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Outline

* Motivation/Challenges

* Finite size optical eigenmodes
* Intensity, spot size,
* Linear and angular momentum

» Optical eigenmode imaging
* Interactions to hard singularities

522

7N\ E§ '

optical manipulation



Interference
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Superposition of beams does not
conserve energy locally.
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Chladni modes of a guitar plate
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Hydrogen wavefunctions
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Wavegwde modes

Optical fibre
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Optical Eigenmodes on SLM

« Theory: Decompose field
in both planes into N ,
modes: yt

E(x'.y") = Za,E(x y")

F(x,y)= Z ai Fi(x,y)
i-1 ;
*\ +
&
« Probe system with N
beams profiles e.g. Zernike Reciprocal plane Focal plane

polynomials, LG, HG,
deflections, random phases
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Optical Eigenmodes on SLM

Intensity /F*(a: y) F(z,y) dzdy
ROI

« Theory: Decompose field
in both planes into N
modes: y

E(x'.y") = Za.E(X y")

F(x,y) = Z;ai Fi(x,y)

N ~

Focal plane

« Probe system with N
beams profiles e.g. Zernike
polynomials, LG, HG,
deflections, random phases N

Intensity Z a; / Fi(z,y) F(z,y) dzdy a;

=1 RoI
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Optical eigenmode: Theory

Intensity matrix (operator)

Eigenvector v
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Superposition of Hermit Gaussian beams
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Superposition of Laguerre-Gaussian beams
First intensity eigenmode

LG: 0

OEi : 1
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Intensity eigenmode:
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(a) Total transmittance through the ROI for the intensity optimized beam as a function
of the ROI relative radius R/w0 and for different numbers N of Laguerre Gaussian

|2 of the Laguerre Gaussian modes (P = 0..N) decomposing

modes considered.

(b) Relative intensity |v(©

max
the intensity optimized beam.
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First 15 optical eigenmodes
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Localized features in eigenfaces
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Spot size operator

Intensity operator:
©) _ X
M’ = | EjExdo

Second order momentum

Intensity

M) = /S r’E}E; do

Spot size:

_5 m(2) _5 aTM(2)a
YA 0 TV prMOp

First eigenmode ensures the smallest achievable spot:

«

Highest mode purity with respect to a point decomposition.
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Finding the tightest focused spot

Direct
superposition

Spot size: 2 I Spot size: 3

E =E +E,

superposition

- B = Spot size: 2.6
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Spot size optical eigenmodes

Spot size: 2 ! Spotsize: 3

eigenmode

E,+a, E,

eigenmode=a1

Spot size: 1.2
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Spot size operator
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Smallest spot

(a) Transversal and (b) longitudinal 2D intensity cross sections of the QME
superposition delivering the smallest focal spot in the ROI (R = A)
considering 25 LG modes. w/wO is the relative spot size. The Strehl ratio in
(a) is 4.5%.
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Ratio between the ROI
intensity of the smallest spot
size eigenmode and the largest
intensity achievable in the ROI
(Strehl ratio).
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Efficiency

Strch! rao

Spot size as a function of the radius of
the ROI for different number of LG
modes considered. The right hand
scale and filled curve indicate the
numbers of intensity eigenmodes N(0)
fulfilling the intensity criteria for the N
= 11 case. The arrows indicate the
corresponding scales.
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Volume focusing

Smallest spot inside a volume
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Bessel beam superposition &
Super- osullatmg reglons
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(a) Radial wavevector spectral density. Yellow highlights regions outside the spectral
bandwidth. (b) Transversal cross section of the eigenmode spot size optimized field
intensity with yellow showing super-oscillating regions.
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Experimental evidence:

Sub diffraction [1]

Intensity [a.u.)

L

Sub wavelength [2]
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Optical eigenmodes:
Wider applicability

Any quadratic measure of the electromagnetic
field leads to a linear operator whose
eigenvector optimize the measure.

Energy | m“)(E,H) =1 [, & dv
Intensity | m'% (E,H) = 12 fs (E* x H)-ndo+c.c.
Spot size | m?(E,H) = ; fs (E* xH) -ndo+c.c.
Momentum | m'¥W(E,H) = I [(g(E*-n)E+ po(H* -n)H— }&n) -udo+cc.

Time averaged quadratic measures m of common light-matter interactions. The
integration either over a volume V or a surface S which in general corresponds to the
Range of interest = ROI of the measure.

& =1/2(eE-E* + ugH - H*)
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Sub-wavelength transmission & Optical forces

2x larger
transmission

Plane Eigenmode
wave illumination
illumination
50x larger
scattering
force
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Finite angular momentum eigenmode 1

Region of 2 eigenvalues
interest:

single point

R

’kg four points
/ o o
8 eigenvalues
(] O
Test fields, Operator
angular spectral .
decomposition lhr X V
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Finite angular momentum eigenmode, 2

Test fields,
angular spectral
decomposition

N

Region of
interest

O

Operator :>
1hir x V

Eigenvalue distribution
(semi-log scale):
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Orbital angular momentum transfer

Optical force on
nanoparticles
Eoeh
< F; > Rayleigh = E 8 E*

Optical Momentum:
M=rAF
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Orbital angular momentum transfer

Optical force on o=1+i
nanoparticles

< F; > Rayleigh = %%(ana’bE}‘)

Optical Momentum:
M=rAF

Operator .
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Spin angular momentum transfer

Optical force on nanoparticles including polarisation spin

72 x (rx<ExH>) -z
wr(aza, — ayay)

wh 2_ 2
x #0|u(LGf)| S Or|u(LGY)|
\ Y } Polarisation spin
Eigenmodes (ama ay) — (17 _i) (aim a’y) — (17 7’)

Circular polarisation
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Optical eigenmode imaging & vortex creation

These modes represent a decomposition of the field into
orthogonal fields with respect to one or multiple “quadratic”
measures.
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Experimental setup
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Eigemode decomposition

Experimental measure of
the intensity operator

Normalization of 1

Ei= —— *E
the eigenmodes: £ /\E Z Ve

J

J

Orthonormal: fROI

Decomposition of
the target field T:

an st LT

Mjk: = / dO'Ej » EZ
ROI

.

IBeoretscal [ntensity
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- Lxpenimental Intensity
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Experimental indirect imaging

) Iy AT b) 1 heoretical ladeandty

(a) Conventional
transmission image of the
target reconstructed
from the intensity signal :
collected by the PD as a }
function of the beam
displacement in the
target plane.

(b) Corresponding numerical **
indirect intensity Image °
of the target;

(c) Experimental indirect
optical eigenmode image; -

(d) Final mask encoded on
the SLM.
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First order correlation function

Expc.erlmen.tal measure of M, = / doE, - Ej.
the intensity operator ROI

Normalization of _ 1 e
the eigenmodes: E, = I ZWjEJ

J

GV (7) = E(OE*(t + 7)) do

with: % " Mjrvy = Xoa / (r) nox( (OF"(¢+7)) \
j
= <Za}M,~aa> =Y G(r) (12)
ik sk

with

\ G\ (1) = /a , (B OZ e+ 7)) do =75, (1) y
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Physical meaning of optical eigenmodes
(D — 5 B E® (p
| o EO@ED)

where E'(—) (r) — &;Eg (r)eiwt and E‘(+) (I‘) — &kEz(r)e‘i“’t
are the field operators

A

(vf)*dj : AZz—vg“;-.
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Probing fields with singularities

_ Interaction minimising
External field the total action of the

Stotv. = [ dx dt LUy + U
1/r field singularity Action .

optical manipulfation



Example: Scalar field

Sy = / LU) &z dt = % / Clz(atU)Q —(VU)? d>z dt

i Euler equations
d

—m;v = —my VU

dt

H _— .

m; X Mg

1
VU, — 8;Us = ms6(r)
c Mg X Mg

Lorentz i
transformation

1
V32U, — C—28t2Us = msy/1 —v2/c25(r —rs)
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Lorentz force

&m:/ “p.E- L B.B) &
2 210

Euler equations
including inertial terms
E = Eq+Eo &

o

B = Bq+BO ﬁ %mivz—mgVUo

+ qEg + qv X Bg
v’ xE;+8¢:B; = 1 |

1 Lorentz force

;;)’V' X B; = Eo(t)uE:I = QV(S(K" - l"q)

V'-eE; = ¢é(x'—1r'y)
VB, = 0

(using real fields)
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Possible spin probe

Two dipoles out of phase at the Spin symmetry
same optical frequency as the

i )
. Ep(F.AF)= —(E'"-H-H":-E), 0 1Z
incident plane wave. 2(F: AuF) = 52 ) A= (—i/ZO 00)

) S12(F, AF) = §(cos' x E + poH x HY),
G 12(F. AF) = 'Ec(a-:' H-H'-E)f ~E'®H

~ HRE +H' @E+E®H").

‘ Field spin loss :
(-E*Ap—EAD*) -k

‘ Torque:

N
R — :
\ul/”
A A
/ | |

(E*Ap+EADPT) -k
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Summary
We applied the concept of finite optical eigenmode to:

e optimise superposition of beams
 decompose light fields in orthogonal modes

* image and create vortex fields

* introduced probes for the conserved currents
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