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SLMs and Quantum optics 

•  Spatial light modulator 
–  !Hologram 
–  !Diffractive optic 

(>50 Hz, >50%) 

•  Quantum Optics 
–  Entanglement of spatial 

modes 
–  Modes have BOTH 

intensity and phase 



That light has a momentum (History) 

•  The momentum of light 
–  Momentum/energy = !k0/!! "

–  Spin AM/energy = !/!!"

(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 = P/! (e.g. 3mW @633nm -> 1pN."m) 

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

•  The twist of light (helical phase, @ f#, acting at r) 
–  Toque ! P "/! ("max! k0r/2f# ) 

•  Linear momentum 
–  Maxwell eqns. 
–  Abraham/Minkowski 

(1909/08) 
•  Spin AM momentum 

–  Maxwell eqns. 
–  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) 

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



Getting started on Orbital Angular Momentum of Light 

Miles Padgett  

•  1992, Les Allen et al. 

•  1994, Les and Miles have dinner…... 



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. Lz = r p$ 
–  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 
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Spin AM (more complicated!) 

•  SAM requires both 
circular polarisation & an 
intensity gradient! 
–  B % Curl E 

–  e.g. if         # 0  & & # 0 

–  Bz # 0 
•  Intensity gradient 

approach gives right 
answer to 
–  Transfer of SAM to 

particles 
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Orbital angular momentum 

•  OAM arises from helical 
phasefronts 

–  Ez & Hz # 0 
–  p$ # 0 
–  Lz # 0 

•  OAM arises from “skew 
rays” 

•  Skew rays give the right 
answer to 

–  Transfer of OAM to 
particles 

–  Generation of OAM 
–  Frequency shift 
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OAM / SAM transfer to particle held in optical tweezers 



Optical vortices, Helical waves , Angular momentum 

•  Description of 
light 
–  Intensity, I $0 
–  Phase, 2' $ $ $0 

$ = !t +kz +"# 
" = 0, plane wave 
" = 1, helical wave 
" = 2, double helix 
" = 3, pasta fusilli 

etc. 
"= vortex charge!
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A double-start helix ("=2) 



Further reading on OAM? 

92-02 -08 



Designing  helical phase hologram 

•  Holographically 

•  Spiral Phase-plate 
 s= "(/(n-1) 

•  Phase accuracy of 
diffracted beam derives 
from SPATIAL stability of 
hologram. 

e.g. " = 1 $!
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Making helical phasefronts with holograms 



A gift for all the family….. 



Diamond structure 

•  18 beads in 5 planes 

Sinclair et al. Opt. Express 12, 5475, 2004 

Gavin Sinclair 
02-06 



The nano hand 

Whyte  et al. Opt. Express 14, 12497, 2006 

Graham Gibson 
Graeme Whyte 
02-06 



Making OR measuring phasefronts with holograms 

Light source 
OR detector 

Make interactive by using SLM 

Generate 

Measure 

Switching time 
!5-20mSec 
Efficiency !50% 



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 



Correlations angular momentum 

Near perfect (anti) 
Correlations in Angular 
momentum 



Correlations angle 

Near perfect  
Correlations in angle 



Angular EPR 
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Quantum Entanglement – with polarisers 
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Poincaré sphere equivalent for OAM 



Measuring angle and angular momentum 

Holograms"150mW, 355nm"

BBO"

=" ="

APD"

20kHz 

20kHz 

C=100s-1 

' -' 0 



•  Bell violation for the angular 
variable 
–  Violation for " = 2,3,4, etc 
–  We get a violation for "<=24 

Around the “equator” of the Poincare sphere 



Entanglement of OAM states 



Measuring anywhere on the sphere 

Demo 



Optical Knots 

Mark Dennis (Bristol) 

Kevin O’Holleran 
Florian Flossmann 



Diffraction grating (hologram) to make Knots 

Hologram to shape 
phase AND intensity 

Hologram 



Entangled, tangles 

Hologram to make OR  
measure beam 

Non-local measurement 
of 

separated topological 
features in the EM field  



Correlations to show Quantum Entanglement 

Two-state formation of  
links allows “Bell-test” 

Volume over which S>2 

Links are 
“entangled” 
only over 

finite volume 

OAM 
“entangled” 
along entire 
beam axis 



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



Holographic Ghost Imaging 

Coincidence 
Image?? 

REF 

OBJ 



Ghost Edge Detection 

Object 

Quantum Correlation 
scales with overlap 
integral between REF and 
OBJ measurement 

Ref Obj 
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Holographic Ghost Imaging 
singles 

singles coincident 



Edge Enhanced images 



Poincaré sphere equivalent for OAM 
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Ghost Edge Detection 

Obj 

Correlation 
proportional to 
overlap integral 
between REF and 
OBJ measurement 

Ref Obj 
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Holographic Ghost Imaging 
singles 

singles 



Edge enhancement of phase object 

•  Single mode 
coincident image 

•  Enhancement of 
edge depends 
upon its 
orientation 

•  Sinusoidal 
dependence ? 



Does this image show the Quantum in the Ghost? 
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Full-field Quantum Correlations 
J. Leach, R. E. Warburton, D. G. Ireland, F. Izdebski, S. M. Barnett, 
A. M. Yao, G. S. Buller and M. J. Padgett 



Position correlations Momentum correlations 



The “idea” 

•  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  





Time to position 





Image plane correlations 



Far-field correlations 



Image and Far-field stop-start timing data 



Our results (again) 

  

! 
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Between Image and Far-field to intermediate  

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



Correlations for image, far-field AND intermediate planes 



Summary 

•  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 

•  Our results demonstrate a “no-scanning” EPR 
•  Possible Application to multi-bit QKD and single-

photon ghost imaging. 



Measuring the OAM of single 
Photons 
Martin Lavery, Gregorius Berkhout, Marco Beijersbergen 
David Robertson, Gordon Love, J Courtial and Miles J. Padgett,  



Measuring the OAM of single 
Photons 
Martin Lavery, Gregorius Berkhout, Marco Beijersbergen 
David Robertson, Gordon Love, J Courtial and Miles J. Padgett,  



Angular momentum in terms of photons 

•  Spin angular momentum 
–  Circular polarisation 
‒  &! per photon 

•  Orbital angular momentum 
–  Helical phasefronts 
‒  "! per photon 

" = 0! etc!" = 1! " = 2! " = 3!

! = +1!

! = -1!



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 



Measuring OAM 

•  OAM beam splitter 
give the “perfect” 
separation of 
orthogonal states 
–  But how? 
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"3 

"4 

"5 



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 



Measuring OAM - 2 

•  Interference of 
helical beam with a 
plane wave gives " 
spiral fringes 
–  Requires many 

photons in the same 
mode 



Measuring OAM - 3 

•  e.g. Diffraction pattern 
from a triangular 
aperture 
–  Gives sign and 

magnitude of "#
–  Requires many 

photons in the same 
mode 



Making OAM 

•  Diffractive optical 
elements (hologram) 
–  “forked” diffraction 

grating 



Measuring OAM - 4 

•  Use diffractive optic 
to couple helical 
beam to single 
mode fibre(s) 
–  works for single 

photons 
–  “test” for one " at a 

time 
–  or multiple orders to 

test for multiple "  



Measuring OAM - 5 

•  Use diffractive optic 
to separate N-OAM 
states 
–  works for single 

photons 
–  But efficiency only! 

1/N 



Measuring OAM – 6 

•  Rotating a beam 
with OAM shifts the 
frequency 
–  Gives sign and 

magnitude of "#
–  In principle could 

work for single 
photons, but…. 

–  Try spinning a 
beam…. It’s hard! 



Measuring OAM - 7 

•  Use (image rotating) 
Mach Zehnder 
interferometer 
–  works for single 

photons 
–  Efficiency ! 100% 
–  But 2n states, require 

2n-1 interferometers 
(and 2n students!) 



It MUST be possible 

•  OAM states are “orthogonal” 
•  The Dove prism interferometer shows it’s 

possible 



It works for plane waves 

•  A “plane-wave” is focused by a lens  
•  A phase ramp of 2% displaces the spot 
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It works for plane waves 

•  A “plane-wave” is focused by a lens  
•  A phase ramp of 2% displaces the spot 



So we need to convert helical phase to linear phase 

•  Image transformation 
‒  $ -> x and r -> y 
–  i.e. Lz -> px 

x 



We NEED image distortion…. 

•  Pin-Cushion and 
Barrel distortion 
make straight lines 
look curved… 
–  But must also make 

curved lines look 
straight  



Azimuthal to linear mapping 

•  Image 
transformation 
‒  $ -> x and r -> y 
–  Requires 

reformatter & phase 
corrector 

0 

120% 

Reformatter 

Phase corrector 

0 

120% 



The Experimental implementation 



The results -1 

Input mode Transformed mode Predicted output Measured output 
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Input mode Transformed mode Predicted output Measured output 



The results -1 

Input mode Transformed mode Predicted output Measured output 



The results -2 

-5 
-5 

+5 

+5 



Where next -1 

•  The principle works 
•  But the SLMs are 

inefficient (!50% x 2) 
•  Use bespoke optical 

elements (glass/
plastic) 
–  Prof. David J 

Robertson 
–  Prof. Gordon Love 
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Where next -1 

•  The principle works 
•  But the SLMs are 

inefficient (!50% x 2) 
•  Use bespoke optical 

elements (glass/
plastic) 
–  Prof. David J 

Robertson 
–  Prof. Gordon Love 

reformater phase corrector 



Where next -2 

View at the camera whist we change the OAM 



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) 



www.physics.gla.ac.uk/Optics 

ANGULAR MOMENTUM OF 
LIGHT & OPTICAL VORTICES 

MEDICAL OPTICS FOR 
DIAGNOSTICS AND 
TREATMENT 

OPTICAL 
TWEEZERS  

LASER MODES: FRACTALS & 
BOSE-EINSTEIN 
CONDENSATES 

OPTICS FOR 
ENVIRONMENTAL GAS 
MONITORING  

PUBLICATIONS 

• Software 

• Movies 

• Publications 

QUANTUM OPTICS & 
GHOST  IMAGING 

METATOYS 

ATOM 
OPTICS 

Areas of Research 

If you want a copy of this talk just ask 


