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Optics Group R&D in
optical modeling and design
with emphasis on physical




Who, Where, What?

Wyrowski Photonics
Development of fast
physical optics software
VirtualLab Fusion
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All examples shown in this
talk were done with
VirtualLab Fusion software.
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Who, Where, What?

All techniques shown in this talk
are available in VirtualLab
Fusion Software or/and as
Consultlng & Engineering




Optical design of diffractive and freeform solutions
for light shaping with VirtualLab Fusion

Diffractive and geometric branches of physical optics



Physical and Geometrical Optics: Traditional Understanding
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Physical and Geometrical Optics: Traditional Understanding

* Physical optics:

— Light represented by electromagnetic
fields which

— are governed by Maxwell’s equations.

Physical Optics

Ray Optics

« Geometrical/ray optics:
rays (with energy flux) which

— are governed by Fremat’s principle
which is mathematically expressed by
ray equation.




Physical and Geometrical Optics: Traditional Understanding
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Physical and Geometrical Optics: Traditional Understanding

| | * Physical optics:

Physical Optics — Light represented by electromagnetic
- fields which

— are governed by Maxwell’s equations.

diffractive _ —

geometric

« Geometrical/ray optics:

——— Lightisrepresented by mathematical

rays (with energy flux) which

— are governed by Fremat’s principle
which is mathematically expressed by

ray equation.

Ray Optics




Physical and Geometrical Optics: Unified Theory

* Physical optics:

— Light represented by electromagnetic
diffractive _ — ~ fields which
— are governed by Maxwell’s equations.

Physical Optics

geometric

Principles of

Physical-optics Optics

generalization of
eometrical optics!?
- J P /




Physical and Geometrical Optics: Unified Theory

* Physical optics:

— Light represented by electromagnetic
diffractive P - fields which
— are governed by Maxwell’'s equations

— Transition between diffractive/geometric
branch fully specified and controlled by
mathematical concepts

— Diffractive and geometric field zones

Physical Optics

geometric

Field information
reduced to flux
(GFZ only)

Ray Optics




Physical and Geometrical Optics: Unified Theory

* Physical optics:

— Light represented by electromagnetic
diffractive P - fields which
— are governed by Maxwell’s equations

— Transition between diffractive/geometric
branch fully specified and controlled by
mathematical concepts

— Diffractive and geometric field zones

Physical Optics

geometric

Physical optics in
Ray Optics geometric zones is at least
as fast as ray tracing!




Physical and Geometrical Optics: Unified Theory

* Physical optics:

— Light represented by electromagnetic
diffractive P - fields which
— are governed by Maxwell’'s equations

— Transition between diffractive/geometric
branch fully specified and controlled by
mathematical concepts

— Diffractive and geometric field zones

* VirtualLab Fusion deals with the

Physical Optics

geometric

transitions between diffractive and
geometric branches of physical optics
automatically (steady development).

Ray Optics




Modeling and Design with Fast Physical Optics

« Compared to ray tracing You do not lose anything by fast physical optics

« Ray tracing is included in VirtualLab Fusion software on a solid base knowing
about limitations of ray optics




Fast Physical Optics: Freeform Surfaces

3D View | 2D View

| Collimated light

Fast physical
optics modeling of

freeform surfaces.

—




Fast Physical Optics: Freeform Surfaces

3D View | 2D View

Conical Parameters

Distance Before (Virtual Screen #601 | Basal Positioning)

21823mm  25564mm  23586mm 23.353mm  26.147 mm

s o v

BT I—

. Pohmomial Orders
Number of Orders ( 3 x| 3]
[ ] Use Absclute Values of Coordinates
lteration Step 1 | 2 | 3 | & | 5 6

1 (2.0) [mm"(-1)] (Freeform #2 | Polynomial Interface #1) 0.0024274 0.0031541 0.0041695 0.00035002  0.003082 0.00247393
2 | (2.1) [mm"(-2)] (Freeform #2 | Polynomial Interface #1) 00013393 -00017223 00020993 00010653 -00014089 0.0017305
3| (0.2) [mm"(-1)] (Freeform #2 | Polynomial Interface #1) 0.0027923 0.0029335 0 H H 0.0020482
4 | (1.2) [mm"(-2)] (Freeform #2 | Polynomial Interface #1) | -0.00051556 -9.0126E-05 -{ 50 SImUIatlonS -0.0010599
5| (2.2) [mm"(-3)] (Freeform #2 | Polynomial Interface #1) | 0.00016179  0.00013574 0.0007T22Z3 UUUUT/955 U.U0039437  4.0504E-05
6

29.382 mm




Fast Physical Optics: Freeform Surfaces

Amplitude E,(x,y)

B 9: Ray Tracing Result 3D =R
0 Vew |20

~

Fast simulation with low
number of wavefront samples

but noise-free detector signal!/

cpu time per simulation < 1 sec




Fast Physical Optics: Freeform Surfaces

Input: Gaussian beam Amplitude E,(X,y)
Diameter 10 mm

cpu time per simulation < 1 sec




Modeling and Design with Fast Physical Optics

« Compared to ray tracing You do not lose anything by fast physical optics

« Ray tracing is included in VirtualLab Fusion software on a solid base knowing
about limitations of ray optics

By going beyond ray tracing
— You win more information about the light in your system
- You get better insight into the performance of your system
- You can include and investigate more effects

— You can model with higher accuracy

— You are ready for new optical design concepts and by that for
Innovative optical solutions




Modeling and Design with Fast Physical Optics

« Compared to ray tracing You do not lose anything by fast physical optics

« Ray tracing is included in VirtualLab Fusion software on a solid base knowing
about limitations of ray optics

By going beyond ray tracing
— You win more information about the light in your system
— You get better insight into the performance of your system
- You can include and investigate more effects

— You can model with higher accuracy

- You are ready for new optical design concepts and by that for
iInnovative optical solutions




Light Shaping Task

... from a physical-optics perspective



Light Shaping Task: Source Modes

* Any source field can be
decomposed into harmonic and
mutually incoherent modes

S
« Laser
» Laser diode

- LED
« OLED

 Lamp
* Natural light




Light Shaping Task: Source Modes

Source |:> Source
modes

Laser

 Laser diode
« LED
e OLED

* Any source field can be
decomposed into harmonic and
mutually incoherent modes

« Gaussian modes

 Lamp
* Natural light




Light Shaping Task: Gaussian Modes (Hermite)

Source |:> Source
modes

Laser

 Laser diode
« LED
e OLED

 Lamp
* Natural light




Light Shaping Task: Source Modes

Source |:> Source
modes

Laser

 Laser diode
« LED
e OLED

* Any source field can be
decomposed into harmonic and
mutually incoherent modes

« Gaussian modes

* Plane wave modes

« Shifted modes, e.q.
« Spherical wave

 Lamp
* Natural light

« Lambertian mode




Light Shaping Task: Shifted Modes

Source |:> Source
modes

Laser

 Laser diode
« LED
e OLED

 Lamp
* Natural light




Light Shaping Task: Modes from Ray Data

« Any source field can be
decomposed into harmonic and
mutually incoherent modes

) Soure » Modes from ray data

Laser
» Laser diode
e LED
« OLED

 Lamp
* Natural light

x [mm]

Osram GW CSSRM2pm LED (dome lens)




Light Shaping Task: Modes from Ray Data

444444444
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modes ***,f*.*}f#*
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! bio 444444444
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Light Shaping Task: Design

« Any source field can be
decomposed into harmonic and
mutually incoherent modes

-

* For one mode only (+ far field

* Laser of source)

» Laser diode

. LED * For one mode only and then

« OLED thimizatien fQF ether medes

« Lamp . .

- Natural light « Simultaneous design for few
modes

* Multichannel techniques
* Diffuser




Light Shaping Task: Design

« Any source field can be
decomposed into harmonic and
mutually incoherent modes

Emo o O

 For one mode only (+ far

* Laser field of source)
» Laser diode
. LED * For one mode only and then
v oev. . optimization for other modes
« Lamp . .
- Natural light « Simultaneous design for few
modes

* Multichannel techniques
* Diffuser




~ Light Shaping Task

Target plane with

Light shaper shaped light

|:> Source |:> |:> Manipulated |:>
mode mode

« Laser
» Laser diode Manipulation of Shaped field quantities
* LED « Amplitud - C lex field
. OLED mplitude . . om.p exrie
- Lamp - Other phase terms, e.g. * Polarization
* Natural light

vortexes * Temporal pulse

* |rradiance shape




Light Shaping Task

TN\
Optional as final step! Light shaper shaped light
- /
ED-oEm- | o =X
« Laser
e L i
aser diode Manipulation of Shaped field quantities
- LED . Amplitud . Complex field
. OLED mplitude omplex fie
° L -
. NaartTJpraI light direction) * Polarization
» Other phase terms, e.g. * Temporal pulse
vortexes shape

* |rradiance




Light Shaping Design: Functional

We need to answer the following
questions:

«  What kind of light manipulation is needed in
order to obtain the demanded shaping

Light shaping Target plane with

function shaped light resu It’?
° .
2 Soe o Oy Menpused Do | need more components and which are
mode mode H !
the required distances?

+ Laser
: t;s;rdlode Manipulation of Shaped field quantities
+ OLED *+ Amplitude « Complex field
.+ Lamp + Wavefront (rays: direction) « Irradiance
« Natural light + Other phase terms, e.g. « Polarization

vortexes « Temporal pulse

» Irradiance shape




Light Shaping Design: Functional

Physical optics
enables strategies for
functional design!

We need to answer the following
questions:

« What kind of light manipulation is needed in

| order to obtain the demanded shaping
Light shaping Target plane with
function shaped light resu Itr)

2y s Dy D) s * Dol nee.d more components and which are
the required distances?

+ Laser

- L diod

. LESSF oce Manipulation of Shaped field quantities

+ OLED *+ Amplitude « Complex field

.+ Lamp + Wavefront (rays: direction) « Irradiance
—————— « Natural light + Other phase terms, e.g. - Polarization

vortexes « Temporal pulse
» Irradiance shape




Light Shaping Design: Structural

We need to answer the following
questions:

« What kind of light manipulation is needed in
order to obtain the demanded shaping

LingnScTi?:ir)wing Tars%?ppelg T@rﬂim result?

souce I Dol nee.d more components and which are
the required distances?

+ Laser
: t;s;rdiode Manipulation of Shaped field quantities d What klnd Of COmponentS Can be Used tO
. OLED + Amplitude + Complex field . . . . .
.+ Lamp + Wavefront (rays: direction) - Irradiance obtain the required light manipulations?
- Natural light + Other phase terms, e.g. : _Fr’olarlzat:onl . -

e chape o pUse — Spherical, aspherical, freeform

— Diffractive
Functional design provides a - GRIN components
strong foundation for the - Metasurfaces

subsequent structural design.




Examples from lens design: Imaging



Basic Imaging Task

Source

Spherical
input mode

=

Manipulation of

Light shaper

Wavefont

Target plane with
shaped light

Imaging: Spherical
output mode




Functional Design: Inverse Approach

Target plane with

Light shaper shaped light
X -
» Spherical
input mode Manipulation of Imaging: Spherical
+ Wavefont output mode

The demanded wavefront/phase
manipulation follows directly by
Inverse approach




Functional Design: Inverse Approach

Target plane with

Light shaper shaped light
SEEES | o =X
» Spherical
input mode

Manipulation of Imaging: Spherical
» Wavefont output mode




Functional Design: Inverse Approach

Target plane with

Light shaper shaped light
.. - AR -
» Spherical
input mode Manipulation of Imaging: Spherical
* Wavefont output mode

The demanded phase
manipulation follows directly
by inverse approach




Example: Correction of Lens System

Focal plane

Source N

 Plane wave
mode

Imaging: Spherical
output mode

S~

The demanded phase
manipulation follows directly
by inverse approach




Light Shaping Design

- Functional

+ Plane wave

Focal plane

Imaging: Spherical
output mode

Source QI

mode

manipulation follows directly

The demanded phase
by inverse approach

We need to answer the following
questions:

What kind of light manipulation is needed in
order to obtain the demanded shaping
result?

Do | need more components and which are
the required distances?

What kind of components can be used to
obtain the required light manipulations?

— Spherical, aspherical, freeform
— Diffractive

— GRIN components

— Metasurfaces




Light Shaping Design: Structural

We need to answer the following
questions:

« What kind of light manipulation is needed in
order to obtain the demanded shaping
result?

Focal plane

Source QI

+ Plane wave
mode

* Do I need more components and which are
the required distances?

i, et « What kind of components can be used to
[ The demanded phase } obtain the required light manipulations?
manipulation follows directly
by inverse approach — Spherical, aspherical, freeform
- Diffractive

— GRIN components
— Metasurfaces




Light Shaping Design: Structural

Focs! pane We need to answer the following
o } gl questions:
o w4 - What kind of light manipulation is needed in
mode imeging:Sphericl order to obtain the demanded shaping
output mode
The demanded phase i result?
manézuif\fgg:}:s;v;:&edly * Do I need more components and which are
the required distances?
» What kind of components can be used to

- We have developed a fast freeform obtain the required light manipulations?

surface design algorithm. - Spherical, aspherical, freeform
 Itis based on the phase information - Diffractive

from functional design step. — GRIN components

* No parametric optimization! - Metasurfaces




Example: Focusing Lens w/o Freeform

dot diagram PSF
0.56
o
= =
g o
= E
E o E o 0.28
- =
= 8
@ =
o]
-0.02 o] 0.02
-0.01 ] 0. X [mm]
X [mm] < 3

Size = 42.27um




Example: Focusing Lens w/ Freeform

Direct design (functional +
structural) without optimization
in a few seconds!

dot diagram

434

0,02

! 217
]

Y [mm]
0

-0.02
i

T T T
-1 05 0 0.5 1 -0.02 0 0.02
X [pm] X [mm]

Size = 2.08um
dot diagram PSE Result without

correction with
freeform surface!

0.01

Y [mm)
0

X fmm]

-0.01

Height Profile

(3D view) Height Profile

(2D VieW) -0.01 0 0.01 X fmm)

X [mm]

Size = 42.27um




Example: Focusing Lens Off-Axis

Freeform surface

Result without correction
with freeform surface!

Direct design (functional +

structural) without optimization
in a few seconds!

Size = 0.76um

0.06

¥ [mm]
¥ [mm]

-0.05 0 0.05

X [mm]

Size = 127.9um




Example: Focusing Lens Off-Axis

Freeform surface

Result without correction
with freeform surface!

Size = 0.76um

Profile Height [um]

Bl 5812
-
= E 0.06
E
E 0132 E
> o . >
~
l -5.548 0
= ! ' '
4 2 0 2 4
X fmm] 005 0 0.05
X [mm]

3D vi 2D vi
view view Size = 127.9um




Example: Focusing Lens Off-Axis

Freeform surface

dot diagram PSF

- 0.996
uwn
a
— E i
£ E 0,498
> >
™
wn
“ . ; , 0
04 02 0 02 04 -0.05 0 0.05
X [pm] X [mm]
Size = 0.76um
Profile Height [um] H a5
5.812
= =
0132 E E 0.06
: > >
-5.548 0
= -0.05 0 0.05
X [mm] -0.05 0 0.05 X [mm]

X [mm]

Size = 127.9um




Imaging with Diffractive Lens

diffractive
: lens
Input -\ =0.23 NA=0.42
spherical
wave
4
T e . I DEERNe e A
e »
<+— ~ 4
input plane 100mm 50mm

focal plane




Imaging with Diffractive Lens: Functional Design

diffractive
: lens
input _ _
spherical NA=0.23 NA=0.42
wave .
O s A # ___________ : <: ol
o
.
input plane 100mm 50mm

focal plane

The demanded phase
manipulation follows directly
by inverse approach




Light Shaping Design: Structural

We need to answer the following

questions:
| difractive * What kind of light manipulation is needed
sphorieal [NA=023 NA=0.42 in order to obtain the demanded shaping
wave | result?
e - <:%1 « Do | need more components and which are
L the required distances?
input plane 100mm - i 50mm

focal plane ~ *  VWhat kind of components can be used to
obtain the required light manipulations?

— The demanded phase
manipulation follows directly
by inverse approach

— Spherical, aspherical, freeform
- Diffractive

— GRIN components

— Metasurfaces




Light Shaping Design: Structural

We need to answer the following

questions:
| difractive * What kind of light manipulation is needed
sphorieal [NA=023 NA=0.42 in order to obtain the demanded shaping
wave | result?
e - <:%1 « Do | need more components and which are
L the required distances?
input plane 100mm - i 50mm

focal plane ~ *  VWhat kind of components can be used to
obtain the required light manipulations?

— The demanded phase
manipulation follows directly
by inverse approach

— Spherical, aspherical, freeform
- Diffractive

— GRIN components

— Metasurfaces




Light Shaping Design: Structural

diffractive

oY aco22 B We need to answer the following
wave | - questions:
R o N <:"r « What kind of light manipulation is needed
in order to obtain the demanded shaping
input plane 100mm T Bomm result?

focal plane

* Do I need more components and which are
the required distances?

» What kind of components can be used to
obtain the required light manipulations?

The demanded phase
manipulation follows directly
by inverse approach

« Local periods of diffractive lens follow ~ Spherical, aspherical, freeform

directly from phase design in functional - Diffractive
design step. — GRIN components

- Metasurfaces




Imaging with Diffractive Lens

diffractive
; lens
nput -\ n=0.23
spherical
wave
------ S
»
input plane 100mm

focal plane

A: grating period

ACx, y) = 21
5P T ety

d: modulation depth

T: thickness of base block.
For the design, the thickness
of the base block is set as
zero, T =0




Imaging with Diffractive Lens (Modeling with rigorous |
RCWA/FMM T

J

intensity before

. . diffractive
the diffractive lens _ lens
inpu _ _
spherical NA=0.23 NA=0.42
wave
- »
tet ) »
input plane 100mm ! 50mm

focal plane
intensity behind the diffractive lens

0.86 0.86 0.86 0.586

: . ! : | O- :
= =

o] 0 1] 0

-0.02 [ 0.02 [v/m)~2] -0.02 0 0.02 [0vfm)~2] -0.02 o 0.02 [v/m)~2] -0.02 0 0.02 [v/m) 2]
X [m] X [m] X [m] X [m]

-1 order 0 order +1 order +2 order

0.02
0.02
0.02

¥ [m]
¥ [m]
o]

0.02
-0.02
0.02




Imaging with Diffractive Lens

input
spherical
wave

diffractive
lens

input plane

»
>

100mm

ﬁ

K

Wavefront phase [1E13 rad]

0.02

Y [m]
0

-0.02

14

135

13
-0.02 0 0.02

X [m]

wavefront phase

¥ [m]

v

phase of the working order behind the diffractive lens

Phase of Ex-Component [rad)

-0.75

-0.02 0
X [m]

0.02

residual phase

focal plane

-]
.-
=
% =
g2
o
]
=iy
= -
Z
)
4

~

0.005 0.01 0.015 0.02

Distance from First Point [m]

residual phase along cross-section

Phase of Rayleigh coefficients Ex [rad]

calculated phase of

Rayleigh coefficient of Ex

=

1.8

1.6

14

0.01 0.015 0.02

x [m]

0.005




Imaging with Diffractive Lens

input
spherical
wave

input plane

diffractive
lens

100mm
SUmm ﬁfocal plane
J\
Ray tracing result Field tracing result
Position Data for Wavelength of 532 nm [1E2 (V/m)*2]

1.276

Y [um]
0
Y [pm]

X [pm]

Dot pattern of the working order




Light shaping by wavefront control

Laser beam shaping and more



Laser beam shaping: Paraxial




Gaussian to Top-Hat (Non-paraxial)

Gaussian wave referencl:e plane R
high NA (0.01) target irradiance

2mm

35mm

T
the output NA =~ 0.4
target

Wwge

plane

The Rayleigh lengths of the input Gaussian is 555.6um




Light Shaping by Wavefront Control

Light shaping Target plane with
function shaped light
SEEEo | o =X
« Source
mode, e.g.
Gaussian Manipulation of Shaped field quantities

 \Wavefont * J|rradiance




Light Shaping by Wavefront Control

Light shaping Target plane with
function shaped light
SEEES | o =X
« Source
mode, e.g.
Gaussian Manipulation of Shaped field quantities

« Wavefont * |rradiance

Freedom of phase in
target plane. Inverse
approach does not work.




Light Shaping Design: Functional

We need to answer the following

questions:
« What kind of light manipulation is needed
Light shaping Target plane with in order to obtain the demanded shaping
function shaped light
result?
o B o = 5 « Do I need more components and which are
+ Sowree the required distances?
Gaussian Manipulation of Shaped field quantities .
+ Wavefont - adiance « What kind of components can be used to
1] /7~ - f—\

obtain the required light manipulations?

Freedom of phase in

target plane. Inverse

approach doss notwork — Spherical, aspherical, freeform

- Diffractive
— GRIN components
- Metasurfaces

N




Light Shaping Design:

Functional

Light shaping

Target plane with
function

shaped light

EBomm- | o EE o

Source
mode, e.g.

Gaussian Manipulation of

Shaped field quantities
+ Wavefont

+ Irradiance

1

Freedom of phase in

target plane. Inverse
approach does not work

We need to answer the following
questions:

What kind of light manipulation is needed

in order to obtain the demanded shaping
result?




Light Shaping Design: Functional
1 1

N N4

ncton rapealght We need to answer the following
questions:
Source Lens, etc. Lens, etc. . . . . .
. Source = = > > « What kind of light manipulation is needed
ggSESIan Manipulation of Shaped field quantities in order to Obtain the demanded Shaplng
+ Wavefont + lrradiance result?

//7;
N
Freedom of phase in

target plane. Inverse
approach does not work )

1]~

N

* Energy conservation leads to identity of

integral over irradiances in shaper and
target planes.

» Together with geometric zone assumption
phase for wavefront manipulation can be
designed.




Light Shaping Design: Functional
1 1

N N4

Light shaping Target plane with
function shaped light

EBomm- | o EE o

Source
mode, e.g.
Gaussian Manipulation of
+  Wavefont + Irradiance
/

Freedom of phase in ‘

target plane. Inverse
approach does not work

1]~

* Energy conservation leads to identity of

Shaped field quantities

integral over irradiances in shaper and
target planes.

» Together with geometric zone assumption
phase for wavefront manipulation can be
designed.

We need to answer the following
questions:

«  What kind of light manipulation is needed
in order to obtain the demanded shaping

result?

Analytical beam shaping with application
to laser-diode arrays

Harald Aagedal, Michael Schmid, Sebastian Egner, Jorn Miller-Quade,
and Thomas Beth

Institut fiir Algorithmen und Kognitive Systeme, Universitét Karlsruhe, Am Fasanengarten 5, D-76128 Karlsruhe,
Germany

Frank Wyrowski

Institut fiir Angewandte Physik, Friedrich-Schiller-Universitit, Max-Wien-Platz 1, D-07743 Jena, Germany

Vol. 14, No. 7/July 1997/J. Opt. Soc. Am. A 1549




Light Shaping Design: Functional
1 1

N N4

ncton rapealght We need to answer the following
questions:
Source Lens, etc. Lens, etc. . . . . .
. Source = = > > « What kind of light manipulation is needed
ggSESIan Manipulation of Shaped_ﬂeld quantities in order to Obtain the demanded Shaplng
. Wavefoth / /-/Tflrji\lance result?

Freedom of phase in
target plane. Inverse
approach does not work

N

- Energy conservation leads to identity of ) — // s
integral over irradiances in shaper and Lol
target plangs. | | pren

* Together with geometric zone assumption >
phase for Wavefront manlpUIatlon can be giisgt.rill;utgilftortion transforming a Gaussian beam to a uniform

designed.




Light Shaping Design: Functional

ncton rapealght We need to answer the following
questions:
Source Lens, etc. Lens, etc. . . . . .
. Source = = > > « What kind of light manipulation is needed
ggSESIan Manipulation of Shaped field quantities in order to Obtain the demanded Shaplng
+ Wavefont ;7Irradiance result?

_— /
il '—-\

Freedom of phase in
target plane. Inverse

approach does not work

Design of diffractive beam-shaping elements
for non-uniform illumination waves

N

. . . Andreas Hermerschmidt and Hans J. Eichler
. Energy conservation leads to Identlty of Technical University of Berlin, Optisches Institut P11

integral over irradiances in shaper and Strasse des 17. Juni 135, 10623 Berlin, Germany
target plan?S' _ _ Stephan Teiwes and Joerg Schwartz
* Together with geometrlc Zone assumptlon Berlin Institute of Optics (BIFO), Department of Diffractive Optics

hase for wavefront manipulation can be Rudower Chaussee 6, 12484 Berlin, Germany
3esigned P Proc. SPIE 1998




Light Shaping Design: Functional

Light shaping Target plane with
function shaped light

EBomm- | o EE o

« Source
mode, e.g.

Gaussian Manipulation of Shaped field quantities
+  Wavefont + lrradiance

" ( Freedom of phase in
target plane. Inverse
approach does not work

* Energy conservation leads to identity of
integral over irradiances in shaper and
target planes.

» Together with geometric zone assumption
phase for wavefront manipulation can be
designed.

We need to answer the following
questions:

« What kind of light manipulation is needed

in order to obtain the demanded shaping
result?

Applied Numerical Mathematics 61 (2011) 208-307
Contents lists available at ScienceDirect

Applied Numerical Mathematics

www.elsevier.com/locate/apnum

An efficient approach for the numerical solution of the Monge-Ampere
equation

Mohamed M. Sulman?®, J.F. Williams, Robert D. Russell

Department of Mathematics, Simon Fraser University, Burnaby, British Columbia, V5A 156 Canada




Light Shaping Design: Functional

Light shaping Target plane with

functon Shape ight We need to answer the following
questions:
Source Lens, etc. Lens, etc. i . . . .
. soures >EX3= > &3 * What kind of light manipulation is needed
ggSESIan Manipulation of Shaped field quantities in order to Obtain the demanded Shaping
+  Wavefont + Irradiance

result?

1

target plane. Inverse

Freedom of phase in
approach does not work

» VirtualLab Fusion provides technique for

functional design in light shaping.

4

 Demanded phase for wavefront change
is known.




Light Shaping Design: Structural

Light shaping Target plane with
function shaped light

EBomm- | o EE o

+ Source
mode, e.g.
Gaussian Manipulation of Shaped field quantities
+  Wavefont + Irradiance

" ( Freedom of phase in
target plane. Inverse
approach does not work

= Structural design available

We need to answer the following
questions:

« What kind of light manipulation is needed
in order to obtain the demanded shaping
result?

* Do I need more components and which are
the required distances?

» What kind of components can be used to
obtain the required light manipulations?

» Spherical, aspherical, freeform
« Diffractive (HOE)

* GRIN components (soon!)

» Metasurfaces (soon!)

— Spherical, aspherical, freeform
- Diffractive

— GRIN components

- Metasurfaces




Paraxial Laser Beam Shaping

A4

Diffractive beam shaper
shape, size: round, 2mm x 2mm
phase levels: 16

1) 4 Viuminating Beam =lie s

Light View | Data View

1.2029 mm

-1.2029 mm

-1.2029 mm 1.2029 mm

target

plane

N

Light View \Zoom: 0.40192

illuminating beam
intensity

1f-setup

v

surrounding medium: vacuum

1) 6: Desired Top Hat =lie s

Light View | Data View

503,76 um

-503.76 um

-503.76 um 50376 um

Light View Zoom: 1.915

top hat intensity
(free of speckles)




All Tools Available in VirtualLab Fusion

Functions Catalogs

3 s oo
EWe & O

Gaussian Plane Quadratic Spherical Super{Gaussian
Wave Wave Wave Wave Wave

Basic Source Models

Edit Gaussian Wave [=]
Basic Parameters Spectral Parameters
Spatisl Parameters | Polarization | Mode Selection | Samping
[7] Generate Cross Section
[Hemite Gaussian Mode ~

Order 0 x 0
M2 Parameter 7] = 1
Reference Wavelength (Vacuum) 6328nm ¥
Select Achromatic Parameter.

Waist Radius (1/e"2) 500pm x 500 pm
(= Helf-Angle Divergence 0.023082 0.023082°
© (i)
© Rayleigh Length 12411 m 12411m
Astigmatism
Offset between y- and x-Plane 0m

Co Cal Copy to x-and y-Values

Default Parameter

[ CH(DQ[ Cancel | [ Help

m 9: Iterative Fourier Transformation Algorithm Optimization

== ]E=]

Specfication | Design | Analysis
Input Field Lé
\wiavelength 632 8nm

() Constant Input Field

Arbitrary Input Field

Transmission

Sampling Points 364 % 364
Sampling Distance Mum x 11 pm
P'DE of Continuous Phase-Only ~
Number of 16

Quantization Levels

Output Field Requirements
Signal Field

Signal Region

[] Signal Region = Signal Field
Allow Phase Freedom
Allow Scale Freedom

Limit Scale Factor According -
] to Goal Efficiency 100 %

Propagation

Type of P 3 -/ A-Setup -

Focal Length
Embed Frame Width

Pixelation Factor
Simulate Pixelation Exactly

Qutput Plane Sampling

Sampling Points 364 x
Sampling Distance 79021 pmx
Field Size 2.8764 mm x

[ Limit Stray Light
Maximum Relative Intensity
of Stray Light

[T] Limit Feature Size
Minimum Feature Size

Maximum Stray Light Intensity
for Higher Freguencies

50 mm

364
75021 um
2.8764 mm

2%

0%




IFTA Optimized Transmission

/Quantized to 16 levels to

enable lithographic

Data View

[B) 6: Optimized Transmission of DOE

[o]lE =]

pm

9955

-1.0065 mm

-1.0063 mm

3.1416

-3.1406

9955 pm

\fabrication.

[B) 6: Optimized Transmission of DOE

Data View

-28.928 pm

Jones Matrx Transmission

Phasze

Zoom: 1.3022 182x 182

E

=

m

oo

o

(=)

o J -3.1406
-39.577 pm 193.64 pm -

] [y F

Jones Matrix Transmission Phase Zoom: 10.33 182x 182




Result of Design

B 7: Cutput Field (3:)
Light View | Data View

1.4402 mm

-1.4402 mm

-1.4402 mm
Light Yiew

14402 mm

Zoom: 0.35518

Window Efficiency [%]
V| Conversion Efficiency [%]
{ V] Signal-to-Noise Ratio / dB
( | Uniformity Error [%]
2 Zeroth Order Intensity [%]
Zeroth Order Efficiency [%]

E

96.897799114995138
48.467698617696094
15.433530790091091

V| Maximum Relative Intensity of Stray Light [%] 1.5324463437275169

MMW

»

-

-~

uvgut-ﬂhﬁ-\JN\ﬁb—-\Vﬁu\,

%




Result of Design

[ 7: output Field (3:)

Data View

1.4342 mm

-1,4421 mm

-14421 mm

14342 mm

1.2582

0.62912

1.8033E-5

}}

0.4 0.6
Position [mm]

[ Window Efficiency [%] ~| 4
[¥] Conversion Efficiency [%] 96.897799114995138 7] §
Y Signal-to-Noise Ratio / dB ‘. 48.467698617696094 | i
{ [ Uniformity Error [%] | 15433530790091091 [=| £,
2 (7] Zeroth Order Intensity [%] {
(7] Zeroth Order Efficiency [%] _ iin %
[¥] Maximum Relative Intensity of Stray Light [%] | 1.5324463437275169 ~ 3
AN




Gaussian to Top-Hat (Non-paraxial): Functional Design

reference plane
I e 4

Gaussian wave
high NA (0.01)

|

|

| -
| -
|-

|

|

|

- target
- | plane

/




Gaussian to Top-Hat (Non-paraxial): Functional Design

. reference plane
Gaussian wave

high NA (0.01)

2mm

|
|
:
2mm input | el
}
|

30mm

mesh on
target plane

2mm

mesh on reference plane o N




Gaussian to Top-Hat (Non-paraxial): Functional Design

reference plane

Gaussian wave l The demanded phase
high NA (0.01)

manipulation follows directly
from mesh mapping.

30mm

mesh on

2mm target plane

mesh on reference plane s

30mm




Gaussian to Top-Hat (Non-paraxial): Functional Design

. functional embodiment
Gaussian wave

high NA (0.01)

2mm

\ irradiance

after the component

Irradiance 532 nm [mW/m*2]

E—

target
plane

irradiance at target plane

Irradiance 532 nm [pW/m*2]

0.1
DIDS
o
-0.01 o 0.01

X [m]

cross-section (normalized)

0 0.01

¥ [m]

-0.01

¥ [mm]

0.148
0
=]
o 0.074
0
T
o
-0.5 0 0.5

X [mm]

0.4 06 08

Irradiance 532 nm [W/m*2]

02

-0.01 o

Coordinate [m]

0.01




Gaussian to Top-Hat (Non-paraxial): Functional Design

Gaussian wave
high NA (0.01)

2mm

2mm

functional embodiment

I e 4
| -
| -
-
-
|
A
20mm ! 30mm
I\\\\\\\
input '}
plane { T
:\
irradiance
after the component
Irradiance 532 nm [mW/m#2]
[1 nas0

E—

target
plane

¥ [mm]

Resolution of pattern
limited by NA of system.

irradiance at target plane

Irradiance 532 nm [pW/m*2]

5s-section (normalized)

= d
< O

-05

0.5 0 05
X [mm]

-0.01 o 0.01

Coordinate [m]




Gaussian to Top-Hat (Non-paraxial): Freeform Surface Design

irradiance at target plane

Irradiance 332 nm [uW/m*2]

0.094
- DID‘W
o
-0.01 o 0.01

X [m]

target
plane

C—

Y [m]
0 0.01

-0.01

cross-section (normalized)

0.8

Gaussian wave freeform e
high NA (0.01) element -
€
c Y S
N 20mm 30mm
I T
Irradiance 532 nm [mWw/m~2]
0.638
0.054
0.319—5 - —
o | o

-1 0 1

X [mm]

X [mm]

Height Profile
(2D Contour line)

irradiance behind the surface

Irradiance 532 nm [W/m=2]
04 0.6

0.2

-0.01  -0.005 o 0.005  0.01

Coordinate [m]




Elliptical Gaussian to Top-Hat: Freeform Surface Design

Gaussian wave freeform >
high NA (0.01)
element -

irradiance at target plane

Irradiance 332 nm [PW,/m*2]

0.204
| G- w W
X [m]
target
plane

cross-section (normalized)

015

AN
30mm
I \\\\‘
0.636 532 nm [mW/m#2]
0.075!
0.318 0.037!
]
0 (mm]
X [mm] X [mm]

Height Profile
(2D Contour line)

532 nm [w/m* 2]
0.1

05

o

{=]
@
2
5 =
2 3@
i
E

-0 D‘\ 0. DD D DDD D‘D
Coordinate [m]

irradiance behind the surface




Plane Wave to Far Field Pattern (Non-paraxial)

target
) plane
optical
element o
plane T
wave 7
i ___________ > 100mm
14mm O ]
T ——————————— >
input plane
e N

target irradiance
distribution

wwogi

150mm




Plane Wave to Far Field Pattern: Functional Design

target
reference plane
plane 4
plane | T
i wave | .
|
14mm B :Lv__,_.__,_JQQEn_.rD ________
i ) eEEE
I - -
input plane | Vv v T YAVAVAYAPAV vy
T I ATAI ]
\150mm A PR
75 - Bt .
o
mesh on
15 70 target plane
-15 0 15mm
I -150 -
mesh on input plane e A e s S




Plane Wave to Far Field Pattern: Functional Design

target
i lane
functional P
component >
plane e
L wave T
,,,,,,,,,, . 100mm
14mm ——————
—————————— >
T Irradiance 532 nm [W/m#*2] Absolute Value of Error [W/m#2]
_ T 1 05
input plane T
\\\* § g 4
i 'g o |
)E: o 0.5 i~ 0.25
g 8-
CIP S
0 ; ; ; 0
-0.05 0 0.05 -0.05 0 0.05

X Imil i

irradiance at target plane  error from target irradiance
(normalized)




Plane Wave to Far Field Pattern: Functional Design

target
functional plane
olane component P Resolution of pattern limited
L wave by design assumptions.
,,,,,,,,,, 100mm
14mm —————- : _______________________________________________________________________
T 7777777777 > Irradiance 532 Absolute Value of Error [W/m#2]
| R 1 0.5
input plane T B
—, 2 8
E o 0.5 g o 0.25
) 0

T T T
-0.05 0 0.05
X [m]

-0.05 0 0.05

X Iml

irradiance at target plane  error from target irradiance
(normalized)




Plane Wave to Far Field Pattern: Freeform Surface

Ray tracing

Field tracing

Irradiance 532 nm [W/m*2]

“
¥ [m]

1
— 3
o
b
A o 0.5
.
9
\. o p—
' <
' 0
-0.05 0 0.05

X [m]

irradiance at target plane

X [mm]

Height Profile (normalized)
(2D Contour line)




Gaussian to Top-Hat: Functional Design

the output NA = 0.4

Gaussian wave v
high NA (0.01) HOE
£
E —fm————— e B ]
. target
- | plane

The demanded phase
manipulation follows directly
from mesh mapping.




Gaussian to Top-Hat: Structural Design by HOE

Gaussian wave
high NA (0.01)

d

[ —
2mm

m

the output NA =~ 0.4

HOE
- e
local grating: sawtooth type |
-
A
v

target
plane

HOE: Holographic Optical Elements




Gaussian to Top-Hat: Structural Design by HOE

Gaussian wave
high NA (0.01)

2mm
Kk
|
|

the output NA =~ 0.4
HOE

20mm 30mm
target
t » | plane
irradiance behind HOE /_ -

[mwy/mA2]

0.136 0.05
|| Lk — Ly
o (=
E E
0.068 E = 0.025 E ©
> >
L n
€ =
o o
[mw/m~2]
-0.5 o 0.5

0. 0 0.
X [mm] X [mm]
0 order +1order




Gaussian to Top-Hat (Non-paraxial): HOE

ray tracing result with HOE (with the working order of -1 order)

R 1 order k- 0 order k-

+1 order




Investigate Rayleigh Coefficient

Gaussian wave
high NA (0.01)

Modeling with Fourier Modal
Method (FMM)

cross-section profile

@au

E _a
£ . - ZE
N[. ‘ Q|
“2mm target -e % =
- | plane o % =
-~ @
, 2
~_A_Ex Component behind HOE -
- I
Amplitude of Ex-Component [V/m] Amplitude of Ex-Companent [V/m] Amplitude of Ex-Component [V/m] &
O g
0.321 0321 ol ()] S

. . . O | :

S S = | . E =
E = E O g °
E ° ei 0.160 E o 0.160 g o 0160 o é =

-0.5 . [r[r:m] 0.5 -0.5 ) [::m] 0.5 -0.5 . [im] 0.5
-1order 0 order +1order o
o |
T | &3
N
the Rayleight coefficient along the cross-section O 3=
. . . ~— | =
is compared with the result from Grating Toolbox + 5

T T T T T T
0.1 02 0.3 0.4 0.5 0.6




Gaussian to Top-Hat (Non-paraxial): Structural Design by HOE

Gaussian wave - | target
ussian wav |
high NA (0.01) HOE prane

|

E B R el LT RTNUOUIDSUIPRUIPY O PSS

_ 20mm 30mm

Unwanted electromagnetic
effects in HOE too strong for
small local periods (high NA). »

irradiance on target plane ' __

0.065 0.065 0.065
5 : T
= i
- - I i
00425 E o 00325 E ! 0.0325
- = i §
! 4
Y _ i |
o > - -
= - -
0.02 0 0
A . [mw/m-*2] 001 0 001 [mw/m*2) ]

-0.01 0 0.01
X [m] X [m] X [m]

0.01

0

0.01

~1order O order +1order




Gaussian to Top-Hat (Non-paraxial): Lens + HOE

Gaussian wave
high NA (0.01) spherical
lens

2mm

target
plane

Hybrid solution:

» Spherical lens provides major
divergence power

« HOE controls/introduces aberrations




Gaussian to Top-Hat (Non-paraxial): Functional Design

Gaussian wave

high NA (0.01) spherical
lens
E | B
=
o 20mm ‘\_»
S ~—
2mm
/

target
plane

-542 [A]

o -1 o 1 2

x [mm]

wavefront behind spherical lens

8.785

the Peak-to-Valley
wavefront error is
35.831

-9,13 [A]

-2 -1 0 1 2

% [mm]

wavefront error
with respect to spherical wavefront




Gaussian to Top-Hat (Non-paraxial): Functional Design

Gaussian wave

high NA (0.01) splherical
ens

20mm ‘\

target
plane

f

« Energy conservation: mesh mapping

¥

 Demanded phase for wavefront change
is known.




Gaussian to Top-Hat (Non-paraxial): Structural Design

Gaussian wave _ e
high NA (0.01) spherical
lens
-p
— S 30mm ________________________
HOE \ target
| plane

local grating: sawtooth type




Gaussian to Top-Hat (Non-paraxial): Structural Design

Gaussian wave _ -
high NA (0.01) spherical
lens
—mm | V& 3omm =
HOE \ target
| plane

local grating: sawtooth type




Gaussian to Top-Hat (Non-paraxial): Lens + HOE

The result irradiance on target plane is compared with the previous case without the lens.

0.065 0.065 0.065
g 5
= o
WIthOUt the |enS s geS £ 0.0325 £ 0.0325
- - =
5 5
S =
0.02 0
[W/m~2] W/ma2) . 3 e W/m~2)
X [m] % [m] T
LoEe 7.5€-09 7.5€-09
=) = -
b= )= b=
. E o 3.75608__E o e 15 E 5 —
—  withthelens  * >
=) 5 =
0
-0.01 0 0.01 ] W/mA2] [W/m=~2]
(] X [m] X [m]

-1order O order +1order




Diffractive light shaping by vortexes

Shaping by diffraction



Light Shaping Task: Donut Mode

Target plane with

Light shaper shaped light
|:> Source |:> |:> Manipulated |:>
mode mode
« Laser
Manipulation of Shaped field quantities
» Wavefront « Complex field

vortexes




Light Shaping Task: Donut Mode

Target plane with

Light shaper shaped light
|:> Source |:> |:> Manipulated |:>
mode mode
« Laser
Manipulation of Shaped field quantities
» Wavefront « Complex field
« Other phase terms, e.g. « lIrradiance

vortexes




Light Shaping Task: Donut Mode

Source
Source
mode
* Laser
B 72 Input Field (55:) [of 7%=

Light View  Data View

3.0025 mm

-3.0025 mm

Position [mm]

Globally Polarized Harmonic Fie Amplitude  Zoom: 0.21732

(1201; 1201

Light shaper

Manipulated
mode

> | ®

Manipulation of

« Wavefront

* Other phase terms, e.g.
vortexes

Target plane with
shaped light

0>

Shaped field quantities
* Complex field
» Irradiance

B 79: Desired Output Field (55:)
Light View Data View

728.2 ym

o

-719.34 ym

-639.69 pm

<

636.03 pm

0.49961

[=1

M.

o [}.83
% 04
<
0 T T
0 200 400

Posit

Globally Polarized Ha Squared Amplitude

ion [um]

Zoom: 0.85071

T T
600 800

(1201; 1207)




Light Shaping Task: Design by Wavefront Control

Target plane with T ©1: Raw Data Detector 2600 after 1f-Setup 22 (7) (.. |- ||| [me)
Light shaper shaped light Light View  Data View
Source |:> |:> Manipulated |:> -
mode mode
« Laser
I8 7 ot i 55) —— Manipulation of Shaped field quantities
S s) Do Yo « Wavefront + Complex field §
* Other phase terms, e.g. » Irradiance Ry ppe—

3.0025 mm

vortexes
4
z2
0

T T T T T T T T
— 0 0.4 0.8 1.2

Position [mm)]

Globally Polarized Hamor Squared Amplitude  Zoom: 1.0002 (257. 257)

-3.0025 mm

Change to diffractive phase for
manipulation

Position [mm)

Globally Polarized Hamonic Fie Amplitude  Zoom: 0.21732 (1201; 1201




Light Shaping Task: General Phase Control

Source Source
mode
* Laser
= Ech |

B 78: Input Field (55:)
Light View  Data View

3.0025 mm

E
E
w
8
S
b

-3.0025 mm 3.0025 mm

0.8 3 /\

<04

0 L) T L} T T T T T T

24 32

Globally Polarized Hamo

nic Fie Amplitude  Zoom: 0.21732 (1201; 1201

0.8 1.6
Position [mm)

Light shaper

> | ®

Manipulation of
« Wavefront

Manipulated
mode

» Other phase terms, e.g.

vortexes

Target plane with
shaped light

0>

Shaped field quantities
* Complex field
* Irradiance

Change to complex amplitude
In target

I 81: Raw Data Detector £600 after 1f-Setup 22 (T) (... |- |- = [m3m)
Light View Data View

1.0163 mm

E
=
m
w
)
-1.0285 mm 1.0285 mm
4
o~
<2
0 ] 1 I Ll T Ll L ]
0 0.4 0.8 1.2

Globally Polarized Harmor Squared Amplitude  Zoom: 1.0002

Position [mm]

(257; 257)




Light Shaping Task: General Phase Control

Light shaper

|:> |$ Manipulated
mode

Manipulation of

« Wavefront

» Other phase terms, e.g.
vortexes

71 85: Single Phase Disocation Fe ]

Data View

Target plane with
shaped light

—

Shaped field quantities
« Complexfield
* Irradiance

Source
Source
mode
+ Laser
- 78 Input Field (55:) = T‘:ﬂ‘@
Light View  Data View
1.0002
: 2
E
n
o
8
™
0.50009
E
E
n
]
S
~
’ 0
-3.0025 mm 3.0025 mm
0183 /\
<04
0 L T L T T T T T T
0 0.8 16 24 3.2
Position [mm)]
Globally Polarized Hamonic Fie Amplitude  Zoom: 0.21732 (1201; 1201)

150 pm

150 pm

3.1406
g -EE--"
-3,1416
-130 pm 130 pm

Jones Matrix Transmission Phase Zoom: 1.2667 (195 195)

Il 25: Raw Data Detector 2600 after 1f-Setup 22 (T) (... |- |-

Light View Data View

~
E
=
M
m
(3]
E
=2
o
-
un
o
-142.49 pym 147.04 ym v
< >
*= 3
~92
< ®1
[} Ll ] Ll ] Ll ] Ll
0 80 160 240

Position [pm]

Globally Polarized Hamor Squared Amplitude  Zoom: 2.4573 (545; 945)




Light Shaping Task: General Phase Control

couree Source
mode
+ Laser
I 72 Input Field (55:) =3 R =

Light View  Data View

3.0025 mm

-3.0025 mm

-3.0025 mm 3.0025 mm

1.0002
. i
0

Light shaper

=

Manipulated
mode

=

Manipulation of

« Wavefront

» Other phase terms, e.g.

03; /\
<04
0 L T L T T T T T T
0 0.8 1.6 24 3.2
Position [mm]
Globally Polarized Hamonic Fie Amplitude  Zoom: 0.21732 (1201; 1201)

vortexes
7] 85: Single Phase Distocation Fe ]
Data View
E 3,1406
-5E-4
=
2
-3.1416
-150 pm 150 pm
Jores Matex Transmission Phase Zoom: 12667 (195 135)

Target plane with
shaped light

0>

Shaped field quantities
« Complexfield
* Irradiance

I 26: Raw Data Detector #600 after 1f-Setup #2 (T) (... [-= |-G |[3m)
Light View Data View

1.0542 mm

-1.0542 mm

0 0.4 0.8 1.2 1.6
Position [mm]

Globally Polarized Harmonic Field Phase Zoom:0.31216 (945; 945)




Diffractive light shaping by coherent superposition

Diffractive beam splitter and diffuser



Light Shaping Task: Functional Design

_ Target plane with
Light shaper shaped light

|:> Source |:> |:> Manipulated |:>
mode mode

* Laser

» Laser diode

- LED
« OLED

Shaped field quantities
 lrradiance

 Lamp
* Natural light

Deflection of incident mode by
linear phase.




Light Shaping Task: Functional Design

Target plane with

Light shaper shaped light

BB = o | o e o
mode mode

’ Lase r [ 50: Virtual Screen #600 after Linear Phase #1 (... = | = |[eZ3s]
® Lase dOde Light View | Data View
. LEDr | Manipulation of .| Shaped field quantities
« OLED * phase swe |« |rradiance
« Lamp

* Natural light

-3.1406

-289.95 um

-260.04 ym 25774 um

Globally Polarized Harmonic Field  Phase Zoom: 4.422 109x 73




Functional Design: lllustration of Deflection

DOE

\

/

Phase of transmission

m 22: Virtual Screen #600 after Linear Phase #1 (... EI@
Light View | Data View

g

(=2

L

-

L

L

£

(=2

L

-

L

L

-554.59 uym 55459 um

Globally Polarized Harmonic Field  Phase  Zoom: 47193

57x 57

Lateral Reshapi%

Intensity in target

m 44: Virtual Screen #601 after Field Size and 5a... EI@

Light View | Data View

2.5061 mm

2.5061 mm

-2.5061 mm 25061 mm

Light View Zoom: 1.4019




Functional Design: lllustration of Deflection

DOE

\

/

Phase of transmission

m 52: Virtual Screen #600 after Linear Phase #1 (... EI@
Light View | Data View
g 31416
w
o
o
o
(3]
5E-4 £
£
=1
L
[=>]
@
a
o
-3.1406
-260.04 pm 25774 pm =
1] ] r
Globally Polarized Harmonic Field Phase Zoom: 3.3241 145x 57

Lateral Resha pi@

Intensity in target

[IE) 46: Virtual Screen #601 after Field Size and Sa... | = || & |34
Light View | Data View

2.5061 mm

-2.5061 mm

-2.5061 mm 25061 mm

Light View Zoom: 1.4019




Functional Design: lllustration of Deflection

DOE

\

/

Phase of transmission

Lateral Resha pi@

m 50: Virtual Screen #600 after Linear Phase #1 (... EI@
Light View | Data View

202 26 ym

-289.95 um

-260.04 pm 25774 pm

Intensity in target

Light View | Data View

m 51: Virtual Screen #601 after Field Size and 5a... EI@

2.5061 mm

Globally Polarized Harmonic Field ~ Phase Zoom: 4.422 109x 73

-2.5061 mm

-2.5061 mm

25061 mm

Light View

Zoom: 1.4019




Functional Design: lllustration of Deflection

DOE

\

/

Phase of transmission

Lateral Resha pi@

Intensity in target

[IE) 52: Virtual Screen #601 after Field Size and Sa... | = || & |34
Light View | Data View

2.5061 mm

m 57: Virtual Screen #600 after Linear Phase #1 (... EI@
Light View | Data View
g 31416
w
o
o
o
(3]
5E-4 £
£
=1
L
[=>]
@
a
o
-3.1406
-260.04 pm 25774 pm =
1] ] r
Globally Polarized Harmonic Field Phase Zoom: 8.4561 57x 117

-2.5061 mm

-2.5061 mm 25061 mm

Light View Zoom: 1.4019




Functional Design: lllustration of Deflection
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/

Phase of transmission

Lateral Resha pi@

Intensity in target
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Functional Design: Coherent Sum of Linear Phases

DOE

\

Phase of transmission

/

[ 65: Add (58:, 63:)

Light View | Data View

[E=R ECR =<3
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92 221 pm
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Intensity in target

Light View | Data View

m 68: Virtual Screen #601 after Field Size and 5a... EI@
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Basic Design Situations: Splitting

[ 68: Virtual Screen #601 after Field Size and Sa... [ = || = |[wE3a]
Light View | Data View

« Spots in target pattern do not
overlap: diffractive beam splitter

« Spots overlap in target patten:

- diffractive diffuser
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-134.86 ym 134.86 ym




Basic Design Situations: Splitting

« Spots in target pattern do not
overlap: diffractive beam splitter

« Spots overlap in target patten:

- diffractive diffuser

-134.86 ym

-134.86 pm 134.86 ym




Shaping by “Beam Scanning”

Phase Amplitude

Intensity in Target Plane




Functional Design: Iterative Fourier Transform Algorithm

Am plltude

Advanced diffractive ‘ Design technique (IFTA)
optics design techniques iImplemented in VirtualLab

« Satisfaction of phase-only constraint

* Quantization of phase values for
lithographic fabrication




Structural Design: Height Profile Calculation

Advanced diffractive ‘ Design technique (IFTA)
optics design techniques iImplemented in VirtualLab

i N ol o P
-uc'u’-:'{—.:-d ‘:/;{ b L=
Y L A

=

Fabricated at IAP, University of Jena




Feature Sizes of Element

about 400 nm

4 height levels




Optical Experiment

Jena’s ,Skyline’




Comments on Diffuser Technology

Very flexible in light pattern generation
Robust against adjustment problems
Coherent light leads to speckle pattern
Diffusers work for partially conerent beams

Partially coherent beams smooth the speckle
pattern; effect can be simulated with VirtualLab™




lllumination: Virtual Keyboard for PDA’s




Face ID and General 3D Sensing

Paraxial Beam Splitter

{

-

Intel Coorperation

Non-Paraxial Beam Splitter




High NA Beam Splitter by Two DOE'’s

i}

|

paraxial beam
splitter

|

Parameter Value & Unit
number of orders 11x11

order separation 1x1°

period 30.35x30.35um
pixel size 690x690nm

discrete height levels 8
material fused silica

Paraxial Beam Splitter




Specification: Second Beam Splitter

|

high-NA beam
splitter

|

Parameter Value & Unit
number of orders 5x5

order separation 11x11°
period 2.73x2.73um
pixel size 130x130nm

discrete height levels 8
material fused silica

Non-Paraxial Beam Splitter




Results: Spot Diagram

E ol
s
combination of both beam
splitter generate 55x55 S 1
order with 55x55° full , , : : : , ,
opening spread -06 -04 -0.2 0 0.2 0.4 0.6
\_ J X [m]

spot diagram




Results: Output Evaluation with FMM

[ BB 95: Virtual Screen #602 after Beam Splitter Il 55 11° Separation #4 (T) (Field Tracing 2nd Generation... = || =[]
Ray Distribution
Amplitude of Ex-Component [V/m]
0.0144
&
o
=
o
o 3
ey
Eo ik % 0.008803...
> s33iiss

= .»0*
. . 5
~ VirtualLab Fusion | “

.
enables the design and 3
. 0.003189...
full analysis i ) BB B B 8
X [m]




Shaping Radiation of VCSEL Array

VCSEL
Array

Diffuser

0o {- CW

Normalized Intensity
=)

Pulsed

-150 4120 00 -60 -30 00 30 60 90 120 150
Divergence Angle (Degrees)

Figure 7 Far field beam profile from a 2D VCSEL array when driven CW and pulsed

Collimation?

100mm

Summary

+ Al xampies intalk wers provided
b twase

LightT

Services

Visitus at Hall 3.0, Booth B63



Simulation of a VCSEL Array

VCSEL Radiant Energy Density [V/m?]
Array | 0.879...
— ‘ A g
100mm o
{0 0 ®@ 00 0000 000 000 o

0.2
-40 <20

0.1
-60

Y [mm]
0

® ® © 0 0 0000 000 0 00
i .......................0...... -60 -40 -20 0 20 40 60
i ® 0 0 000 0000 000 00

©€90600600000904 The VCSEL array consist of 15x15

10000000000 cccce VCSEL with a pitch of 50umx50um and
! ' ! ' ' ' ! 1 .
03 02 01 o o1 o2 o3 o4 anangle of 60°for the hexagonal grid.

X [mm]

-0.1

X [mm]

-0.2

-0.3




Simulation Result without Collimation

Radiant Energy Density [V/m?]

|
0.599... =
|
|
=
|
|
E 0.299..
>
VCSEL
1..E10 ‘ ) | )
0.2 -0.1 0 0.1 0.2 100mm
X [m]

Diffuser




Simulation Result with Collimation (NA 0.12)

Radiant Energy Density [V/m?]

0.585...

0.292...

Y [m]

Ideal
VCSEL [ens
2. E10 “ ) | )
0.2 -0.1 0 0.1 0.2 100mm

Ll Diffuser




Simulation Result with Collimation (NA 0.24)

Radiant Energy Density [V/m?]

0.421...

0.210...

Y [m]

|deal
VCSEL | ens

—
100mm

—>

Diffuser

2....E-09

| =

-0.2 -0.1 0 0.1 0.2
X[m]




Simulation Result with Collimation (NA 0.24)

Radiant Energy Density [V/m?]

|
0.166... |
.
|
|
.
|
E 0.083...
|deal
VCSEL Lens
‘ ) | ) —‘
5t _ 100mm
Diffuser
-0.2 -0.1 0 0.1 0.2
X [m] —

-- racng ( geomedic zones of 3
system)

« Al eramples in Lk were provided




Light shaping by lateral decomposition

Elementary cell array components



Array of Deflectors

DOE

i

Lateral Reshaping

Phase of transmission Intensity in target
D 68: Virtua! Screen #601 after Field Size and Sa... |- | 5

Besasapneny 0 |[ol@
Light View| Data View Light View | Diata View:

1006 pm

-2.5060 mm

25184 mm

2221 um

-2.5184 mm

-90.84 um
T 1 7306

Liokt Viwwr

Glrhaly Prlsdsad Harmonic Fald Phacs  Zasm- Q 401 145+ 117




Array of Deflectors

DOE

i

I

Phase of transmission Intensity in target
[ 65 Add (59: 63) SIIF D 68: Virtua! Screen #601 after Field Size and Sa... |- | ). |5
Light View | Dt View Light Veew | Diata View

.. ' Deflection can be done by

gratings, prisms, mirrors.

Glrhaly Prlsdsad Harmonic Fald Phacs  Zasm- Q 401 145+ 117




Task/System lllustration

cell array structure

built up with

e prisms

« gratings 7_

*  mirrors

Cell Array

Element

spherical wave
(point source)

= BNA v aa_1 _-_HD.__'/




Specification: Light Source

I, i |

Y/ If { W \

I [ I \ \
A/ Y
S=rawas g s Hﬁ.

Parameter Description / Value & Unit
type RGB LED

emitter size 100x100um

wavelength (473, 532, 635)nm
polarization right circularly polarized light
number of lateral modes 3x3

Total number of lateral and 27
spectral modes




Specification: Cell Array

Parameter Value & Unit
number of cells 100x100
cell size 125x125um

array aperture 12.5x12.5mm




Results: 3D System Ray Tracing

8 48: Ray Distribution 3D =Nl ==

3D Miew 2D View

23.00037846 mm
P




Results: Grating Cells Array

B 55: LTG Logo After GCA #601 after Grating Cell Array => LTG Logo #1 (T)... [-= |- & |[s3s]

Ray Distribution
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effects occur
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Results: Prism Cells Array

B8 52: LTG Logo After PCA #600 after Prism Cell Array => LTG Logo #2(T) (... =~ |-&

B -r-_'r_’;-f'- i Ray Distribution
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I 53: LTG Logo After PCA 2600 after Prism Cell Array => LTG Logo 22 () (... [ |[-@-|[5e)
Chromatic Fields Set

attern
or view)

the dispersion is
significantly reduced by
using prisms

(real




Results: Mirror Cells Array

spot diagram

Ray Distribution

Position

..v"""'

-g\z@HTTaAﬁs
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n 51: LTG Logo After MCA 2602 after Mirror Cell Array => LTG Loge #3 (R) ... | = | (=] IE'
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lor view)
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approach no dispersion
effects occur
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Light shaping by lateral decomposition

Lens and freeform array components




Array of Micro-optical Components

|

Lateral combination of
elementary light shaping

solutions

dision | 4976033334 ym| Minimum [ 4464411663 m| Maximum 5116217317 ym

| Close | | Help




Task/System lllustration

LED + collimation aperiodic refractive beam camera detector
optic shaper array (aBSA)

| f 1 |

A

50mm | Angular Spectrum (Far Field)




~_Specs: Light Source

Highlights

» fast and accurate modeling of a white
light LED

* design and analysis an aperiodic
refractive beam shaper array to
optimize a top hat intensity pattern

-

o
]

o
=

Intensity Weight [a.u.]
o
o

o
(]

o

370 420 470 520 570 620 670 720 770
Wavelength [nm]

——Measured Spectrum from Fabricator —-e—Sampled Spectrum —=—Integrated Spectrum




Results: Intensity Pattern (real color view)

ky [1E6 1/m]

a
:

=

] 1 ]
-1 0 1
kx [1E6 1/m]

2

ca

ky [1E6 1/m]

periodic microlens array

3 -2 1 0 1 2 3
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Summary

» Fast physical optics is as fast as
ray tracing ( geometric zones of a
system)

« Fast physical optics enables
numerous innovative solutions in
light shaping.

« All examples in talk were provided
by VirtualLab Fusion software.

VirtualLabrusion

* LightTrans International:
Consulting and Engineering
Services

Visit us at Hall 3.0, Booth B63




