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Connecting Field Solvers

Fast physical optics modeling and design in
VirtualLab Fusion by:

Connecting specialized field solvers in different
regions of the system.

VirtualLab Fusion is platform for in-built and
customized solvers.

Often as fast as ray tracing and can be even
faster than Monte Carlo ray tracing.

@

Fast physical optics with VirtualLab Fusion
provides new insights and innovative
solutions in optical modeling and design.

VirtualLabrusion

Typical speed of all modeling
and design tasks in talk:
a few seconds to <1 min

www.lighttrans.com



Fast Physical Optics Software VirtualLab Fusion
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Our Mission:

Providing fast physical-optics
software tools and workflows for
modeling and design in optics and
photonics.

Current developments in:

Flat optics including coatings, gratings, DOEs,
diffusers, holograms, metasurfaces, component
arrays

Lenses and freeform optics
Imaging & beam transformation
Light shaping & non-imaging optics
Microscopy and focusing

Optical metrology and sensors
Femtosecond pulse systems

Fiber optics

LiDAR

Light guides for AR/MR

Scattering and BSDF

www.lighttrans.com



Content of Webinar

The webinar provides insights regarding

* QOur R&D and product developments in
— Physical-optics design Y
~ Flat and freeform optics VirtualLabsusion

« Related software tools in VirtualLab Fusion

— Current version
— QOutlook 2021: new techniques and tools

All examples in webinar are done with the
in-house version of VirtualLab Fusion!

www.lighttrans.com



Structure of Webinar

Why physical optics in design?
Optical design in physical optics terms
Diffractive Optical Elements (DOE)

— Design
— Modeling
— Fabrication data VirtualLab Fusion 2021

* Design examples

VirtualLabrusion

HY:




Importance of Physical Optics

« Optical lens design is dominated by ray optics and
specific well-established workflows.

* The inclusion of freeform surfaces has led to some
new challenges like broken symmetries and large
number of free parameters.

* The inclusion of flat lenses requires a seamless
combination with physical-optics modeling.

« We suggest to go a step further: physical optics may
give a fresh view and new ideas to optical design
beyond conventional routines.

1831 - 1879

V x E(r,w) =iwugH (r,w)
V x H(r,w) = —iwegé,(r,w)E(r,w)

V. (Er(r,w)E(r,w)) ~ 0
V-H(r,w)=0

www.lighttrans.com



Importance of Physical Optics

* Physical optics may give a fresh view and new
iIdeas to optical design beyond conventional
routines:

« Algorithms to design freeform surfaces beyond
parametric optimization.

« Systematic inclusion of flat optics components
including all desired and detrimental effects.

« Evaluation of the potential and limitations of flat
optics.

1831 - 1879

V x E(r,w) =iwuyH(r,w)
V x H(r,w) = —iwegé,(r,w)E(r,w)

V. (ér(r,w)E(r,w)) ~ 0
V-H(r,w)=0

www.lighttrans.com



Freeform and Flat Optics

: !Dhys|cal Op’FICS may give a fresh view a.nd new T ——
iIdeas to optical design beyond conventional revolution in camera design
routines: e B

* Algorithms to design freeform surfaces beyond a7 January 2018
parametric optimization.

« Systematic inclusion of flat optics components
including all desired and detrimental effects.

« Evaluation of the potential and limitations of flat
optics.

“Is it possible to replace a bulky glass system
by one metalens (flat lens)” ?

https://www.nbcnews.com/mach/science/

www.lighttrans.com



Freeform and Flat Optics

* Physical optics may give a fresh view and new
iIdeas to optical design beyond conventional
routines:

« Algorithms to design freeform surfaces beyond
parametric optimization.

« Systematic inclusion of flat optics components
including all desired and detrimental effects.

« Evaluation of the potential and limitations of flat
optics.

“Is it possible to replace a bulky glass system
by one metalens (flat lens)” ?

Optica, June 2019
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The advantages of metalenses over
diffractive lenses

Jacob Engelberg® ' & Uriel Levy® '™

Nature Communication, April 2020
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Freeform and Flat Optics

* Physical optics may give a fresh view and new
iIdeas to optical design beyond conventional
routines:

« Algorithms to design freeform surfaces beyond
parametric optimization.

« Systematic inclusion of flat optics components
including all desired and detrimental effects.

« Evaluation of the potential and limitations of
freeform and flat optics.

‘Metalens' breakthrough may bring a
revolution in camera design

Physicists say wafer-thin device can do the job of today's bulky glass lenses.

Jan. 3, 2018, 7:13 PM CET / Updated Jan. 3, 2018, 7:13 PM CET J 201 8
By Rafi Letzter, Live Science a n u a ry

A Revolution in Imaging
Optical Design

Kevin P. Thompson and
Jannick P. Rolland

OPN Optics & Photonics News,
2012
June 20 June 2012

www.lighttrans.com



Freeform and Flat Optics

* Physical optics may give a fresh view and new ‘Metalens' breakthrough may bring a
iIdeas to optical design beyond conventional revolution in cameradesign
routines:

- Algorithms to design freeform surfaces beyond s January 2018
parametric optimization. form

. : : e

« Systematic inclusion of flat optics components e faces
including all desired and detrimental effects. Optica\ ©

« Evaluation of the potential and limitations of

. A Revolution in Imaging
freeform and flat optics. Optical Design

Kevin P. Thompson and

Strategies and modern tools to investigate and |
exploit the potential of freeform and flat optics OPN Optics & Photonics News,
by physical optics. June 2012

www.lighttrans.com



Freeform and Flat Optics

* Physical optics may give a fresh view and new
iIdeas to optical design beyond conventional
routines:

« Algorithms to design freeform surfaces beyond
parametric optimization.

« Systematic inclusion of flat optics components
including all desired and detrimental effects.

« Evaluation of the potential and limitations of
freeform and flat optics.

WYROWSK|
VirtualLabrusion
FAST PHYSICAL OPTICS SOFTWARE

Strategies and modern tools to investigate and VirtualLab Fusion 2021
exploit the potential of freeform and flat optics
by physical optics.

www.lighttrans.com



Structure of Webinar

Why physical optics in design?
Optical design in physical optics terms
Diffractive Optical Elements (DOE)

— Design
— Modeling
— Fabrication data VirtualLab Fusion 2021

* Design examples

VirtualLabrusion
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Structure of Webinar

* Why physical optics in design?
Optical design in physical optics terms
Diffractive Optical Elements (DOE)

— Design
— Modeling |
— Fabrication data VirtualLab Fusion 2021

* Design examples

VirtualLabrusion

HY:




Light Representation in Physical Optics

* In physical optics light is described by vectorial electromag-

netic fields.
e 2T
* The electric field is denoted by the three components A= —n
w
E.(r,w)
E(r,w) = | Ey(r,w)
E.(r,w)
[ E=} 16: “Electromagnetic Field Dletector" (#600) (S... [-=-|[-B- |3 1
« The components typically possess a common wavefront e
phase ¥ (r,w) and we write Smooth Wavefront phese (ac)
Uy(r,w)
E(r,w) =U(r,w)exp (ip(r,w)) = [ Uy(r,w) | exp (ig(r,w)) , :
U,(r,w) -
W|th (6 — ,fB, y, Z) = : o -16.089
Y(r,w) = arg (Eg(r,w)) — arg (Ug(r,w)) .




Light Representation in Physical Optics: Example

Zemike & Seidel  Electromagnetic Field
Gaussian Wave Aberrations Detector
| ) P> O; R R R TR Field Quantities
L—f
0 1 600 (O Amplitude Only (® Amplitude and Phase
Z0mm Z0mm
Wavefront Phase Extract [] Show Separately
|
| |
E 5 Field Detector” (2600) aft... [ = || &@ |[ 23] E 7 [ | @] =] B - eld Detector” (£ 600) (S ‘D-iE“ﬁEii
Electric Field Electric Field Numerical Data Array
Diagram Table Value at (xy) Diagram Table Value at {x.y) Diagram Table Value at (xy)
Amplitude of “Ex-Component” [V/m] Phase of “Ex-Component” [rad] Smooth Wavefront Phase [rad]
1.0384 3.1377 12.915
o~ o~
o o
E E E 0
E 0.5192 E o 0 E ©
> - >
o o
= =]
0 -3.1416 -16.089
02 0 0.2 -0.2 0 0.2

X [mm]

X [mm]




Light Representation in Physical Optics: Example

E.(p)

U, (p)| exp (iarg(Us,)(p)) exp (i (r,w))

0

[ !
- N Al ——
B : (s @][=]| B®17 [o|[@|[= ]| B . o |[®@]=
Electric Field Electric Field Numerical Data Array
Diagram Table Value at fcy) Diagram Table Value at (x.y) Diagram Table Value at {x.y)
Amplitude of “Ex-Component” [V/m] Phase of “Ex-Component” [rad] Smooth Wavefront Phase [rad]
1.0384 31377 12,915
S o
L= o
5 £ E °
E © 0.5192 E o 0 E
> > >
- o
+ =
-3.1416 -16.089
-0.2 0 0.2 -0.2 0 0.2

X [mm]

X [mm]

X [mm]




Light Representation in Physical Optics: Example

E.(p)

U, (p)| exp (iarg(Us,)(p)) exp (i (r,w))

X [mm]

X [mm]

X [mm]

|
|
- N Al ——
B : (s @][=]| B®17 [o|[@|[= ]| B . o |[®@]=
Electric Field Electric Field Numerical Data Array
Diagram Table Value at fcy) Diagram Table Value at (x.y) Diagram Table Value at {x.y)
Amplitude of “Ex-Component” [V/m] Phase of “Ex-Component” [rad] Smooth Wavefront Phase [rad]
1.0384 31377 12,915
S o
L= o
5 £ E °
E © 0.5192 E o 0 E
> > >
- o
+ =
0 -3.1416 -16.089
-0.2 0 0.2 -0.2 0 0.2




Light Representation in Physical Optics: Example

E.(p)

U, (p)| exp (iarg(Us,)(p)) exp (i (r,w))

|
[
- N Al ——
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Electric Field Electric Field Numerical Data Array
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Design Scenarios: Field Transformation

Input fields (index «) Output fields (index «)
E™(p,w,a) =U™(p,w,a)exp (™ (p, w, @) E°"(p,w,a) =U"(p,w,a)exp (it (p,w, @)
with p = (z,y)
Optical
component
or system
Scenarios:

Single-field design One input and output field only (o = 1; skipped)
Multi-field design Set of input and output fields (a € N)

Monochromatic or polychromatic design




Design Scenarios: Imaging

Input fields (index «) Output fields (index «)
E™(p,w,a) =U™(p,w,a)exp (i¢in(p,w,a)) E°"(p,w,a) =U"(p,w,a)exp (izpout(p,w, a))
Optical
component
Input fields with spherical wavefront phase or system Fields with spherical wavefront phase
¢sph,in(p, w, a,) wsph,ou‘c (’l", w, Oé)
; in in in 2 in)2 — ou ou in 2 out ) 2

= sign(z"™)kon \/Hp —p (a)H + (21) = sign(2°"*)kon t\/Hp —Mp (O‘)H + (z0)

(z < 0: convergent, z > 0: divergent) (z < 0: convergent, z > 0: divergent)
Scenario:

Multi-field design FOV: Set of input and output fields (o € N)

Monochromatic or polychromatic design




Design Scenarios: Light Shaping

Input fields (index «) Output fields (index «)
E™(p,w,a) =U™(p,w,a)exp (i¢in(p,w,a)) E°"(p,w,a) =U"(p,w,a)exp (izpout(p,w, a))
Optical
component
or system
Specification of energy quantity like

- Irradiance E.{ E°"*(p,w, a)}

- Radiant Intensity I.{ E°"*(p,w, a)}

Scenarios:
Single-field design One input and output field only (a = 1; skipped)
Multi-field design Set of input and output fields (a € N)

Monochromatic or polychromatic design




Manipulation of Input Fields by System

Input fields (index «) Output fields (index «)
E™(p,w,a) =U™(p,w,a)exp (i¢in(p,w, a)) E°"(p,w,a) =U"(p,w,a)exp (i¢°“(p,w, a))
Optical /
component
or system

How to achieve the specified
transformations with sufficient accuracy?




Manipulation of Input Fields by System

Input fields (index «) Output fields (index «)
E™(p,w,a) =U™(p,w,a)exp (i¢in(p,w,a)) E°"(p,w,a) =U"(p,w,a)exp (izpout(p,w, a))
Optical
component
or system

Major manipulations of fields on their way through system:
- Wavefront phase control: ¢y — ... 1); ... — ¢°ut

* Irradiance shaping: E* — ... E. ;... —» E"




Manipulation of Input Fields by System

Input fields (index «) Output fields (index «)
E™(p,w,a) =U™(p,w,a)exp (i¢in(p,w, a)) E°"(p,w,a) =U"(p,w,a)exp (izpout(p,w, a))
Optical
component
or system

Major manipulations of fields on their way through system:
- Wavefront phase control: ¢y — ... 1); ... — ¢°U

* Irradiance shaping: E* — ... E. ;... —» E"




Field Response Operator: Integral

Input fields (index «) Output fields (index «)

E™(p,w,a) =U™(p,w,a)exp (i¢in(p,w, @)) E°"(p,w,a) =U"(p,w,a)exp (izpo‘“(p,w, a))
Vectorial field response

Optical
component
or system

E*(p) = B(p' — E™(p'))(p)

/ / P E™(p')dz’ dy’

with the matrix integral kernel B(p, p’) : R? x R? — C3%3




Field Response Operator: Integral

Input fields (index «)

E"(p,w,q)

= U™ (p,w,a)exp (Y™ (p,w, @)

Output fields (index «)

EOUt(p, w, Oé)

Vectorial field response

E" (g

~____—

"ﬁ

= U (p,w, a)exp (i (p,w, a))

™

E™ (p)

E°"(p) =B(p' — E™(p"))(p)

/.8

(p, P YE™(p')da’ dy/

with the matrix integral kernel B(p, p’) : R? x R? — C3%3




Field Response Operator: Local Integration Sufficient

Input fields (index «) Output fields (index «)
E™(p,w,a) =U™(p,w,a)exp (i¢in(p,w, a)) E°"(p,w,a) =U"(p,w,a)exp (izpout(p,w, a))

Vectorial field response

= R
E™(p') ~———’///i’ o

E™ (p)

E*(p) = B(p' — E™(p))(p)

// B(p, ') E"(p') dz’ dy/
XCXin

with the matrix integral kernel B(p, p’) : R? x R? — C3%3




Field Response Operator: Pointwise

Input fields (index «) Output fields (index «)
E™(p,w,a) =U™(p,w,a)exp (i¢in(p,w, a)) E°"(p,w,a) =U"(p,w,a)exp (izpout(p,w, a))

Vectorial field response

1 u/\
Ei“(p’)\\—/ ’ o E°"(p)

E*(p) = B(p' — E™(p))(p)

// B(p, ') E"(p') dz’ dy/
XCXin

with the matrix integral kernel B(p, p’) : R? x R? — C3%3




Field Response Operator: Pointwise

Input fields (index «) Output fields (index «)
E™(p,w,a) =U™(p,w,a)exp (i¢in(p,w, a)) E°"(p,w,a) =U"(p,w,a)exp (izpout(p,w, a))

Vectorial field response

1 u/\
Ei“(p’)\\—/ ’ o E°"(p)

Field response: B(p')E™(p') — E°"(p)

with the field response matrix B(p) : R? — C3*3




Field Response Operator: Pointwise

Input fields (index «) Output fields (index «)
E™(p,w,a) =U™(p,w,a)exp (i¢in(p,w, a)) E°"(p,w,a) =U"(p,w,a)exp (izpout(p,w, a))

Vectorial field response

1 u/\
Ei“(p’)\\—/ ’ o E°"(p)

U-field response:  b(p ) U™ (p') — U™ (p)

Wavefront phase response:  ¢'"(p’) + Ay(p’) — ¥°"(p)




Field Response Operator: Freeform Surfaces

Vectorial field response

. » )D\ \/\ “n o ”

P MW B g

8388
Calculators  Diffractive Gratings Laser Li
- Optics ~ A Resonators ~ Guic

ABCD Law Calculator -
Coherence Time & Length Calculator

. . Debye-Wolf Integral Calculator
U-fleld response: h(pl) Uln (pl) = UOUt (p) Diffraction Angle Calculator
. Direction Converter
Wavefront phase response: ¢ll’l(p/) + A¢(p/) — wOUt (p) Fresnel Effects Calculator
Laser Beam Calculator
Modulation Depth Calculator

Rigorous Analysis of Slanted Gratings

Spherical Lens Calculator

i i ) ) e ) Y s, s [ [ |

Vector & Coordinate System Viewer




Field Response Operator: Freeform Surfaces

U-field response:

U-field response by Fresnel equations (S-matrix): TE and TM

Wavefront phase response:

Vectorial field response

. » )D\ \/\ “n o ”

b(p"\ U™ (p') = U (p)

Y (p') + Ad(p') = 9 (p)

[ 1: Fresnel Effects Calculator

First Matesial
Name |Air Q.
Catalog Material v |2 &8

State of Matter Gas or Vacuum

$ Swap Materials

Second Material
Name |Fused_Silica Q
Catalog Material v |2 &

State of Matter Solid

Coating

Name No Coating

= V4 Q X

First ~ -} Second
Material’ } Materia
in H—MT
Zo R g

Validity: @

l=]®

Tables Diagram

fasneay Polarization

Abscissale) Incidence Angle v

Transverse Bectric (TE) v
Wavelength 532nm
nt
Angle of Incidence | o] | 89.999 Codt (it ~
®
o

)

T ©

=

o

=

B

k5

S 3

s

E

& o

5 o

=

T T T T T T T T
10 20 30 40 50 60 70 80
Incidence Angle a (for A=532 nm) [°]
Close Help




Field Response Operator: Freeform Surfaces

Vectorial field response

Ein(p’)\\_/a/\ Sy B ()

nin nout
|
\ E]'™: Fresnel EFfects Calculator == S
| a | .
Catalog Material v |2 &8 peceae Bxtec: e PT:j\::::"Eleanc(TE) v
State of Matter Gas or Vacuum \Wavelength 532nm . .
% Swep Materials Angle of Incidence | o] | 89,999 Cookf (Phase: ~
. . Name |Fused_Silica Q,
U-field response: b(p U™ (p') — U™ (p) - s _
U-field response by Fresnel equations (S-matrix): TE and TM = ~
Wavefront phase response:  '"(p’) + Ay (p’) — 1°"(p) =
. - | e Vil
Wavefront response by Fresnel equations (S-matrix): Ay =0 — 027
Z o] B d Incidence Angle o (for A=532 nm) [°]
Validity: @ Close Help




Field Response Operator: Freeform Surfaces

Vectorial field response

U-field response:  b(p ) U™ (p') — U°"(p)

U-field response by Fresnel equations (S-matrix): TE and TM

Ein(P/)\\/ﬂ/\ B

Wavefront phase response: " (p') + Ay (p’) — ¥°"(p)

Wavefront response by Fresnel equations (S-matrix):

Arh = 0

1] Eout(p)

 Local application of S-matrix for curved surfaces:
Local Plane Interface Approximation (LPIA).

I 1252 Vol. 36, No. 7 / July 2019 / Journal of the Optical Society of America A
Journal of the
L .
Optical Society

of America OPTICS, IMAGE SCIENCE, AND VISION
Physical-optics propagation through curved
surfaces

Rui SH1,"?** CHRisTIAN HELLMANN,® aND FRank WYRowski'

"Applied Computational Optics Group, Friedrich Schiller University Jena, Jena, Germany
2LightTrans International UG, Jena, Germany

*Wyrowski Photonics UG, Jena, Germany J OS A A, 2 O 1 9
*Corresponding author: rui.shi@uni-jena.de




Freeform Surface Design: Inverse Propagation

S={reR%r=(p,2(p))}

Eout (’I") _ pyout (’I") exp (i¢OUt(r))

—

nout

—AyY =0

Calculate the surface S ¢ R3 on which:

PO (r € S) — i (r € §) = Ap(r € §) £ 0




Freeform Surface Design: Inverse Propagation

S={reR3r=(p,z2(p)}

Ein(r) = Uin ('f’) exp (lwm('r)) EOUt (T) = UOU‘E (’I") exXp (MDOUt (’l")) Vi;‘tnolv;.gllLabFUS\ON
nit | nout VirtualLab Fusion 2021
Ay =0

Calculate the surface S c R® on which: Available surface representations include

 Point cloud & B-Splines
Zernike polynomials (recursive)
Forbes polynomials

Aspherical polynomial series
Polynomial series

¢out(,r c S) _ ¢in(r [ S) — Aw(’l" c S) ; 0

VirtualLab Fusion provides an algorithm to calculate the
freeform surface for any type of specified wavefront phase
transformation.




Freeform Surface Design: Inverse Propagation

S={reR3r=(p,z2(p)}

E"(r) = U™(r) exp (/" (r) E*(r) = U () exp (1°"(r))

= =

nin nout VirtualLab Fusion 2021
—AY =0

Calculate the surface S ¢ R3 on which:

VirtualLabrusion

* The algorithm directly calculates
the surface by inverse propaga-

,¢out(,r €S — win(r €S)=Ay(res) L 0 tion techniques.

* No parametric optimization is in-
VirtualLab Fusion provides an algorithm to calculate the volved.
freeform surface for any type of specified wavefront phase « Thus, a high number of freeform

transformation. surface parameters is not critical.




Example Focusing



Focusing Lens: Scenario

Spherical wavefront phase (here p°“t = 0):
vou(r) = —hon /o = Pt (@) 2 7 2

>

Planar input wavefront phase (here 3 = 0):
Y (r) = kon 87 (a) - p

Wavefront phase response function:

Aip(r) = ot — i




Focusing Lens: Functional Design

Spherical wavefront phase (here p°"t = 0):
YO (r) = —kon /[lp — p° ()2 + f?

>

\ Wavefront phase response function:
Aup(r) = 4t — i

« VirtualLab Fusion introduces Functional Components as
generalization of the current ideal components.

Planar input wavefront phase (here 3" = 0):
P (r) = kon 8(a) - p

VirtualLabrusion

* They enable design in functional embodiment of a system
as initial step of component and system design.

* Important examples: Functional Wavefront Response Com- _ _
ponent and Functional Gratings. VirtualLab Fusion 2021




Functional

Design: Focusing (NA = 0.2)

i

25?: Optical Setup View #2536 (DLightTrans..\2021-01-09_Frank_Wyrowski_Focusing_332nm_NAD.2_CHMadifie.. | = |IE| [ﬂ]

| Filter by = |
=

- Light Sources
- Components

[
£
8 E:talsnmpmems Wavefront Response: Electromagnetic Field
" Selor Plane Wave FocusingNAD.2 Detector

- Analyzers

- Coordinate Break D [——= [= {= |

- Camera Detector

- Electromagnetic Fiel 0 1 ol5
Z- 5 mm Z-0 mm

Ray Tracing System

Analyzer
:- y Camera Detector
800 ' \—J
600
Z- 24 mm

[

-




Functional Design: Focusing (NA = 0.2) — Ray Tracing




Functional Design: Focusing (NA = 0.2) — Field Tracing

Chromatic Fields Set

Data for Wavelength of 532 nm [1E7 (v/m)~2]

3.9884

Numerical Data Array

Diagram  Table Value at x-Coordinate

07 08

06

1.9947

¥ [um]
MTF (normalized)
02 03 05

0.1

T T
005 01 015 02 025 03 035 04 045 05 055 06 065 07 075 08 085 09 0.9
Line Density X [1E3 cycles/mm]

Field in Focus (False Color) MTF




Focusing Lens: Structural Design

Planar input wavefront phase (here 3" = 0):
P (r) = kon 8(a) - p

Spherical wavefront phase (here p°"t = 0):
YO (r) = —kon /[lp — p° ()2 + f?

>

\ Wavefront phase response function:
Aup(r) = 4t — i

* VirtualLab Fusion provides Structure Design Algorithms
to transfer Functional Wavefront Response Components
into material components. VIR b

« Example types: smooth surfaces (freeform), DOE,
meta surfaces, segmented surfaces (generalized Fresnel
lenses), modulated volume gratings.

VirtualLab Fusion 2021




Focusing Lens: Surface Design

Spherical wavefront phase (here p°"* = 0):
YO (r) = —kon /[lp — p° ()2 + f?

>

Planar input wavefront phase (here 3 = 0):
P(r) = kon 87 () - p

S={reRr=(pz(p)}
/

Eout(,r) — Uout(r) exp (iwout(r))

=

nout

Calculate the surface S C R? on which:

O (r € S) —pi(r € 8) = Ah(r € §) =0




Focusing Lens: Surface Design

Spherical wavefront phase (here p°"* = 0):
v (r) = ~kon /o — P (@) [P+ f2

>

Planar input wavefront phase (here 3 = 0):
Y™ (1) = kon 87 (a) - p

S={reRr=(pz(p)}
/

B () = U () exp (11 (7))

=

nout

Calculate the surface S C R? on which:

O (r € S) —pi(r € 8) = Ah(r € §) =0




Structural Design Focusing (NA = 0.2): Lens

g

269: Optical Setup View #268 (D:\LightTrans...\2021-01-09_Christian_HellmannFocusing_532nm_NAO.2_afte... | = | =1 |[n3w]

| Filter by * |

[+ Light Sources

[+ Components

= Ideal Components

- Programmable Funci
- Stored Function

- Beam Splitters

- Diffusers

- (Grating Transmissior
-Jones Matrices

- Manipulators

- Mirmors

- Migcellaneous Funcl
- Special Compaonents
[+~ Detectars

[+~ Analyzers

- Coordinate Break

- Camera Detector

- Electromagnetic Field D

< >

Plane VWave Plane Surface
D—r
0 5
XD mm
Y: 0 mm
Zd mm

Ray Tracing System
Analyzer

-

800

Designed Freeform

Surface

X:0mm
Y:0mm
Z: 1000 pm

Aperture

L Q :——:»L/J

X:0mm
Y: 0 mm
Z0mm

=

Electromagnetic Field
Detector

603

X:0mm
Y: 0 mm
Z0mm

Camera Detector

-
GO0

X:0mm
Y. 0 mm
Z 24 mm
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Focusing (NA = 0.2) Lens: Ray Tracing




Focusing (NA = 0.2) Lens: Field Tracing

Chromatic Fields Set
Data for Wavelength of 532 nm [1E7 (v/m)~2]
5922
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o
= |
o
e |
o
=
y k=3
= = —
= ﬁ o | MTF (Freeform)
E 96 g o ~~ MTF (Functional)
> a2
o
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o
i
k=3
o
o
S
...................
Line Density X [1E3 cycles/mm]
..... -08
6 -4
X [pm]

Energy Density in Focus (False Color) MTF
Efficiency: 91.1% (efficiency after first plane: 96.5%)




Focusing (NA = 0.2) Lens: Field Tracing

E 152: "Electromagnetic Field Detector” (# 603) after "Aperture” (7) (T) (Field Tracing)

Electric Field

E 152: "Electromagnetic Field Detector” (# 603) after "Aperture” (7) (T) (Field Tracing)

Diagram  Table

Y [mm]
0

Value at {x.y)

Amplitude of "Ex-Component” [V/m]
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Diagram  Table ~Value at {xy)
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Focusing (NA = 0.2) Lens: Field Tracing

E=: 153: “Electromagnetic Field Detector” (£603) (Smooth Wavefront Phase) after “Aperture” (£7) (T) (Field Tracing) ==

Numerical Data Array

E 152: "Electromagnetic Field Detector” (£ 603) after "Aperture” (£7) (T) (Field Tracing)

Electric Field

Diagram  Table Value at (xy)

Smooth Wavefront Phase [1E4 rad]

[ 7.1861

6.8429

¥ [mm]
8}

6.4997

Diagram  Table Value at fxy)

Phase of "Ex-Component” [rad]

[ 3.1416
7
-
m
o~
E
E © 0
>
o
i
i
0
-3.1416
5 -4 3 2 1 0 1 2 3 4 5
X [mm]

Wavefront phase after lens

Wavefront phase error after lens




Functional Design: Focusing (NA = 0.4) — Ray Tracing




Functional Design: Focusing (NA = 0.4) — Field Tracing

Data for Wavelength of 532 nm [1E8 (V/m)#2]

Line Density X [1E3 cycles/mm]

Energy Density in Focus (False Color)

MTF




Focusing (NA = 0.4) Lens: Ray Tracing

2 mm




Focusing (NA = 0.4) Lens: Field Tracing

Chromatic Fields Set
Data for Wavelength of 532 nm [1E8 (V/m)#2]
1756
@ |
o
= |
o
e |
o
=
y k=3
—_ £ -
_ ﬁ - | MTF (Freeform)
E 58 g o ~~ MTF (Functional)
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S
Line Density X [1E3 cycles/mm]
..... -08
-4
X [pm]

Energy Density in Focus (False Color) MTF
Efficiency: 84.98% (efficiency after first plane: 96.5%)




Focusing (NA = 0.4) Lens: Field Tracing

Chromatic Fields Set

Data for Wavelength of 532 nm [1E8 (V/m)*2]
1.1756
£ 0.58782
>
8...E-08
-4 3 2 1 0 1 2 3 4
X [pm]

Energy Density in Focus (False Color)

First Material Tables Diagram
MName |Fused_§|ica _
Catelog Matera A E RS [Incidence Angle V| |'T = e
State of Matter | Salid “| | Wavelength 532 nm
Cocth
¢ Swap Materials Sodeniio | o] | 50 T v]
Second Material
Name |.Nr @
|Catalog Material vl o
State of Matter | Gas or Vacuum ~]
Name  [No Costing g
: p
® e
=
a
First”/ / ~Second
Iﬂﬁt;/ngl Material
T % o O T T T T T T T T T
10 _C% 5 10 15 20 25 30 35 40 45
W// @] -I;) Incidence Angle o (for A=532 nm) [°]
/ a Fan i £ >
Validity: @ | Close || Heb

Fresnel effect at surface

Efficiency: 84.98% (efficiency after first plane: 96.5%)




Focusing (NA = 0.4) Lens: Field Tracing

E 101: "Electromagnetic Field Detector” (£ 603) after "Aperture” (£6) (T) (Field Tracing)

Electric Field

E 101: "Electromagnetic Field Detector” (£ 603) after "Aperture” (£6) (T) (Field Tracing)

Diagram  Table

¥ [mm]
3}

Value at {x.y)

Amplitude of "Ex-Component” [V/m]
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Focusing (NA = 0.4) Lens: Field Tracing

E=: 96: “Electromagnetic Field Detector” (£603] (Smooth Wavefront Phase) after "Aperture” (£6) (T) (Field Tracing) =l

Numerical Data Array

< 106: Wavefront Error

Electric Field

Diagram  Table Value at (xy)

Smooth Wavefront Phase [1E4 rad]

[ 7.8692

7.1967

¥ [mm]
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6.5241

Diagram  Table Value at fxy)

Phase of "Ex-Component” [rad]
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5 -4 3 2 1 0 1 2 3 4 5
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Wavefront phase after lens

Wavefront phase error after lens




Focusing Lens: Flat Optics Structural Design

Spherical wavefront phase (here p°"t = 0):
YO (r) = —kon /[lp — p° ()2 + f?

>

Planar input wavefront phase (here 3" = 0):

P(r) = kon 81 () - p

Wavefront phase response function:

Ai(r) = ot — i

Flat Optics?




Structure of Webinar

* Why physical optics in design?
Optical design in physical optics terms
Diffractive Optical Elements (DOE)

— Design
— Modeling |
— Fabrication data VirtualLab Fusion 2021

* Design examples

VirtualLabrusion

HY:




Structure of Webinar

« Why physical optics in design?
Optical design in physical optics terms
Diffractive Optical Elements (DOE)

— Design
— Modeling
— Fabrication data VirtualLab Fusion 2021

* Design examples

VirtualLabrusion

HY:




Field Response Operator: Freeform Surfaces

Vectorial field response

~~

E" (p)

B

1] Eout(p)

U-field response:  b(p \U™(p') — U™ (p)

U-field response by Fresnel equations (S-matrix): TE and TM

Wavefront phase response:

Y (p') + AY(p') = ¢ (p)

Wavefront response by Fresnel equations (S-matrix): Ay =0




Field Response Operator: Flat Optics

Vectorial field response

LY

E™(p) B pgout(p)

Flat optics adds extra
Ay # 0 freedom in design!

U-field response:  b(p \U™(p') — U™ (p)
U-field response dependent on type of flat optics

Wavefront phase response: ' (p’) + Ay(p') — ¢¥°%(p)

Wavefront response by different effects: A ;é 0




Field Response Operator: Flat Optics

Vectorial field response

Ein (p/)\\/j/\“n Eout (p)

Flat optics adds extra
Ay # 0 freedom in design!

U-field response:  b(p \U™(p') — U™ (p)
U-field response dependent on type of flat optics

Wavefront phase response: ' (p’) + Ay(p') — ¢¥°%(p)

Wavefront response by different effects: A ;é 0




Field Response Operator: Flat Optics

Vectorial field response

Ein(p’)\\/ﬂ/—\“" E°"(p)

Flat optics adds extra
Ay # 0 freedom in design!

WYROWSKI
V1rtual Lab FUSION
FAST PHYSICAL OPTICS SOFTWARE

VirtualLab Fusion provides tools to
investigate and exploit the potential
VirtualLab Fusion 2021 of flat and freeform optics!




Field Response Operator: Flat Optics

Vectorial field response

E" (p)

~~

\/ﬂ/\

N\

1] Eout(p)

A £ 0

U-field response:

b(p"\ U™ (p') = U (p)

U-field response dependent on type of flat optics

Wavefront phase response:

Y (p') + AY(p') = P (p)

Wavefront response by different effects: A ;é 0




Field Response Operator: Flat Optics

Vectorial field response

Ein(p’)\\/ﬂ/\“" E°"(p)

AP #£0 Integral effects?
U-field response:  b(p \U™(p') — U™ (p) B \_/h;/'\“
E¥(p') B govt(p)
U-field response dependent on type of flat optics L

Wavefront phase response: ' (p’) + Ay(p') — ¢¥°%(p)

E*"(p) = B(p' = E"(p"))(p)

! [ [ BB ay
Wavefront response by different effects: A # 0 with the matrix integral kemel B(p, p') : B2 x E2 » €




What Allows Flat Optics to Work?

Example 1D wavefront phase

w(x)

40+

w(x) inrad

30

20+

10}

-30




What Allows Flat Optics to Work?

Example 1D wavefront phase § aim/2

w(x)

40+

, W(x) in rad it (1)
30?

20f 1

\J

10}

-30 -20 -10 0 10 20 30

= ei371'/2




What Allows Flat Optics to Work?

Example 1D wavefront phase : i /2

. i=e
e el¥(@2)

40+

, W(x) in rad it (1)
30?

20f 1

\J

10}

-30 -20 -10 0 10 20 30

_j — i3m/2




What Allows Flat Optics to Work?

Example 1D wavefront phase L im/2
iy (z2) L=°
W) €
40+

, W(x) in rad it (1)
30?

20f 1

\J

10}

-30 -20 -10 0 10 20 30

iy :
e (z3) - el37r/2




What Allows Flat Optics to Work?

Example 1D wavefront phase | L /2
e elv(@2)
40+
ol @(x) in rad enp (x1)
20+ 1
1ol —1=e"
< N olt(z4)
-30 -20 -10 0 10 20 30

iy :
e (z3) - el37r/2




What Allows Flat Optics to Work?

Example 1D wavefront phase L im/2
W) elv(e2) —_
40+
ol w(x) in rad ol (1)
20f 1

\J

X ei¢($4)

-30 -20 -10 0 10 20 30

iy :
e (z3) - el37r/2




What Allows Flat Optics to Work?

Example 1D wavefront phase § aim/2
w(x)
40 ei¢($5)

w(x) inrad

30

20f 1

\J

-30 -20 -10 0 10 20 30

_j — i3m/2




What Allows Flat Optics to Work?

Example 1D wavefront phase

w(x)

40+
30
20+

10+

-30

-20

-10

10

20

30

w(x) inrad

<>

Yw(x)
40t
30
20| :
l=e%" m=2
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What Allows Flat Optics to Work?

Example 1D wavefront phase

Ww(x) (1709
40| 40
I w(x) inrad I

30- 30-

<>

10} 10} 1=el27r,m= 1
J\[\RI\I\ w(x) in rad
LR e L e — L L X

-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30




What Allows Flat Optics to Work?

l=e?""m=1

=L 30: Electromagnetic Field Detector” (#603) (Smooth Wavefront Phase) after "Wavefr.. | = | & s3] B 28:“Electromagnetic Feld Detector” (# 603) after “Wavefront Response: * (#1) (1) (Fie.. [ = | =1 [u3a]
Numerical Data Array Electric Field
Diagram Table Value at (xy) Diagram  Table Value at (x.y)
Smooth Wavefront Phase [1E6 rad] Phase of “Ex-Component” [rad]
-5.9069 3.1416
o~ o~
9 o
) wn
o o
E E
E ©° -5.9069 E©° 0
> >
= |
2 e
w o
o i
-5.907 -3.1416
AT 1L T (L 0 0.5 1 15 2 215 = 1 -0.5 0 0.5 1 1.5 2
X [mm] X [mm]




What Allows Flat Optics to Work?

Edit Electromagnetic Field Detector

i

fF

Fourier
Transforms

Detector Window and Resolution  Detector Function

[] Evaluate Field in k-Domain

Field Components

[ Ex-Component [¥] Ey-Component [[] Ez-Component

[] Hx-Component ] Hy-Component [] Hz-Component
Field Quantities

(O Amplitude Only (® Amplitude and Phase

\Wavefront Phase [ Extract [~] Show Separately ]
Output Data Amrays

Interpolation Method Cubic 6 Point

Color Table B Midnight Sun

=i 30: “Electromagnetic Field Detector” (2603) (Smooth Wavefront Phase) after “Wavelr... |- | =1 |[ata]
Numerical Data Array

Diagram  Table  Vaiue at (<)

Smooth Wavefront Phase [1E6 rad]

-5.9069

55555

-5.907

-------

In algorithms of VirtualLab Fusion
wavefront phase separated from
sampling of complex field amplitudes
wherever possible.

S

One important reason for FAST

physical optics modeling.




What Allows Flat Optics to Work?

Example 1D wavefront phase

Ww(x) (1709
40| 40
I w(x) inrad I

30- 30-

<>

10} 10} 1=el27r,m= 1
J\[\RI\I\ w(x) in rad
LR e L e — L L X

-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30




Segmented Phase Manipulation

Example 1D wavefront phase

W(x) w(x)
40+ 40}
| w(x) inrad I
30 i 30 "

[ 2;
[ i e*".m =2

1ﬂ7 o - w(x) in rad

—_
I

10}

-30 -20 -10 0 10 20 30




Freeform Surface Design: Inverse Propagation

S={reR%r=(p,2(p))}

Eout (’I") _ pyout (’I") exp (i¢OUt (r))

—

nout

A =0

Calculate the surface S ¢ R3 on which:

YO (r € §) — P (r € §) =|Av(r € §) = 0




Segmented Surface Design: Inverse Propagation

S={reR’r=(p,z(p)}

Eout (’I") _ pyout (’I") exp (i¢OUt (r))

—

nout

AY = m2w

Calculate the surface S ¢ R3 on which:

YO (r € §) — ¢in(r € §) =|A¢(r € §) = m2x




Segmented Surface Design: Inverse Propagation

S={reR3r=(p,z2(p)}

E"(r) = U™(r) exp (/" (r) E*(r) = U () exp (1°"(r))

= =

nit nout

o Segmented Elements:
AYp = m2n Surface designs with different m can be

Calculate the surface S — R3 on which: done in different regions of the element.

, , Holographic Optical Elements (HOE):
Pt (r € §) — Y (r € §) =|AY(r € ) = m2r 2r-modulo  operation on wavefront
phase and surface design per resulting
— zone.




Segmented Surface Design: Inverse Propagation

S={reR3r=(p,z2(p)}

J. N. Cederquist and J. R. Fienup Vol. 4, No. 4/April 1987/J. Opt. Soc. Am. A 699
E™(r) = U™(r) exp (™ (r)) E™(r)
|:> Analytic design of optimum holographic optical elements
J. N. Cederquist and J. R. Fienup
Environmental Research Institute of Michigan, P.O. Box 8618, Ann Arbor, Michigan 48107
nin nout _
Segmented Elements:
AY = m2w

Surface designs with different m can be

Calculate the surface S — R3 on which: done in different regions of the element.

, , Holographic Optical Elements (HOE):
Pt (r € §) — Y (r € §) =|AY(r € ) = m2r 2r-modulo  operation on wavefront
phase and surface design per resulting
— zone.




Segmented Surface Design: Inverse Propagation

S={reR3r=(p,z2(p)}

VirtualLabrso,
E™(r) =U"™(r)exp (iy™(r)) E°(r) = U (r) exp (ipy°"*(r))
VirtualLab Fusion 2021
nin nout _
Segmented Elements:
AY = m2w g

Surface designs with different m can be

Calculate the surface S — R3 on which: done in different regions of the element.

, , Holographic Optical Elements (HOE):
Pt (r € §) — Y (r € §) =|AY(r € ) = m2r 2r-modulo  operation on wavefront
phase and surface design per resulting
— zone.




Field Response HOE

[<; 28: "Electromagnetic Field Detector” (2 603) after "Wavefront Response: " (£1) (T) (Fie..

Vectorial field response
Electric Field

- )IJ\ \_//\ N i

Diagram  Table Value at (xy)

Phase of "Ex-Component” [rad]

3.1416

Y (mm]

U-field response:  b(p ) U™ (p') — U™ (p)

U-field response dependent on type of flat optics

-3.1416




Field Response HOE

Vectorial field response

- )IJ\ \_//\ N i

U-field response:  b(p ) U™ (p') — U™ (p)

Jumps between zones introduce diffraction effects.

<. 28: “Electromagnetic Field Detector” (#603) after "Wavefront Response: * (£1) (T) (Fie..

Electric Field

Diagram  Table Value at (xy)

Y (mm]

Phase of "Ex-Component” [rad]

3.1416

0




Field Response HOE

Vectorial field response

E™(p) \\_/ S " (p)

U-field response:  b(p ) U™ (p') — U™ (p)

Jumps between zones introduce diffraction effects.

<. 28: “Electromagnetic Field Detector” (#603) after "Wavefront Response: * (£1) (T) (Fie..

Electric Field

Diagram  Table Value at (xy)

Y (mm]

Phase of "Ex-Component” [rad]

3.1416

0




Field Response HOE: LLGA

Vectorial field response

P=. 28: “Electromagnetic Field Detector” (#603) after "Wavefront Response: * (1) (T) (Fie...| = || =) |[m]
Electric Field

Diagram  Table Value at (xy)

\ \—% Phase of "Ex-Component” [rad]
) Y
Em(p’) a Eout (p) 3.1416

0

Y (mm]
05 0 05

U-field response:  b(p U™ (p') — U™ (p)

-1

U-field response in outer zones is affected by the
neighborhood in structure: local grating

-1.5

Field response must be calculated by local applica-
tion of the rigorous Fourier Modal Method (FMM) to
include all effects:

Local Linear Grating Approach (LLGA)




Field Response HOE: LLGA

Vectorial field response

U-field response:  b(p U™ (p') — U™ (p)

U-field response in outer zones is affected by the
neighborhood in structure: local grating VirtualLabsusox

Field response must be calculated by local applica-
tion of the rigorous Fourier Modal Method (FMM) to
include all effects:

Local Linear Grating Approach (LLGA) VirtualLab Fusion 2021




Diffractive Focusing Lens: Structural Design

Spherical wavefront phase (here p°"t = 0):
YO (r) = —kon /[lp — p° ()2 + f?

>

Planar input wavefront phase (here 3 = 0):

Y™ (r) = kon 87 (a) - p

Wavefront phase response function:

TS Ay = gy




Structural Design Focusing (NA = 0.2): HOE

264: Optical Setup View #263 (D:\LightTrans...\2021-01-09_Christian_HellmannFocusing_532nm_NAD.... | = || = |||
| Fitter by b4 |

(- Light Sources E

[+ Components
[+ Ideal Components

&) Detectors Electromagnetic Field HOE surface: 8 Levels
- Analyzers Plane Wave Plane HOE Detector
E----Cuurdinate Break D
é----Camera Detector - - L/J
... Blectromagnetic Field Dete 0 5 B 603
X0 mm X0mm K0 mm
s 0 mimn ¥ 0 mim ¥ 0 mm
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Ray Tracing System
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L 24 mimi
Ei
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Focusing (NA = 0.2) HOE: Ray Tracing

HOE




Focusing (NA = 0.2) HOE: Field Tracing

Data for Wavelength of 532 nm [1E7 (v/m)~2]
146
= — MTF (HOE)
= ~ MTF (Functional)
Line. Der\s}ly)( [1.E3 t.y‘cles,’m‘m]
..... -08
6 -4 0
[um]
Field in Focus (False Color) MTF

Efficiency: 78.99% (Efficiency after First Plane: 96.5%)




Focusing (NA = 0.2) HOE: Field Tracing

E 140: “Electromagnetic Field Detector” (# 603) after "HOE" (£6) (T) (Field Tracing)

Electric Field

= 6 "Electromagnetic Field Detector” (#603) after "HOE" (#6) (T) (Field Tracing)

Electric Field

Diagram  Table

Y [mm]
0

Value at {x.y)

Amplitude of "Ex-Component” [V/m]

0.94063
0.47032
0
-5 -4 -3 -2 -1 0 1 2 3 4 5
X [mm]

Diagram  Table

Value at fxy)

Amplitude of "Ex-Component” [V/m]
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E 0.47021
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EZ
3 o
i
s o
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Z
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E ©
<
T T T T T T T T T T T T T T T
1 2 3 4 5 6 T 8 9 10 1 12 13 14 15

Position in Section [mm]

Amplitude after HOE
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Focusing (NA = 0.2) HOE: Ray Tracing

E 141: "Electromagnetic Field Detector” (#603) (Smooth Wavefront Phase) after "HOE" (#6) (T) (Field Tracing) \E’ = @
Numerical Data Array
Diagram  Table = Value at {xy)
Smooth Wavefront Phase [1ES rad]
[ -2.2446
n
-
o
o
E
E®° -2.2786
=
o
)
b
w0
-2.3127
T T T T T T T T T T
== -4 = 2 il 0 1 2 3 4 5
X [mm]

Eﬂ 6: "Electromagnetic Field Detector” (£603) after "HOE" (#6) (T) (Field Tracing)

Electric Field

Diagram  Table

¥ [mm]
4]

Value at fxy)
Phase of "Ex-Component” [rad] A / 1 5
1

-0.20481

-0.40962

th
A
uw
[
=}
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w

Wavefront after HOE

Wavefront Error after HOE




Focusing (NA = 0.4) HOE: Ray Tracing

HOE




Grating Profile for HOE: Four Level

Preview for Sawtooth Grating Surface — O *

Z-Extension

Etersion M T

| Close | | Help

NA=04 = d/A=25

A=532nm = d=1330nm

Fabrication pixel size about 300nm
= 4 level grating

| 1 1 1 | L 1 1 1 N A

0.2

0.4 0.6 0.8 1.0

grating period a;:c margin of lens vs. NA




Focusing (NA = 0.4) HOE: Field Tracing

Line. Der\sily‘X [§l=] t.:ycles/m‘m]
Energy Density in Focus (False Color) MTF

Efficiency: 65.17% (efficiency after first plane: 96.5%)




Focusing (NA = 0.4) HOE: Field Tracing

E 67: "Electromagnetic Field Detector” (£ 603) after "HOE" (£6) (T) (Field Tracing)

Electric Field

Diagram  Table

¥ [mm]
3}

Value at {x.y)

Amplitude of "Ex-Component” [V/m]
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E 12: "Electromagnetic Field Detector” (£ 603) after "HOE" (#6) (T) (Field Tracing) : -E E
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Focusing (NA = 0.4) HOE: Field Tracing

<. 68: “Electromagnetic Field Detector” (2603) (Smooth Wavefront Phase) after “HOE" (£6) (T) (Field Tracing) =2 =R E=. 12: “Electromagnetic Field Detector” (£ 603) sfter "HOE" (#6) () (Field Tracing) E=R[ECH =
Numerical Data Array Electric Field
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Focusing (NA = 0.4) HOE: Field Tracing > -1st, 0th, +1st

Chromatic Fields Set

Data for Wavelength of 532 nm [1E7 (v/m)~2]

; i Order HOE Efficiency after HOE
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Energy Density in Focus (False Color)




Focusing (NA = 0.4) HOE: Field Tracing

E=, 34: Efficiency T[+1; 0] of "Grating Order Analyzer" (# 800) (Results for Individual Orders) vs. Grating Period ("Sawtooth Grati.. | = | & |

Mumerical Data Array

E 12: "Electromagnetic Field Detector” (£ 603) after "HOE" (#6) (T) (Field Tracing)

Electric Field
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Focusing (NA = 0.4) HOE: Ray Tracing = 2"d Order

HOE




Focusing (NA = 0.4) HOE: Field Tracing = 2"9 Order

Intermediate focus after 5mm




Focusing (NA = 0.4) HOE: Field Tracing = -1st, Oth, +1st

EE_

Mumerical Data Array

Data for Wavelength m [1E7 (v/m)*2]
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HOE Fabrication Data Export

Coordinate
Systems

B

Position /
Orientation

@

Structure

-

Solver
—= [ —
E=2
=
s
Channel

Configuration

lﬂ;

Fourier
Transforms

Edit Holographic Optical Elernent Comnpeonent

Solid  Channel Operator  Diffractive Structure Model

() |dealized Grating Structure

(® Real Structure

Design Wavelength | hiz nrnl
Height Scaling Factor | 1|
Use Profile Quantization
Number of Height Levels | 2 v| S
Orders for Simulation
Cirder Add Order

performed by clicking
on the corresponding
button in the edit dialog

=] Validity: €

oK ||Cal1cﬂl||

Help

\_

\/ Structure export for \

quantized height
structures can be

of the HOE.

/




HOE Fabrication Data Export

Configure Fabrication Export *
Output File(s)
Path [ \FabricationData! Select ...
File Names (\Without Extension) | E:-:pu:urt_Data| h

Mask Decomposition Settings

Invert File Name Convention | Ascending ~ H
Export Settings
Export Type (®) Pixelated Data Export () Polygon Data Export
Sampling Distance | 20 |.rn| x | 20 |.IT||
Expart a3 ...
[ ] ASCI (= txt) [ ] Plain Text (*.ptf)
[ ] CIF [*.cif) [] GDSIl {*.gds)

Summary Files
[ ] ASCII file (*.tst)
[ ] HTML file (= html) [ ] Rich Text Format (*.rif)

F Gaol

@ Preview Cloze

« Fabrication export supports
specification of

Target directory
Parameters for mask decomposition

Pixelated or polygon data export
(+ export accuracy parameters)

File format (supported formats: bitmap,
text files, GDISII or CIF)




HOE Fabrication Data Export — Sample Data Pixelated Bitmap

Configure Fabrication Export *
Output File(s)
Path [ \FabricationData! Select ...
File Names (\Without Extension) | Export_Data| .~
Mask Decomposition Settings
Invert File Name Convention | Ascending ~ H
Export Settings
Export Type (®) Pixelated Data Export () Polygon Data Export i \ \;:";‘:':;‘I'5'::'::::::::::':::::::':::::::'.',.'.u.'
Sampling Distance | R00 nm| x | 500 nm| il i II|'|'_||' ||I|”| Il'|||||_|||ll|:||| M
Export as ... ||‘|‘||||||‘| mﬂ ‘ll Il
it
[] ASCII (* et [] Plain Text (* ptf) | I:'I'.,'.:|I'.:I.:q.:ll:l;.lll'.ﬁg.f\'Hﬂ\'\ e
| IIIII I '.Il,'|I'.I',I||'|:',||:'l:'|:'|||,|||'| \ T I l 'I|'I|'II','I,'I|'|||,|I|':|I|':|':|:|':lI ',ll"l il
[ CIF (“<if []GDSII {*.gds) L x}w
Summary Files
[ ] ASCII file (*.tst)
[ ] HTML file (= html) [ ] Rich Text Format (*.rif)
P Gol
@ Freview Cloze




HOE Fabrication Data Export — Sample Data Pixelated Bitmap
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HOE Fabrication Data Export — Sample Data Pixelated Bitmap
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— Sample Data Pixelated GDSI|I

Data Export
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HOE Fabrication Data Export — Sample Data Pixelated GDSII




HOE Fabrication Data Export — Sample Data Polygon CIF

Configure Fabrication Export *
Output File(s)
Path [ \FabricationData! Select ...
File Names (\Without Extension) | Export_Data| .~

Mask Decomposition Settings

Invert File Name Convention | Ascending ~| H
Export Settings
Export Type () Pixelated Data Export (@) Polygon Data Export
Folygon Detection Accuracy (1) B00 | Accuracy (M) = 1.064 nm
Maxamum Number of Points per Polygon 8000 =
Export as ...
CIF (*.cif] [] GDSIl {*.gds)

Summary Files

[ ] ASCII file (*.tst) <ML file [

[ ] HTML file (= html) [ ] Rich Text Format (*.rif)

F Gaol

Freview Cloze
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Structure of Webinar

« Why physical optics in design?
Optical design in physical optics terms
Diffractive Optical Elements (DOE)

— Design
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Imaging with One Component: Scenario

Input fields with spherical wavefront phase Fields with spherical wavefront phase

wsph,in (p’ w, CY) wsph,out (’I", w, a)

= kon™ /[l p = pi () [* + (2 = —hon*y/[lp = Mp (@) + (z0)°
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Imaging with One Component: Functional Design

Functional wavefront
phase response

Input fields with spherical wavefront phase

wsph,in (p’ w, Oé)

Fields with spherical wavefront phase

wsph,out (’I", w, a)

= kon™y/ |0 = pn(@)||* + () = —hon*y/[lp = Mp (@) + (z0)°

Theoretical result:

AY(p, A, a) = —kon\/Hp — Mpn(a)||* + (0ut)° In paraxial approximation:
~ _ konlel’
— kOn\/Hp _ pin(a)H2 + (zin)2 A¢(Pa )\7 Oé) ~ ATJ)O kon

2f
2°" follows for fixed aperture stop radius p, (Abbe’s sine
condition): In general dependent

of input field

2 = \J(&M)? 4 g} (M2 — 1)




Imaging with One Component: Functional Design

Functional wavefront

Input fields with spherical wavefront phase phase response

wsph,in (p’ w, Oé)

Fields with spherical wavefront phase

wsph,out (’I", w, Oé)

= kon™y/ |0 = pn(@)||* + () = —hon*y/[lp = Mp (@) + (z0)°

Theoretical result:

Ai(pA@) = ~komy/ o]+ (00
— kon/ ||| + (1)

2°" follows for fixed aperture stop radius p, (Abbe’s sine
condition):

2 = \J(&M)? 4 g} (M2 — 1)




Functional Design for Imaging: NA 0.02

2: Optical Setup View #1 (DA Onelrivel, \2021-01-11_Frank_Wyrowski_lmaging_Paraxial_ModifiedCH.os) = [=] &]
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Functional Design for Imaging (NA 0.02): Ray Tracing

8 7: Ray Distribution 2D o[ (3]
¥
LZ
20 mm
—




Functional Design for Imaging (NA 0.02): Ray Tracing

B8 4: Ray Distribution 3D =N R =

A0 View 20 View




Functional Design for Imaging (NA 0.02): Ray Tracing

B8 5: "Camera Detector (On-Axis)" (2600) after "Wavefront Response: Imaging” (#1) (T) (Ray Tracing) =N ==
Ray Distribution
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Functional Design for Imaging (NA 0.02): Field Tracing

B8 5: “Camera Detector (On-Axis)" (% 600) after "Wavefront Response: Imaging” (% 1) (T) (Ray Tracing) =5 T
Ray Distribution
Position
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Functional Design for Imaging (NA 0.02): Field Tracing

u 19: "Camera Detector (Off-Axis) #1" (# 608) after “Wavefront Response: Imaging” (#1) (T) (Field Tracing)
Chromatic Fields Set

u 5: “Camera Detector (On-Axis)" (# 600) after "Wavefront Response: Imaging” (#1) (T) (Ray Tracing)
Ray Distribution
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Functional Design for Imaging (NA 0.02): Field Tracing

B8 5: “Camera Detector (On-Axis)" (#600) after “Wavefront Response: Imaging” (# 1) (T) (Ray Tracing) = I 21: "Camera Detector (Off-Axis) #2" (2 609) after “Wavefront Response: Imaging” (#1) (T) (Field Tracing) = =R
Ray Distribution Chromatic Fields Set
FEEED Data for Wavelength of 632 nm [1E3 (V/m)*2]
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Functional Design for Imaging (NA 0.02): Field Tracing

u 5: “Camera Detector (On-Axis)" (# 600) after "Wavefront Response: Imaging” (#1) (T) (Ray Tracing) u 26: "Camera Detector (Off-Axis) #-1" (#610) after "Wavefront Response: Imaging” (#1) (T) (Field Tracing) EIIEI
Ray Distribution Chromatic Fields Set
FEEED Data for Wavelength of 632 nm [1E4 (V/m)*2]
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Functional Design for Imaging (NA 0.02): Field Tracing

B8 5: “Camera Detector (On-Axis)" (#600) after “Wavefront Response: Imaging” (# 1) (T) (Ray Tracing) =8 EE] I 28: "Camera Detector (Off-Axis) #-2" (611) after "Wavefront Response: Imaging” (1) (T) (Field Tracing) = =R
Ray Distribution Chromatic Fields Set
FEEED Data for Wavelength of 632 nm [1E3 (V/m)*2]
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Functional Design for Imaging (NA 0.1): Ray Tracing

B8 6: Ray Distribution 3D =N R =

30 View 2D View
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Functional Design for Imaging (NA 0.1): Ray Tracing

" 4

B8 60: Ray Distribution 3D [E=N E=H <=

A0 View 20 View




Functional Design for Imaging (NA 0.1): Ray Tracing

Ray Distribution

Pasition




Functional Design for Imaging (NA 0.1): Field Tracing

u 61: "Camera

Ray Distribution
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Functional Design for Imaging (NA 0.1): Field Tracing

u 61: “Camera Detector (On-Axis Spot)” (# 603) after “Wavefront Response: Imaging” (#1) (T) (Ray Tracing)

Ray Distribution

=)

¥ [mm]

10

10

n 37: "Camera Detector” (#603) after “Wavefront Response: Imaging” (#1) (T) (Field Tracing)
Chromatic Fields Set
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Functional Design for Imaging (NA 0.1): Field Tracing

u 61: "Camera

Ray Distribution
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10

10

Position

u 4: "Camera Detector (Offaxis #2)" (# 606) after "Wavefront Response: Imaging” (#1) (T) (Field Tracing)
Chromatic Fields Set
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Functional Design for Imaging (NA 0.1): Field Tracing

u 61: "Camera Detector (On-Axis Spot)” (# 603) after "Wavefront Response: Imaging” (#1) (T) (Ray Tracing) ="l @ u 5: "Camera Detector (Offaxis #1)" (#607) after "Wavefront Response: Imaging” (#1) (T} (Field Tracing) EI@
Ray Distribution Chromatic Fields Set
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Functional Design for Imaging (NA 0.1): Field Tracing

u 61: "Camera

Ray Distribution

¥ [mm]

10

10

Position

u 11: "Camera Detector (Offaxis #-1)" (#608) after "Wavefront Response: Imaging” (#1) (T) (Field Tracing) EI@

Chromatic Fields Set
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Functional Design for Imaging (NA 0.1): Off-Axis Mode

Theoretical result:

Aw(p,)\,a) = —kon\/Hp — Mpin(a)”2 + (Zout)2
~kony/llo — pn(@)]]” + ()’

2°u follows for fixed aperture stop radius po (Abbe’s sine
condition):

2 = /(M) 4 g (M2~ 1)

u 61: "Camera Detector (On-Axis Spot)” (#603) after "Wavefront Response: Imaging” (#1) (T) (Ray Tracing) EI@

Ray Distribution

Paosition




Functional Design for Imaging (NA 0.1): Off-Axis Mode

Theoretical result:

Al/J(p,A,Oz) = —kon\/Hp — Mpin<a)”2 + (Zout)2
~kony/[lp — P (@) + (=)’

2°u follows for fixed aperture stop radius po (Abbe’s sine
condition):

2 = /(M) 4 g (M2~ 1)

u 24: "Camera Detector” (#600) after "Wavefront Response: Imaging” (#1) (T) (Ray Tracing)

Ray Distribution

Paosition




Imaging with One Component: Structural Design

Functional wavefront

Input fields with spherical wavefront phase phase response

wsph,in (p’ w, Oé)

Fields with spherical wavefront phase

wsph,out (’I", w, Oé)

= kon™y/ |0 = pn(@)||* + () = —hon*y/[lp = Mp (@) + (z0)°

Vectorial field response

1] u/\
Theoretical result: Ein<pf;\/ ’ B o

AY(p, N\, ) = —kon\/Hp — Mpin(oz)H2 + (zOUt)2 ||
_ kon\/Hp _ Pin(@‘)HZ + (zin)2 U-field response:
b(p,7 )‘7 a)Uin(ply )‘7 a) = UOUt(pla )‘7 Oé)

2°" follows for fixed aperture stop radius p, (Abbe’s sine

condition): Wavefront phase response:

P \/(zinM)2 + pg (M2 —1) Y (N @) + AY(p', N @) = M (p, X, @)




Imaging with One Component: Structural Design

Functional wavefront
phase response

Input fields with spherical wavefront phase

wsph,in (p’ w, Oé)

Fields with spherical wavefront phase

¢sph,out (’I", w, Oé)

= kon™y/ |0 = pn(@)||* + () = —hon*y/[lp = Mp (@) + (z0)°

Vectorial field response

L u/\
Theoretical result: E‘"(p’;\/ ’ S0 o)
AY(p, N\, ) = —kon\/Hp — Mpin(oz)H2 + (zOUt)2 ||

~ony/llo =) + ()’

2°" follows for fixed aperture stop radius p, (Abbe’s sine
condition):

U-field response:

b(p,7 )‘7 a)Uin(ply )‘7 a) = UOUt(pla )‘7 Oé)
Wavefront phase response:

PPN o) + AY(p', N a) = " (p, X\, a)

A

2 = \J(&M)? 4 g} (M2 — 1)
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Replace functional
components by
smooth surface or
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components.




Design Workflow in VirtualLab Fusion

FUNCTIONAL
DESIGN

Design the system
by introducing
functional
components to
achieve the
demanded system
functionality.

>

STRUCTURAL
DESIGN

Replace functional
components by
smooth surface or
flat optics
components.

4 N

Does a single surface
structure exist, which
generates the demanded
phase responses in a tailored

way per field?

N )

U-field response:
h(p,7 )‘a a)Uin(pla /\7 Ct) = Uout(pla )‘7 Oé)
Wavefront phase response:

PP N @) + AY(p', N a) = " (p, X, a)




Design Workflow in VirtualLab Fusion

FUNCTIONAL
DESIGN

Design the system
by introducing
functional
components to
achieve the
demanded system
functionality.

>

STRUCTURAL
DESIGN

Replace functional
components by
smooth surface or
flat optics
components.

Meta surfaces may offer a
chance for a tailored wavefront
phase response to some
extent. But still ongoing R&D

and final answer not available.

\_ )

U-field response:
h(p,7 )‘a a)Uin(pla /\7 Ct) = Uout(pla )‘7 Oé)
Wavefront phase response:

PP N @) + AY(p', N a) = " (p, X, a)




Design Workflow in VirtualLab Fusion

FUNCTIONAL STRUCTURAL
DESIGN DESIGN

ole S1G 4 However, we know for sure: A\
Design the system Replace functional combination of surfaces can
by introducing components by solve the problem well. Flat
functional > smooth surface or ti dd tra flexibilit d
components to flat optics op _ICS adds ex ra_ exibiiity an
achieve the components. options to further improve such
demanded system solutions!
functionality. k i )

U-field response:
h(p,7 )‘a a)Uin(pla /\7 Ct) = Uout(pla )‘7 Oé)
Wavefront phase response:

PP N @) + AY(p', N a) = " (p, X, a)




Beam Expander



Beam Expander: Scenario

E°"(r) = U™ (r) exp (it (r))
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Beam Expander: Functional Design




Beam Expander: Functional Design

E"(r) = U™ (r) exp (i (r))

Two functional components:
Divergent and inverse spherical wavefront phase
responses.




Beam Expander: Functional Design

e

Az

+ Let assume the given parameters are the expander ratio « Thus, the functional design results by analytical considera-
¢ = p°'t/p™ and the distance Az. tions to the wavefront phases:
+ A straightforward evaluation leads to the equations
? A A (p, ko) = kony/llpll2 + B3

Az
R, = _ 1l pll12 2
1 € —1) Aa(p, ko) = —kony/ |lpl|? + R3

R2 = —(AZ+R1)
NA = - 2
\/1_|_ (AZ/pOUt)

for radii of the first and second spherical wavefront phase
response and the related NA .




Beam Expander (1:5) — Functional Design
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Beam Expander (1:5) — Functional Design: Ray Tracing

e e ———
—— —
— —
—
—

5 mm




Beam Expander (1:5) — Functional Design: Output Beam

S 80: “Electromagnetic Field Detector” (2 601) after “Expander (Phase 52)° (% 2) (T) (Field Tracing)
Blectric Field

Diagram  Table  Value at (xy)

Amplitude of “Ex-Component” [V/m]
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Amplitude after Beam Expander Phase after Beam Expander




Design Workflow in VirtualLab Fusion

STRUCTURAL
DESIGN

Replace functional
> components by

smooth surface or
flat optics
components.

MODELING &
EVALUATION

Model the system
with ray tracing
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Beam Expander (1:5) — Structural Design: HOEs
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Beam Expander (1:5) — Structural Design: HOEs

5 mm




Beam Expander (1:5): Output Beam for HOEs

PB¥, 86 “Electromagnetic Field Detector” (#601) after “Plane” (#4) (T) (Field Tracing) =N o
Electric Field

< Here
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Beam Expander (1:5) — Structural Design: Lens + HOE
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Beam Expander (1:5) — Structural Design: Lens

Preview for Programmable Surface — O >

Extension | 278.89um|  Minimum Omm|  Maximum 278.89 yum |




Beam Expander (1:5) — Structural Design: Lens + HOE




Beam Expander (1:5): Output Beam for Lens + HOE
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Beam Expander (1:10) — Functional Design
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Beam Expander (1:10) — Functional Design: Ray Tracing

4 mm




Design Workflow in VirtualLab Fusion

STRUCTURAL
DESIGN

Replace functional
> components by

smooth surface or
flat optics
components.

MODELING &
EVALUATION

Model the system
with ray tracing
and physical
optics. Evaluate
the performance
by suitable
detectors and
merit functions.




Beam Expander (1:10) — Structural Design: Lens + HOE
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Beam Expander (1:10) — Structural Design: Lens

Preview for Programmable Surface
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Beam Expander (1:10) — Structural Design: Lens + HOE

4 mm




Beam Expander (1:10) — Structural Design: Lens + HOE

4 mm
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Beam Expander (1:10): Lens + HOE Output Beam

=, 191: “Flectromagnetic Field Detector” (2 601) after “Plane” (#4) (T) (Field Tracing) =N A =
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Efficiency of Freeform: 89.53%
Efficiency of HOE: 53,39%
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Beam Expander (1:10) — Structural Design: Lens + Lens




Beam
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Here

AN

mm

Efficiency of Freeform #1: 89.53%
Efficiency of Freeform #2: 89.53%
System Efficiency: 80.16%

Electric Field

=

Electric Field

fF=ke-es

Disgram Table  Value & fxy)

Amplitude of “Ex-Component” [mV/m]

333333

26,511

Diagem  Table  Value t (ky)

Phase of "Ex-Component” [rad]

¥ [mi

111111

-3.1416

Amplitude after Beam Expander

Phase after Beam Expander




Beam expander with light shaping



Shaping Beam Expander: Scenario

E°(r) = U™ (r) exp (i (r))

Active light shaping

Domain and irradiance matching:
Domains and irradiances of input and output fields must
match to enable energy transport through the system.




Shaping Beam Expander: Scenario

Active light shaping

Domain and irradiance matching:
Domains and irradiances of input and output fields must
match to enable energy transport through the system.
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Shaping Beam Expander: Functional Design

E=: 100: Radiometry Detector - “Irradiance Detector” (#609) after “Expander (Phase #2) Output Plane” (£10) (T) (Field Tracing) | = || =[]
Numerical Data Array

aaaaaaaaaaaaaaaaaa ()

Irradiance [pW/m~2]

< Here

| 1.9534

Irradiance (by field tracing)
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Shaping Beam Expander: Freeform + Functional

3 mm




Shaping Beam Expander: Freeform + Functional
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Design and Analysis of a Hybrid Eyepiece for
Correction of Chromatic Aberration

Functional design in Zemax® OpticStudio®



Design Workflow in VirtualLab Fusion
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Zemax® enables functional
design of a wavefront phase
response (binary surfaces) by
parametric optimization
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Model the system

> with ray tracing
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optics. Evaluate
the performance
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FURTHER
OPTIMIZATION

Use the modeling
techniques to
further optimize
the system by, e.g.,
parametric
optimization.

SYSTEM
TOLERANCING

Investigate the
fabrication
tolerances of
components and
the adjustment
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system.

>

FABRICATION
DATA

Use the modeling
techniques to
further optimize
the system by, e.g.
parametric
optimization.

Import of Zemax file into
VirtualLab Fusion and further
processing of workflow.




Modeling and Design Scenario

If detectors
— point spread function

‘ — modulation transfer
function (MTF)

plane wave
wavelength (486, 587, 656)nm
field of view (40)°

linearly polarized along x-axis —— lens solution .
aperture 5mmx5mm - wgvefrgnt response function
— diffractive lens
— meta lens

203



Design of Wavefront Surface Response in OpticStudio

Import of the
OpticStudio file to
= VirtualLab Fusion
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processing of workflow.




On-Axis Analysis: Comparison of Spot Diagram
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On-Axis Analysis: Comparison of PSF

Real Color View False Color View
O -
2
> >
=
[
. Raa T T it
-20 -10 0 10 20 -20 -10 0 10 20
X [um] X [pm]
g-—
=
E Eo
> >
h
e
| 20 -10 0 10 20 | -20 -10 0 10 25

X [pm] X [pm]




On-Axis Analysis: Comparison of MTF

Amplitude of Modulation Transfer Function

Amplitude of Modulation Transfer Function
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Off-Axis Analysis: Comparison of Spot Diagram
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Off-Axis Analysis: Comparison of PSF

Y [mm]

958 96 962 964 966 968
Y [mm]

958 96 962 964 966 9.68

-20 0 20 -25 0 25
X [um] X [pm]

Y [mm]
Y [mm]

-20 -10 0 10 20 -20 -10 0 10 20
X [pm] X [pm]




Off-Axis Analysis: Comparison of MTF
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On-Axis Analysis: Inclusion of Higher Orders
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Off-Axis Analysis: Inclusion of Higher Orders
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MTF for Various Diffractive Lens Structures
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MTF for Various Diffractive Lens Structures
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MTF for Various Diffractive Lens Structures
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MTF for Various Diffractive Lens Structures

MTF: without Diffractive Lens

8 — MTF: Wavefront Surface Response
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Design Workflow in VirtualLab Fusion

FABRICATION
DATA

Use the modeling
techniques to

> further optimize
the system by, e.g.

parametric
optimization.

Import of Zemax file into
VirtualLab Fusion and further
processing of workflow.




Conclusion

 VirtualLab Fusion provides a steadily growing number
of tools for flat and freeform optics.

* Functional design concepts essential in workflow.

* New surface design techniques avoid parametric
optimization.

* VirtualLab Fusion modeling and design tools allow the
investigation of pros and cons of flat and freeform
optics.

* Techniqgues demonstrated in this webinar are:

— All available in-house for modeling and design services

— Partly included in current version of VirtualLab Fusion
— All will be released in 2021

VirtualLab Fusion 2021
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