis ¢(=-13,...,13

-11

“Angular” Basis (mutually unbiased with respect to LG)

” -~
<

13

1
oV, = LG, gexp (2w N1/27
AB \/ﬁlgg 1,0 p( / )
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Alice (Alison) and Bob
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Is there an eavesdropper?



Alice (Alison) and Bob

St)eavesdropper!

Is there an eavesdropper?



Alice LG:13 LG:3 %\Q AB: 3 PE:\15 AB:14 1LG:16 IN8 AB:24 E\26

Bob LG LG }CK AB \Q AB LG \1\@ AB }g
Lo l Lo i

Result 13 3 1\5\ 3 }S\ 14 16 N 24 1\0\

Sifted Key 13 3 3 14 16 24 .. < in principle contains no errors
unless eavesdropper is present.

In any real system, Bob’s key will have errors due to system imperfections.

1. Error Correction (Cascade Protocol)
2. Privacy Amplification

Under many conditions, these protocols can be successfully implemented 1f
Alice/Bob share more bits of information than Alice and Eve.



Spatially Based QKD System

o ! classical |, ~ , !
. | |
! channel ! Bob |
| ' | | ]!
l | APDs A-00 |
I
: . mode sorter |
—_— |
: | |
. free-space ! :
mode . quantum !
preparer | I channel : !
, I
| :. I | I
! |
I I |
\ | ' [
' |
P l_________________l
Source Protocol Challenges |
Weak Coherent Light Modified BB84 as ; gtate f) repargtlon
discussed . State Detection

3. Turbulence



Mode Sorting

A mode sorter

single photon with

fransverse structure
N\

7

multiplexed hologram
(quantum state sorter)

/-

>

N

each output beam
represents a different
quantum eigenstate



Sorting OAM using Phase Unwrapping

Optically implement the transformation ¢ — T

. v
/' G

yp+alogr—z  _oxp(-2)cos(y)—s

- )

Position of spot
determines OAM

-Can also sort angular position
states.

Experimental Results (CCD 1mages in output plane)

(=2 (=3 (=4 =

— *Berkhout et al. PRL 105, 153601 (2010).
' ROCHESTER O. Bryngdahl, J. Opt. Soc. Am. 64, 1092 (1974). lﬂ;ﬂ

-Limited by the overlap of
neighboring states.
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Our Laboratory Setup

AOM

Attenuator

HeNe Laser N

Communication
Channel

Mirror

(— 3 2 - 0 1 2 3
We use a seven-dimensional oam

state space
ANG




Laboratory Results - OAM-Based QKD

Alice

063133602132045444456141026645
545050363603025261643215524164
230146602513401613222451551026

063033601132021444456141026645
545022353603025261643215524164
230146602515403613422451551026

Error Correction I

0101 0010 1111 1010 1111 0010 1000

0000 0100 0111 0100 0101 0001 1100 0010 1100 1001 0010 0100 1101 0001 0000
0001 0011 0100 0000 0100 0010 0001 0001 0011 0000 0101 0010 0111 1000 0101
1101 0011 0001 1001 1011 0101 0000 0100 0111 0100 0011 0110 0101 0000 1101

Privacy Amplification |
X

0100 0110 1011 0000 0110 1010 1

0001 0100 1011 1111 1111 1010 1010 0111 1010 1011 1111 0001 0000 1101 1111
1110 1110 1101 1110 0001 0011 1000 0101 1101 1100 0011 0111 1101 0001 1001

Alice
Encrypts

- error bounds for security

- - - - |-R attack (M=2)
—~ 0.6 |- - - - Coherent attack
) i Experimental QBER
i)
] i m— = P - —-——— °
S 04 Ceeees
o .-
E F Lt
() - o m— ==
» 02} P a-m--c --- .
o) e -
O -
m i i
0 : . )
2 3 4 5 6 7 8

Hilbert Space Dimension (N)

cross-talk matrices
ideal  laboratory

.

Pr Obability

0

We use a 7-letter alphabet, and achieve a
channel capacity of 2.1 bits per sifted photon.

We do not reach the full 2.8 bits per photon for
a variety of reasons, including dark counts in
our detectors and cross-talk among channels
resulting from imperfections in our sorter.

Nonetheless, our error rate is adequately low to

provide full security,
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Terabit free-space data transmission employing
orbital angular momentum multiplexing

Jian Wang'?*, Jeng-Yuan Yang', Irfan M. Fazal', Nisar Ahmed', Yan Yan', Hao Huang', Yongxiong Ren’,
Yang Yue'!, Samuel Dolinar3, Moshe Tur* and Alan E. Willner'*

The recognition in the 1990s that light beams with a helical phase front have orbital angular momentum has benefited
applications ranging from optical manipulation to quantum information processing. Recently, attention has been directed
towards the opportunities for harnessing such beams in communications. Here, we demonstrate that four light beams with
different values of orbital angular momentum and encoded with 42.8 x 4 Gbits™' quadrature amplitude modulation
(16-QAM) signals can be multiplexed and demultiplexed, allowing a 1.37 Tbit s’ aggregated rate and 25.6 bits™' Hz™’
spectral efficiency when combined with polarization multiplexing. Moreover, we show scalability in the spatial domain
using two groups of concentric rings of eight polarization-multiplexed 20 x 4 Gbit s™* 16-QAM-carrying orbital angular
momentum beams, achieving a capacity of 2.56 Tbits™" and spectral efficiency of 95.7 bit s~' Hz ™. We also report data
exchange between orbital angular momentum beams encoded with 100 Gbit s~ differential quadrature phase-shift keying
signals. These demonstrations suggest that orbital angular momentum could be a useful degree of freedom for increasing
the capacity of free-space communications.


mailto:jwang@mail.hust.edu.cn
mailto:willner@usc.edu
http://www.nature.com/doifinder/10.1038/nphoton.2012.138
www.nature.com/naturephotonics

Next Step: gigabit-per-second OAM-based QKD system

- Use direct modulation of laser diode to encode at gigabits per sec.

Mirror

. 7sets
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Launch
telescope

Free space
transmission line

Receive
telescope

|
[l Detector array

OAM sorter

Bob BS
AM channel

O
ANG sorter [ Detector array

O

Mirror
ANG channel




Our Program in “Weak Values”



VOLUME 60, NUMBER 14 PHYSICAL REVIEW LETTERS 4 APRIL 1988

How the Result of a Measurement of a Component of the Spin of a
Spin- % Particle Can Turn Out to be 100

Yakir Aharonov, David Z. Albert, and Lev Vaidman

Physics Department, University of South Carolina, Columbia, South Carolina 29208, and

School of Physics and Astronomy, Tel-Aviv University, Ramat Aviv 69978, Israel
(Received 30 June 1987)

We have found that the usual measuring procedure for preselected and postselected ensembles of
quantum systems gives unusual results. Under some natural conditions of weakness of the measurement,
its result consistently defines a new kind of value for a quantum variable, which we call the weak value.
A description of the measurement of the weak value of a component of a spin for an ensemble of
preselected and postselected spin- 3 particles is presented.

PACS numbers: 03.65.Bz

standard expectation value: < A >=< U|A|U >

weak value: Aw=Cyy | A | win)/¢ wrl win).

Why are weak values important?
can lead to amplification of small signals
can lead to direct measurement of the quantum wavetunction



Amplification of Angular Rotations using Weak

Measurements

Omar S. Magana-Loaiza, Mohammad Mirhosseini, Brandon Rodenburg, and

Robert W. Boyd, Phys. Rev. Lett 112, 200401 (2014)

Power Spectrum (arb. units)
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First demonstration of weak--value amplification in the azimuthal variables of

angular position and orbital angular momentum.




LETTER

Direct measurement of the quantum wavefunction

Jeff S. Lundeen', Brandon Sutherland', Aabid Patel', Corey Stewart' & Charles Bamber'

doi:10.1038/naturel0120

_ {c|A]Y)
{A)W o {E| '“F}

Returning to our example of a single particle, consider the weak
measurement of position (A = n, = |x) (x|) followed by a strong mea-
surement of momentum giving P = p. In this case, the weak value is:

_ (plx) [¥)

{HI}W T {P| ng} {2}

B gipx/ '.'F(I) {3}
P(p)
In the case p = 0, this simplifies to
(M) w = k¥(x) (4)

where k= 1/@(0) is a constant (which can be eliminated later by
normalizing the wavefunction). The average result of the weak mea-



Direct Measurement of the Photon “Wavefunction”

Measurement setup

Weak Strong Readout
Preparation measurement measurement of weak
of ¥(x) of x ofp=0 measurement
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J. Lundeen et al., Nature 474, 188 (2011)



Thank you for your attention!
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Orbital angular momentum modes do not increase the channel
capacity in communication links

Mauritz Andersson, Eilert Berglind and Gunnar Bjork
Department of Applied Physics, Royal Institute of Technology (KTH) AlbaNova University Center, SE-106 91 Stockholm, Sweden.
E-mail: gbjork@kth.se

Keywords: orbital angular momentum, mode density, spectral efficiency, free-space communication, broadcasting, signal-to-noise ratio,
crosstalk
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