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Vector  vortex  light  fields

Professor Andrew Forbes
Structured Light Laboratory, School of Physics

Controlling  light’s  helicity  at  the  source

Professor Andrew Forbes
Structured Light Laboratory, School of Physics

I’m not rich

I’m not cleverer than you

My new home: “Wits” 4 Nobel Laureates and me J
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Digital holography For Structured Light Interaction-free imaging How many photons for an image?

Optical traps Can light be used as a glue? Packing information into light How many bits per photon?

Secure communication How far can we go?
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Using  the  transmission  of  light  we  can  tailor  arbitrary  op=cal  
fields  

We	  can	  create	  a	  mask	  
that	  introduces	  high	  loss	  
in	  some	  region	  of	  the	  
beam	  

X = 

Using  the  Geometric  Phase  opens  a  new  avenue  to  explore  …
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“extra”	  phase	  delay	  
called	  geometric	  phase	  

Geometric	  Phase	  
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Using  the  Dynamic  Phase  of  light  we  can  tailor  arbitrary  
op=cal  fields  
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λ
π

δ =
(Isotropic	  media)	  
“normal”	  phase	  delay	  
called	  dynamic	  phase	  
due	  to	  op@cal	  path	  length	  
difference	  

X = ? 

Using  the  Dynamic  Phase  of  light  we  can  tailor  arbitrary  
op=cal  fields  
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δ =
(Isotropic	  media)	  
“normal”	  phase	  delay	  
called	  dynamic	  phase	  
due	  to	  op@cal	  path	  length	  
difference	  

X = 

Structured light Using SLMs
Page 18 

Here  is  how  you  create  a  “mode  selec=ve”  detector  …  a  
spa=al  light  modulator  and  a  single  mode  fibre

Single-mode fibre 

BG mode 

Gaussian mode 

Hologram 
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Any mode can be created 
and detected

Using complex amplitude 
modulation on an SLM

Nature Photonics 10, 327 (2016)  

Nature Photonics 10, 286 (2016) 
Adv. Opt. Photon. 8, 200 (2016) 

l	  =	  3	  l	  =	  2	  

Gaussian	  beam	  

Plane	  wavefront	   Helical	  wavefront	  

Donut	  beam	  

l	  =	  0	  l	  =	  -‐1	   l	  =	  1	  

LeM	  handed	  donut	  Right	  handed	  donut	  

Helical	  wavefront	  

We  will  consider  OAM  as  our  “paGern”  or  mode

Light  can  be  vector  or  scalar

0

Vector beams Scalar beams 

By  rota=ng  a  polariser,  we  can  change  the  spa=al  distribu=on

Vector  vortex  modes  have  inhomogeneous  polariza=on  
distribu=ons
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Mode	  

Mode	  

Polarisa=on  states  can  be  represented  on  a  Poincaré  sphere  [spin]
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OAM  states  can  be  represented  on  a  Bloch  sphere  [orbital]
Higher-‐Order  Poincare  Sphere:  describing  the  total  angular  
momentum  of  light

Milione et al. Phys. Rev. Lett. 107, 053601 (2011) 

Holleczek et al. Opt. Express 19, 2528 (2011) 

Scalar  OAM  beams  are  on  the  poles  and  cylindrical  vector  beams  
(waveguide  modes)  on  the  equator

highly
reflective

partially
reflective

HR e.g. R = 90%
(i.e. T = 10%)

There  are  only  three  things  needed  to  build  a  laser,  but  
puXng  them  together  can  be  complicated!

Can  we  use  tradi=onal  approaches  to  create  these  modes  inside  
lasers?

 

Siegman, Belanger, Pare, Leger, Turunen, Wyrowski, Zeitner, Davidson … 
A  typical  approach  to  calcula=ng  the  necessary  phase  for  a  
desired  mode

Conjugate of 

phase 

Des
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Conven=onal  resonators  are  “phase  blind”  if  the  curvature  of  the  
wavefront  is  spherical

Slide 32 

We  can  select  our  desired  mode  in  a  conven=onal  cavity  using  a  
disk  or  ring    


0r

r = 300 mm 
R=99% @1064nm 

HT @ 808 nm 

Nd:YAG 

r = ∞ 
R = 98% @1064 nm 

HT @ 808 nm 

Aperture 

DOE 

 i = 450 

HR @ 1064 nm 
HT @ 808 nm 

 i = 450 

HR @ 1064 nm 
HT @ 808 nm 

Appl. Phys. B 106, 683 (2012) 

We  need  a  coherent  superposi=on  of  petal  modes  to  result  in  
an  OAM  mode

+ = 
Equivalent Beam Quality 

 
Equivalent Intra-cavity Loss 

 
Practically indistinguishable + = e±ilϕ 

exp(i3ϕ) exp(-i3ϕ) 

1 + cos(6ϕ) 

Can  we  create  single  mode  vortex  beams  by  shaping  the  pump  
and  thereby  shaping  the  gain?

Focusing Lens 

Pump 

Microchip 
π-Plate 

We  can  confirm  that  this  is  a  single  mode  vortex  beam  by  a  
variety  of  tests



17/08/12

7

There  are  two  OAM  modes  of  opposite  handedness  …  but  no  
petals?

Optics Letters 39, 704 (2014) 

cos2 X + sin2 X =1
cosX + isinX =1.exp(iX)

We  do  not  have  an  OAM  mode  but  rather  an  incoherent  mix  
of  two  petal  modes!
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Conven=onal  lasers  have  fixed,  prefabricated  mirrors  or  op=cs  
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SLM 

Monitor 1 

PC 1 

Video signal 

SLM Driver 

We  can  put  the  SLM  inside  the  laser  to  create  a  holographic  
mirror  that  is  digitally  controlled
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Nature Commun. 4, 2289 (2013) 

SLM 

We  cannot  control  the  handedness  of  the  OAM  mode  by  any  
dynamic  phase  approach

J. Opt. 17, 015604 (2015) 

‘Digital’ laser For modes on the fly
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Is  it  possible  to  create  a  coherent  superposi=on?

Odd: 0.92967 Even: 0.92961 

Do small differences in the 
cavity lead to mode 
discrimination? 

Lin et. al., Opt. Lett. 39, 3903 (2014) 

Kim et. al, Opt. Lett. 40, 399 (2015) Cai et. al., Science 338, 363 (2012) 

Liang Feng/Natalia Litchinitser., 
Science 353, 464 (2016) 

Spin  angular  mometum  is  very  easy  to  control  inside  lasers

RC 

LC 

RC 

LC -1 

+1 
Q-plate SAM OAM Opposite Handedness 

Why  not  couple  polarisa=on  to  the  OAM  …
Phys. Rev. Lett. 96, 163905 (2006). 

We  can  connect  the  OAM  to  the  SAM  to  create  a  “spiral”  
resonator  that  dis=nguishes  handedness

Experimental  selec=on  of  pure  OAM  modes

λ/4 Plate 
β 

λ/4 Plate 
-β 

Initial plane 

e-ilϕ 

e+ilϕ 

Q-plate 

Q-plate 
Output 

Nd:YAG 

e-ilϕ 

e+ilϕ 

Q-plate 

- Charge 

+ Charge 
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We  can  break  the  degeneracy  of  the  laser  and  control  the  
handedness  of  the  OAM  modes  that  appear!

β = +45 

β = –45 

In  principle  there  is  no  limit  to  the  OAM  mode  that  can  be  
created
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β = –45 
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Consider  a  higher-‐order  Poincare  sphere  …  we  need  two  degrees  
of  freedom  to  traverse  this  space

Milione et al. Phys. Rev. Lett. 107, 053601 (2011) 

Holleczek et al. Opt. Express 19, 97141007.2528 (2011) 

(a) (b) 

(c) (d) 

When  we  create  a  superposi=on  of  the  two  polarisa=ons  with  
OAM,  we  have  radial  or  azimuthal  polarisa=on

Any  mode  on  the  Higher-‐Order  Poincare  Sphere  can  be  created  
on-‐demand  …  control  of  lights  total  angular  momentum
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Twisting light at the source

Breaking Nature’s helicity

Nature Photonics 10, 327 (2016)  

Optical orbital angular 
momentum 
A theme issue compiled and edited by Stephen M. Barnett, Mohamed 
Babiker and Miles J. Padgett 
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