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SLMs and Quantum optics

« Spatial light modulator * Quantum Optics

— =Hologram — Entanglement of spatial

— =Diffractive optic modes
— Modes have BOTH

(>50 Hz, >50%) intensity and phase
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That light has a momentum (History)

*  The momentum of light
— Momentum/energy = 7ik,/fi
— Spin AM/energy = #i/hw

(True both for photons and classical fields)

The push of light
— Force = P/c (e.g. 3mW -> 10pN)

The twist of light (circularly polarised)
— Toque = Pl/w (e.g. 3mW @633nm -> 1pN.um)

The twist of light (skew ray, @ f#, acting at r)
— Toque = Pr/(2c.#)

The twist of light (helical phase, @ f#, acting atr)
— Toque = P (/o ({a,= Kol/2T# )

max

P = optical power, f# = “f-number” of optics

Linear momentum

Maxwell egns.

Abraham/MinkowskKi
(1909/08)

Spin AM momentum

Maxwell egns.
Poynting/Beth (1909/36)

Orbital AM (not spin)

momentum

Various, 1930s, inc.
Majorana and Darwin

Orbital AM (helical phase)
momentum in a beam
Allen et al. (1992)
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Getting started on Orbital Angular Momentum of Light
« 1992, Les Allen et al.

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, Beijersbergen, 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)
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Orbital Angular Momentum from helical phase fronts
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Angular-momentum of light

In the “classical world” all
effects can be explained
by the electro-magnetic
field

— Angular momentum z-
direction requires linear
momentum in ¢-direction

- i.e.L,=rp,

— Linear momentum in ¢-
direction needs component
of E or B in z-direction

Angular momentum
requires field component
In direction of propagation
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Calculate AM from EM field

Depends upon
polarisation state &

Depends upon intensity gradient of

phase structure of beam beam
€ . € gnolu
p= —O(E*xB+E><B*) = iw O(u Vu - uVu )+a)k80\u\ 7+ WO | |
2 2 2 or
¢- component ¢- component
gives OAM gives SAM

u = the local amplitude of the beam (proportional to E)
Orbital terms arises from phase gradient
Spin term arises from intensity gradient
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Spin AM (more complicated!)

 SAM requires both X
circular polarisation & an =
Intensity gradient!

— BaCurl E

if aE, 70 &o#0
— e.0. 1 W O
- B,#0
 Intensity gradient
approach gives right y i B
answer to

— Transfer of SAM to N Ez, Bz
particles
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O.rbital angglar momentum

e OAM arises from helical
phasefronts

« OAM arises from “skew y
rays”

« Skew rays give the right
answer to

— Transfer of OAM to
particles

— Generation of OAM
— Frequency shift

Simmons and Guttmann (1970)
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OAM / SAM transfer to particle held in optical tweezers

SAM OAM

Particle spins on its own axis Particle orbits the beam axis
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Optical vortices, Helical waves , Angular momentum

» Description of
light
— Intensity, 1 20

— Phase, 2x = ¢ 20
¢ = ot +kz +/0

¢ =0, plane wave
¢ =1, helical wave

¢ =2, double helix
¢ = 3, pasta fusilli

etc.
/= vortex charge




6l University
o of Glasgow

A double-start helix (¢/=2)
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Further reading on OAM?

92-02 -08

o

LASER &
PHOTONICS
REVIEWS

Optical Angular
Momentum

DWILEYVCH
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Designing helical phase hologram

« Spiral Phase-plate
s= /n/(n-1)

* Phase accuracy of
diffracted beam derives
from SPATIAL stability of

hologram.

O:r-a;icaf:w ‘+ |||| ] “W”

2n

=)
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Making helical phasefronts with holograms

Laser beams with screw dislocations in their wavefronts
V.Yu. Bazhenov, M. V. Vasnetsov,and M. S. Soskin
Institute of Physics, Academy of Sciences of the Ukrainian SSR

(Submitted 28 August 1990)
Pis’'ma Zh. Eksp. Teor. Fiz. 52, No. 8, 1037-1039 (25 October 1990)

. firact
W crdor{!ch- r%ﬁ e -, +1st order difracted beam
s (£ =3)

] 3-1old dislocation

Incgent plane wave £ Hologram

(¢ =0)
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A gift for all the family.....

iHologram

Description

INGIOSrA™ Croales SoaUt SABema by adenng Do Frauvaholer ROIOGIETS wed n Molograptee Optcll Twealers
IPROemA P ad Oraphics chp. Ut 11 et 400U SiMeacton And ROIOGIApty, Of juil 15 Make prelly Sicluses’

Richard Sowman Web S > Hologram Support »

Screenshots Prone  ec
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Diamond structure

\ "'/*

\

\

18 beads in 5 planes

Sinclair et al. Opt. Express 12, 5475, 2004
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e et al. Opt. Express 14, 12497, 2006
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Making OR measuring phasefronts with holograms

Make interactive by using SLM

Switching time
=5-20mSec
Efficiency =50%

Light source
OR detector

Generate

N

Measure
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Quantum entanglement with spatial light modulators

Jacqui Romero
Barry Jack

Sonja Franke-Arnold
Daniele Giovannini
(Glasgow)

Steve Barnett
and Alison Yao (Strathclyde)

Jonathan Leach,
Bob Boyd
Anand Jha (Ottawa/Rochester)

Funding from EPSRC,
Royal Society, EU
commission and DARPA

CELEBRATE
350 YEARS

THE ROYAL SOCIETY
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Correlations angular momentum

-

Near perfect (anti)
Correlations in Angular
momentum
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Correlations angle
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Quantum Correlations in Optical Angle Orbital
Angular Momentum Variables

U‘(’,‘l"ﬁc_r-"ny Jonathan Leach, et al.
&, of Glasgow Science 329, 662 (2010);

Angular EPR
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Quantum Entanglement — with polarisers

Non-linear crystal

355nm y S
O a
N v‘ Q.
\}O
N
i
QO

0.5|0.5 Single
Photon
detectors

0505 | 1 0

05/05] O 1
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- . : Poincaré-sphere equivalent for light beams containing orbital
: in Ul]‘l\'chl[y angular momentum
o of Glasgow

M. J. Padgett and J. Courtial

Poincaré sphere equivalent for OAM

=42
b) -

A @ I

0
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4 0 » 0
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Measuring angle and angular momentum

150mW, 355nm y 4

e ———

Holograms APD

40kHz

BBO C=100s""

20kHz




Violation of a Bell inequality in
two-dimensional orbital angular

oth Un e I'Sl[\ momentum state-spaces
._L 1 B 1 . . : 13
,/ J.Leach 5 B.Jack", J.Romero*, M. Ritsch-Marte-, R. W.Boyd~,
¢ ( ,IJSL’( )\\ A.K.Jha®, S.M.Barnett®, S. Franke-Arnold! and M. J. Padgettl

11 May 2009 / Vol. 17, No. 10/ OPTICS EXPRESS 8287

Around the “equator” of the Poincare sphere

 Bell violation for the angular
variable
— Violation for / = 2,3,4, etc
— We get a violation for /<=24

Entangled state S Violation by o
)2 2.69 £+ 0.02 35
|1)3 2.55 £ 0.04 14
1Y) 2.33 + 0.07 5

QO QO QD
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Entanglement of OAM states

Entanglement of the orbital angular
momentum states of photons  ~arure|vor 412/ 19 juLy 2001 |

Alols Mair*, Allpasha Vazirl, Gregor Welhs & Anton Zellinger

VOLUME 93. NUMBER 5 PHYSICAL REVIEW LETTERS *“ﬁ‘\:'k’

Measuring Entangled Qutrits and Their Use for Quantum Bit Commitment

N. K. Langford,® R B. Dalton. M. D. Harvey, J. L. O'Brien, (i J. Pryde, A. Gilchrist, S. D. Bartlett, and A. G. White



PHYSICAL REVIEW A 81, 0433844 (2010)

Un l\’CrSl[V Entanglement of arbitrary superpositions of modes within two-dimensional orbital angular

..L‘ l . momentum state spaces
of Glasgow
B. Jack,! A. M. Yao.” J. Leach.! J. Romero,'? S. Franke-Amold,' D. G. Ireland,' S. M. Barnett,” and M. J. Padgett!

Measuring anywhere on the sphere

SLM A SLM B
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New Journal of Physics : B 3 ok

Violation of Leggett inequalities in orbital angular
momentum subspaces

J Romero'~, J Leach', B Jack’, S M Bamett’, M J Padgett'
and S Franke-Arnold'*

New Journal of Physics 12 (2010) 123007
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Optical Knots

Kevin O’Holleran
Florian Flossmann

Mark Dennis (Bristol)
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PUBLISHED ONUINE:17 JANUARY 2010 | DO 10.3038/NPHYS 1504 PhySICS
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Isolated optical vortex knots

Mark R. Dennis'*, Robert P. King"?, Barry Jack®, Kevin O'Holleran® and Miles J. Padgett®*

Diffraction grating (hologram) to make Knots

Hologram to shape
phase AND intensity
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Entangled, tangles

a. Generaton of link b. Detection of ink

.,.,A'ﬂ Hologram to make OR
G A measure beam

Non-local measurement
of e, Corcsenconri-
separated topological e T l 3y

features in the EM field 850 g Q
1 e



PRL 106, 100407 (2011) PHYSICAL REVIEW LETTERS 11 MARCH 2011
‘ l Unl\ e r\l[\ Entangled Optical Vortex Links
0/ ( Y .1\”’ ()\\ ). Romero,'” J. Leach,' B. Juck,' M. R. Dennis,” S. Franke-Amold,” S. M. Barnett,” and M. J. Padgett

Correlations to show Quantum Entanglement
..-E Sacn Volume over which S>2
o z B} seandiia

s Links are

- | -H oy “entangled”
s' e W only over
‘B s finite volume

Two-state formation of (& A
links allows “Bell-test” 127 1. OAM

! a “ ”

. : =) entangled
Rt O S | =] 100

R ), e T R . I
B R . BT 1 - . along entire
B0.25K \‘:i/ X ) 4 ) 5l — b "
B 90N £\ AN 0 ’ eam axis
= Y WA N ( e
- b4 ~~ b X
[ - -t S ‘;‘;.;“ » ~ "
= - m2 3z =
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Holographic Ghost Imaging

B. Jack, J. Leach, J. Romero, S. Franke-Arnold, M. Ritsch-Marte,
S. M. Barnett, and M. J. Padgett
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Holographic Ghost Imaging

\ Coincidence
Image??
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Ghost Edge Detection

Ref

Object

Obj
4_‘ X

=0
- @ <0 -
@ x =1
D X = 05
A X = 05
Quantum Correlation
scales with overlap
integral between REF and ‘ X = 0.5

OBJ measurement

I
o
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Holographic Ghost Imaging

singles

singles coincident
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Edge Enhanced images

S
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i
M N
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Poincaré-sphere equivalent for light beams containing orbital
J: University angular momentum
of Glasgow

M. J. Padgett and J. Courtial

Poincaré sphere equivalent for OAM

R
a) -

90 +=—p -I-» o

67.5° j s 2250
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Ghost Edge Detection

Correlation
proportional to
overlap integral
between REF and
OBJ measurement

Obj Ref

D x P =+
ax (P -=o
W x P =o0s
DWx P =7
Dx P =7



.L' Umvcrsm
of Glasgow

Holographic Ghost Imaging

singles

singles
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Edge enhancement of phase object

Phase Object Coincidence Image

Single mode
coincident image

Enhancement of
edge depends

_ Fief Hologram
upon its L. ' ‘
orientation

Sinusoidal
dependence ?

Ref Hologram

&
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Does this image show the Quantum in the Ghost?
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Full-field Quantum Correlations

Ireland, F. Izdebski, S. M. Barnett,
- Buller andNPadgett

”»
-
o
L
-
v
.-
v
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VOLUME 92, NUMBER 21 PHYSICAL REVIEW LETTERS 2"8"-}:{.‘\Y2l

Uxurqrsxty: Realization of the Einstein-Podolsky-Rosen Paradox Using Momentum-
"f ( d ‘ISQOW and Position-Entangled Photons from Spontaneous Parametric Down Conversion

John C. Howell,' Ryan S. Bennink,” Sean J, Bentley,™* and R.W. Boyd®
'Department of Physics and Astronomy, University of Rochester, Rochester, New York 14627, USA
*The Institute of Optics, University of Rochester, Rochester, New York 14627, USA
(Received 1S Sceptember 2003; published 28 May 2004)

Position correlations Momentum correlations

40 T 0.15 : N .
(a) (b) . App=37Nmm
30t >
= —~ 01
> a
o 20- -
>
& #
0.05}
10}
0 - 0
0.1 0 0.1 -20 10 0 10 20
v p2+p1 [/mm]
PRL 94, 220501 (2005) PHYSICAL REVIEW LETTERS By teps 2
Pixel E i Experi: I Realization of Optically E led d = 3 and d = 6 Qudits

Malcolm N. O'Sullivan-Hale,"* Irfan Ali Khan,? Robert W. Boyd, ' and John C. Howell®
" "The Institute of Optics, University of Rochester, Rochester, New York 14627, USA
*The Depariment of Physics and Astronomy. University of Rochester, Rochester, New York 14627, USA
(Received 25 May 2004; published 7 June 2005)
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« Use a fibre array to measure lateral position of single
photons

 Join all fibres to the same detector

* Make fibres of different length to convert position to
time

 Utilises that APDs have timing resolution far better
than their reciprocal max. count rate
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Time to position







‘..L' Umursm
of Glasgow

Image plane correlations

. I, Jom
9‘ ?m. .l9m
Im Fibee Fibre 28m
> combiner combiner =
Cm. .37m
e. . >0 @< e
2 T , , “5m
> P SPAD | | SPAD T
‘m. Start Stop .”"‘
Optical delays v 2 Optical delays
TAC
Vv
‘EEEEEEN , F=d)2
B 5 |
i} : Idler
= '*‘ .... R {=d/2 " detector
. d Jut= e,
B Signal ‘\l ' ée7‘ 3
B d; ctor e d el
etec
IIIIIII BBO\‘ :
I 2 678 crystal

ldler
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Far-field correlations

g Im .‘Oﬂ‘\
am )9”\
Im Fibee Fibre 28m
combiner combiner *
am S "7,“
£ Sm -® ®- 46m
~ . om ?Sm
e ™ SPAD | | SPAD b4
o Seant Stop ™
Optical delays v 2 Optical delays
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. .
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L]
L RS
. - - -
: Sk - . l 73
47- .... = ldler S
31 ST :u
Signal I ..... detector =
detector B T SHT -

..o‘osooo
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Image and Far-field stop-start timing data

.’JIJ' Mane <4 O0O”

'Al- d‘.J “v TSR AR Sah
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Our results (again)
(b) Far-field correlations

(a) Image correlations

0 s6 112 168
P,y (I (mm))

0 025 051 077
Xslﬂfl (mm)
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Between Image and Far-field to intermediate

PHYSICAL REVIEW A VOLUME 53, NUMBER 4 APRIL 1996

Two-photon geometric optics
T. B. Pittman, D. V. Strekalov, D. N. Klyshko,* M. H. Rubin, A. V. Sergienko, and Y. H. Shih

Department of Physics, University of Maryland Baltimore County, Baltimore, Maryland 21228
(Received 10 October 1995)

Condition for coincidences is that the detectors are in image planes of each other

' (¢) Intrrmedate- Sl conrelisosa M

o <) vur
.'
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Correlations for image, far-field AND intermediate planes
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 Arrays of optical fibres can form the basis of single
photon position measurements

* We use two x 8-fibre arrays to measure full-field
correlations in image, far-field and intermediate
planes

* Qur results demonstrate a “no-scanning” EPR

« Possible Application to multi-bit QKD and single-
photon ghost imaging.
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Measuring the OAM of single
Photons

Martin Lavery, Gregorius Berkhout, Marco Beijersbhergen
David Robertson, Gordon Love, J Courtial and Miles J. Padgett,

R
-
o
[
-
v
.
v
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Measuring the OAM of single

Photons
«v arco Beijersbergen

‘iawd Robertson, Gordon Love ourtial and Miles J. Padgett,

... sh 2% LA )
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Angular momentum in terms of photons

« Spin angular momentum
— Circular polarisation
— oh per photon
« Orbital angular momentum
— Helical phasefronts
— (h per photon

{J

(=0 /=1 /=2 /=3 etc




J.' Umursu\
of Glasgow

Measuring Polarisation (spin AM)

* Polarising beam
splitter give the
“perfect” separation of
orthogonal (linear)
states

— Use quarter waveplate
to separate circular
states

— Works for classical
beams AND single

photons
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Measuring OAM

 OAM beam splitter m

give the “perfect”
separation of
orthogonal states
— But how?

02

/3

/4

143
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Measuring OAM - 1

* Observe rotation of
trapped particle In
optical tweezers

— But would be a
challenge for a single
photon!

— Various clever
schemes now shown
for OAM measurement
in tweezers, ideal for
mW beams

VOLUME 88, NUMBER 5

ME 75, NUMBER 5 PHYSICAL REVIEW LETTERS 31 Juny 1995

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. Rubinsziein-Dunlop

PHYSICAL REVIEW LETTERS 4 FEBRUARY 2002

Intrinsic and Extrinsic Nature of the Orbital Angular Momentum of a Light Beam

A.T. O’Neil, . MacVicar, L. Aller ldVIJP.ldgu
Department of Phys il my, Unive f(l RO ([ asgow, G12 8QQ, Scotland

(R ved 2 ‘lJ 2001; p HI shed 16 J 20()1‘.
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Measuring OAM - 2

An experiment to observe the intensity and phase structure
of Laguerre—-Gaussian laser modes

* Interference of
helical beam with a
plane wave gives /
spiral fringes

— Requires many
photons in the same

mode

PHYSICAL REVIEW A VOLUME 56, NUMBER 5 NOVEMBER 1997

Topological charge and angular momentum of light beams carrying optical vortices

\1 5 S k . V. N. Gorshkov d M. V. Vasnetsov
Institute of Physics, Nar, Academy of Sciences of the Ukraine, Kiev 252650, Ukraine
J. T. Malos and N. R. H ckenberg

Deparmment of Physics, University of Quee nd, Brisha, 072, Australia
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Measuring OAM - 3

PRL 105, 053904 (2010} PHYSICAL REVIEW LETTERS MJ‘L\ "“_."

L} n
* e.g. Diffraction pattern
. n Unveiling a Truncated Optical Lattice Associated with a Triangular Aperture

Using Light’s Orbital Angular Momentum

m=1 me=2 m=3

aperture TEoRY

— Gives sign and So,
magnitude of ¢ y

— Requires many ——
photons in the same . .
mode

Single-slit diffraction of an optical beam with phase singularity

Devinder Pal Ghai®*"*, P. Senthilkumaran?, R.S. Sirohi¢

Optics and Lasers in Engineering 47 {2009) 123-126

April 1, 2006 / Vol. 31, No. 7 / OPTICS LETTERS

PRL 101, 100801 (2008) PHYSICAL REVIEW LETTERS S SEPTRMBRRT008

Double-slit interference with Laguerre-Gaussian

beams Method for Probing the Orbital Angular Momentum of Optical Vortices in Electromagnetic
Waves from Astronomical Objects

H. L Sztul and R. R. Alfano Gregorius C. G. Berkhout'™* and Marco W. Beijersbergen' -
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Making OAM

Laser beams with screw dislocations in their wavefronts

V.Yu. Bazhenov, M. V. Vasnetsov,and M. S. Soskin
Institute of Physics, Academy of Sciences of the Ukrainian SSR

* Diffractive optical

Pis’'ma Zh. Eksp. Teor. Fiz. 52, No. 8, 1037-1039 (25 October 1990)

R

(f=3)

Generation of optical phase singularities
by computer-generated holograms

N. R. Heckenberg, R. McDuff, C. P. Smith, and A. G. White
1992 / Vol. 17, No. 3 / OPTICS LETTERS 221

Inccen plane wive 47
(f=0) :
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Measuring OAM - 4

Entanglement of the orbital angular
: : : momentum states of photons
 Use diffractive optic g
] ols Malr-, Alipasha Vazirl, Gregor Welhs & Anton Zellinger
to couple helical NATURE|VOL 412{19 JULY 20

: B =N

beam to single B )
. _{'_—" M‘*’\ ~5 Er’

mode fibre(s) ~o

- works for single i

phOtonS @' o guﬁg gi@ ‘1,2.020141
—_ “test” for One E at a m%bgilrrllgg canonical geometrical objects by digital spiral
time

73E
)

— or multiple orders to Cmmji‘

test for multiple ¢ e
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Measuring OAM - 5

Gauss—Laguerre modes with different indices in prescribed
diffraction orders of a diffractive phase element

S.N. Khonina *, V.V. Kotlyar *, R.V. Skidanov *, V.A. Soifer *, P. Laakkonen °,
1. Turunen **

« Use diffractive optic
to separate N-OAM
states

— works for single =
photons S P
— But efficiency only= y ? ¢ &

1/N

Optics Communications 175 (2000) 301-308

(2,1) (2,00 (L))

(0,0) (1,0)

Free-space information transfer using
light beams carrying orbital angular

momentum
Grzham Gibson, Johannes Courtial, Miles J. Padgett CCD camera
Hologram pattern
Vol. 12, No. 22 /OPTICS EXPRESS 5448 (receiver)
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Measuring OAM - 6

VOLUME 81, NUMBER 22 PHYSICAL REVIEW LETTERS 3 NOVEMBER 1998

Rotational Frequency Shift of a Light Beam

* Rotating a beam
with OAM shifts the é

frequency '

— Gives sign and o
magnitude of / | D O

— In principle could ) £/ \’4 ‘)
work for single N [N T epie

“A \ / BC phase plate

photons, but....
— Try spinning a

mm-wave

rotating Dove prism

VOLUME 88, NUMBER 1 PHYSICAL REVIEW LETTERS 7 January 2002

beam.... It's hard!

Management of the Angular Momentum of Light: Preparation of Photons
in Multidimensional Vector States of Angular Momentum

Gabriel Molina-Terriza, Juan P. Torres, and Lluis Torner
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VOLUME 88, NUMBER 25 PHYSICAL REVIEW LETTERS 24 June 2002

Measuring the Orbital Angular Momentum of a Single Photon

¢ U S e ( i m a g e rot ati n g ) Jonathan Leach.” Miles J. Padgett,” Stephen M. Barnett,” Sonja Franke-Amold,” and Johannes Courtial’*
Mach Zehnder
interferometer

— works for single
photons

— Efficiency = 100%

— But 2" states, require
2"-1 interferometers -
(and 2" students!)
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It MUST be possible

OAM states are “orthogonal”

* The Dove prism interferometer shows it’s
possible
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It works for plane waves

* A “plane-wave’ is focused by a lens
* A phase ramp of 21 displaces the spot

- i>
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So we need to convert helical phase to linear phase

* Image transformation
- ¢->xandr->y
—le.L,->p,

P
£y — &
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We NEED image distortion....

* Pin-Cushion and
Barrel distortion
make straight lines
look curved...

— But must also make
curved lines look
straight




6{s University
Z of Glasgow

Azimuthal to linear mapping

transformation
Phase corrector
- ¢->xandr->y .o

— Requires ! '
reformatter & phase

corrector
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The Experimental implementation

)"]-

Fourier lens Fourier plane

t ‘
-»l ‘-» > PP >

Propagatlon
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The results -1

Input mode  Transformed mode Predicted output Measured output
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The results -2

!
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- _5 0
- +
5 OAM input (1) 5
-
PRL 105, 153601 (2010) PHYSICAL REVIEW LETTERS o o

Efficient Sorting of Orbital Angular Momentum States of Light
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Input
+ The principle works p

* But the SLMs are
inefficient (=50% x 2)

» Use bespoke optical
elements (glass/
plastic)

— Prof. David J
Robertson

— Prof. Gordon Love . a
" Durham | ' Umver51ty

University of Glasgow

Corrector <  Doughnut

Fourier lens
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W_here nexvtr -1 .

* The principle works

* But the SLMs are
inefficient (=50% x 2)

» Use bespoke optical
elements (glass/

(d)

plastic)
— Prof. David J reformater phase corrector
Robertson
— Prof. Gordon Love
g‘g=D | Universit
urnainm
University J’" Of GlangV\yf
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View at the camera whist we change the OAM
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Further Reading

SLMs for making exotic beams

— M. R. Dennis et al., Isolated optical vortex knots, Nature Phys. 6, 118-121 (2010)
— M. Padgett and R. Bowman, Tweezers with a twist, Nature Photon. 5, 343-348 (2011)

SLMs for =tests of QM

J. Leach, et al., Violation of a Bell inequality in two-dimensional orbital angular momentum state-spaces, Opt.
Express 17, 8287-8293 (2009)

— B. Jack, et al. Holographic Ghost Imaging and the Violation of a Bell Inequality, Phys. Rev. Lett. 103, 083602
(2009)

— J. Leach, et al. Quantum Correlations in Optical Angle-Orbital Angular Momentum Variables, Science 329,
662-665 (2010)

— J. Romero et al. Violation of Leggett inequalities in orbital angular momentum subspaces, New J. Phys. 12,
123007 (2010),

— J. Romero, et al. Entangled Optical Vortex Links, Phys. Rev. Lett. 105, 100407 (2011)
— A C. Dada et al. Experimental high-dimensional two-photon entanglement and violations of generalized Bell
inequalities, Nature Physics (2011)

Sorting OAM states

— G. C. G. Berkhout, et al. Efficient Sorting of Orbital Angular Momentum States of Light, Phys. Rev. Lett. 105,
153601 (2010)
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