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Physical and Geometrical Optics: Traditional Understanding

Physical Optics

How to realize a
seamless transition

O O Ray Optics between ray and physical
optics?

Field solvers, e.g., Ray tracing
FDTD, FEM, FMM




Geometric Branch of Physical Optics

Principles of

7th (expanded) edition

Max Born and
Emil Wolf

Electromagnetic Theory of Propagation,
Interference and Diffraction of Light

1

Foundations of geometrical optics

3.1 Approximation for very short wavelengths

THE electromagnetic field associated with the propagation of visible light is character-
ized by very rapid oscillations (frequencies of the order of 10'* s7') or, what amounts
to the same thing, by the smallness of the wavelength (of order 10~% cm). It may
therefore be expected that a good first approximation to the propagation laws in such
cases may be obtained by a complete neglect of the finiteness of the wavelength. It is
found that for many optical problems such a procedure is entirely adequate; in fact,
phenomena which can be attributed to departures from this approximate theory (so-
called diffraction phenomena, studied in Chapter V1II) can only be demonstrated by
means of carefully conducted experiments.

The branch of optics which is characterized by the neglect of the wavelength, i.c.
that corresponding to the limiting case Ay — 0, is known as geomerrical optics,* since
in this approximation the optical laws may be formulated in the language of geometry.
The energy may then be regarded as being transported along certain curves (light
rays). A physical model of a pencil of rays may be obtained by allowing the light from
a source of negligible extension 1o pass through a very small opening in an opaque
screen. The light which reaches the space behind the screen will fill a region the
boundary of which (the edge of the pencil) will, at first sight, appear to be sharp. A
more careful examination will reveal, however, that the light intensity near the
boundary varies rapidly but continuously from darkness in the shadow to lightness in
the illuminated region, and that the variation is not monotonic but is of an oscillatory
character, manifested by the appearance of bright and dark bands, called diffraction
fringes. The region in which this rapid variation takes place is only of the order of
magnitude of the wavelength. Hence, as long as this magniude is neglected in
comparison with the dimensions of the opening, we may speak of a sharply bounded
pencil of rays.t On reducing the size of the ing down to the di of the

® The historical development of geometrical optics is described by M. Herzberger, Straffenoprik (Berlin,
Springer, 1931), p. 179; Z Instrumentenkunde, 81 (1932), 429-435, 485493, 534542, C. Coarnthéodory,
Geomerrische Optik (Berlin, Springer, 1937) and E. Mach, The Principles of Physical Optics, A Historical
and Philosophkical Treatmens (First German edition 1913, English translation: London, Methuen, 1926;
reprinted by Dover Publications. New York, 1953).

+ That the boundary becomes sharp in the limit as i, — 0 was first shown by G. Kirchhoil, Forfesumgen i
Marh. Phys., Vol. 1 ( Mashematische Opiik) ( Tuebner, 1891), p. 33. See also B. B. Bakerand E. T.
Copson, The Mathematical Theary of Hiygens™ Principle (Oxford, Clarendon Press, 2nd edition, 1950),
P79, and A Sommerfeld, Oprics (New York, Academic Press, 1954), §35.
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Geometric Branch of Physical Optics

3.1 Approximation for very short wavelengths 125

But by (38), (15) and (25),

ds 1 1
r=———F—=—dS=—ds, (39)
(gradS¥ n? n
so that we finally obtain the following expressions for the ratio of the intensities at any
two points of a ray:
L m

n [

P8sas ny [Ty
e B e
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(40)

the integrals being taken along the ray.™

3.1.3 Propagation of the amplitude vectors

We have seen that, when the wavelength is sufficiently small, the transport of energy
may be represented by means of a simple hydrodynamical model which may be
completely described in terms of the real scalar function S, this function being a
solution of the eikonal equation (15). According to traditional terminology, one
understands by geometrical optics this approximate picture of energy propagation,
using the concept of rays and wave-fronts. In other words polarization properties are
excluded. The reason for this restriction is undoubtedly due to the fact that the simple
laws of geometrical optics concerning rays and wave-fronts were known from experi-
ments long before the electromagnetic theory of light was established. 1t is, however,
possible, and from our point of view quite natural, to extend the meaning of
geometrical optics to embrace also certain ical laws relating to the propagation
of the ‘amplitude vectors’ e and h. These laws may be easily deduced from the wave
equations (16)—(17).

Since S satisfies the eikonal equation, it follows that K = 0, and we see that when

ky is sufficiently large (g small enough), only the L-terms need to be retained in (16)
and (17). Hence, in the present approximation, the amplitude vectors and the eikonal
are connected by the relations L = 0. If we use again the operator /07 introduced by
(38), the equations L = 0 become

:€¢% (YZS—L;F)r + (e-gradInn) gradS = 0, (41)
6h 1( 5 dlne

m Nligie +(h =0 42
('ir+2( o )h (h-gradinn)gradS =0 (42)

These are the required transport equations for the variation of e and h along each ray.
The implications of these equations can best be understood by examining separately
the variation of the magnitude and of the direction of these vectors.

* It has been shown by M. Kline, Comm. Pure and Appl. Maths., 14 (1961), 473 that the intensity ratio (40)
may be expressed in terms of an integral which involves the principal radii of curvature of the associated
wavefronts. Kline’s formula is a natural generalization, to inhomogeneous media, of the formula (34). See
also M. Kline and 1. W. Kay, ibid, 184
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“According to traditional terminology, one
understands by geometrical optics this
approximate picture of energy
propagation, using the concept of rays
and wave-fronts. In other words
polarization properties are excluded. The
reason for this restriction is undoubtedly
due to the fact that the simple laws of
geometrical optics concerning rays and
wave-fronts were known from experiments
long before the electromagnetic theory of
light was established. It is, however,
possible, and from our point of view
quite natural, to extend the meaning of
geometrical optics to embrace also
certain geometrical laws relating to the
propagation of the 'amplitude vectors'
E and H.”




Physical and Geometrical Optics: Traditional Understanding

Physical Optics

How to realize a
seamless transition

O O Ray Optics between ray and physical
optics?

We follow Max Born’s and
Emil Wolf’s point of view!

Field solvers, e.g., Ray tracing
FDTD, FEM, FMM




Diffractive and Geometric Branch of Physical Optics

Physical Optics

—

diffractive _ —

O O 7

geometric

Field solvers, e.g.,
FDTD, FEM, FMM

How to realize a
seamless transition
between ray and physical
optics?

We follow Max Born’s and
Emil Wolf’s point of view!

“ ... to extend the meaning of
geometrical optics to embrace also
certain geometrical laws relating to
the propagation of the 'amplitude
vectors' E and H.”




Diffractive and Geometric Branch of Physical Optics

Physical Optics
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diffractive _ —
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geometric

Field solvers, e.g.,
FDTD, FEM, FMM

Field Tracing:

Fast field solvers:
typically, at least as fast
as ray tracing

Connecting rigorous and
approximated field solvers in
different regions of the system.
VirtualLab Fusion is a platform for
In-built and customized solvers.

VirtualLabrusion




Diffractive and Geometric Branch of Physical Optics

Physical Optics

—

diffractive _ —
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geometric

Field information
neglected or partially
used, e.g., flux,
Jones vector

Ray Optics

Field Tracing:

Connecting rigorous and
approximated field solvers in
different regions of the system.
VirtualLab Fusion is a platform for
In-built and customized solvers.




Diffractive and Geometric Branch of Physical Optics

* All examples in webinar are done with

Physical Optics the @n-house version of VirtualLab
Fusion!

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

» Features already available or to be
released in 2021.

—

diffractive _ —

O O -

geometric

Field information
neglected or partially
used, e.g., flux,
Jones vector

Ray Optics

VirtualLab Fusion 2021




Freeform and Flat Optics: What? Why? How?



Freeform and Flat Optics

out out

Layer
modulation

Flat optics layer:

« Coating
Freeform surface




Freeform and Flat Optics

out out

Layer
modulation

Flat optics layer:
« Coating
Freeform surface » Diffractive surface
« Metasurface
* Grin medium




Freeform and Flat Optics

out

Freeform surface

out

Layer
modulation

Flat optics layer:
Longitudinally and/or
laterally modulated
layer




Flat Optics Fabrication: Planar Surfaces

out out

Layer
modulation

Layer
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Flat optics layer:

Longitudinally and/or Flat optics layer:
laterally modulated Longitudinally and/or
layer laterally modulated

layer




Freeform and Flat Optics

: Why?

. t
in nlu

Layer
modulation

Flat optics layer:
Longitudinally and/or
laterally modulated

Freeform surface
layer

'Metalens' breakthrough may bring a

ceform R
ODtCa\ euffaces s January 2018
I

A Revolution in Imaging
Optical Design

OPN Optics & Photonics News,
J 2012
Hne June 2012

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

Freeform and flat optics introduce
new design freedoms!

Strongly dependent on available
fabrication and further development.




Freeform and Flat Optics: Why?
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Layer
modulation

Flat optics layer:
Longitudinally and/or
laterally modulated

Freeform surface
layer

Freeform and flat optics introduce
new design freedoms:

* Improve performance

* Reduce size and weight

* Less components

« Cost reduction

« Add new functionality, e.g., bifocal
lenses, polarization dependency, ...




Freeform and Flat Optics: Why?
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Layer
modulation

Flat optics layer:
Longitudinally and/or
laterally modulated

Freeform surface
layer

Freeform and flat optics introduce
new design freedoms:

* Improve performance

* Reduce size and weight

* Less components

« Cost reduction

« Add new functionality, e.g., bifocal
lenses, polarization dependency, ...

“Is it possible to replace a bulky glass system by one
metalens” ?
... see end of webinar!




Freeform and Flat Optics

- How?

. t
in nlu

Layer
modulation

Flat optics layer:
Longitudinally and/or
laterally modulated

Freeform surface
layer

» Flat optics requires physical optics

modeling.

Physical Optics

—_—
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Field solvers, e.g.,
FDTD, FEM, FMM

Fast field solvers:
typically, at least as fast
as ray tracing




Freeform and Flat Optics: How?
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Layer
modulation

Flat optics layer:
Longitudinally and/or
laterally modulated

Freeform surface
layer

Flat optics requires physical optics
modeling.

Typically, the large number of
freeform and layer parameters is
challenging for conventional
parametric optimization.

Physical optics may give a fresh view
and new ideas to optical design beyond
conventional routines.




Freeform and Flat Optics: How?

in nout _ .
n Physical Optics
diffractive = — = = ~ _
/ N
L OCSD \ geometric /
ayer . O O3
modulation T~ — = ,
Ray Optics
Field solvers, e.g., Fast field solvers:
FDTD, FEM, FMM typically, at least as fast
Flat optics layer: as ray tracing

Longitudinally and/or
laterally modulated

Freeform surface
layer

VirtualLabrusion

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

VirtualLab Fusion 2021




Optical Design Scenarios

... formulated by physical optics



Light Representation in Physical Optics

* In physical optics light is described by vectorial electromag-
netic fields.

* The electric field is denoted by the three components

E.(r,w)
E(r,w) = (Ey('r,w)) Loy 2T

w

* The components typically possess a common wavefront 1831 — 1879

phase ¥ (r,w) and we write
V x E(r,w) =iwuH(r,w)
V x H(r,w) = —iwepé,(r,w)E(r,w)
v (ér(r,w)E(r,w)) ~ 0
V-H(r,w)=0

Uy (r,w
E(r.w) =U(r,w)exp (ip(r,w)) = (Uy('r,w)> exp (iy(r,w)),

8

U, (r

A\

with (¢ = x, vy, 2)

Y(r,w) = arg (Eg(’l",&))) — arg (Ug(’f‘,&))) .




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
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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
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E.(p)

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

|
[
- 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

X [mm]

X [mm]

X [mm]




Design Scenarios: Field Transformation

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

E™(p,w,a) =U™(p,w,a)exp (i (p,w, a)) |:> component |:> E°™(p,w,a) = U (p,w, a) exp (it:°" (p,w, @)
with p = (z,y) or system




Design Scenarios: Field Transformation

Input fields (index «)

E"(p,w,q) |:>

Input fields (index «)

Bpwa) )

Optical
component
or system

Optical
component
or system

=

Output fields (index «)
E°"(p,w,a)

Output fields (index «)
E(p,w,q)




Design Scenarios: Field Transformation

Input fields (index «) Optical Output fields (index «)
E™(p,w,a) = U™ (p,w,a) exp (™ (p,w, ) |:> component |:> E°(p,w,a) = U™ (p,w, ) exp (1" (p, w, a))
with p = (2, y) or system

Scenarios:

Single-field design One input and output
field only (o = 1)

Multi-field design Set of N, input and out-
put fields (a« =0,..., N, — 1)

Monochromatic or polychromatic design




Design Scenarios: Imaging

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

E™(p,w,a) =U™(p,w,a)exp (i (p,w, a)) |:> component |:> E°™(p,w,a) = U (p,w, a) exp (it:°" (p,w, @)
with p = (z,y) or system

Input fields with spherical wavefront phase
wsph,in(p7 w, Oé)

Fields with spherical wavefront phase

wsph,out (’T’, w, Oé)

= sign(zout)konout\/Hp — Mpin(oz)H2 + (zou'“)2
(z < 0: convergent, z > 0: divergent)

= sign(z")kon™y/ [|p — p(@)[* + (=)°
(z < 0: convergent, z > 0: divergent)

Scenarios:

Multi-field design: FOV Set of IV, input and
output fields (¢« = 0,..., N, — 1)

Monochromatic or polychromatic design




Design Scenarios: Light Shaping

Input fields (index «) Optical Output fields (index «)
E™(p,w,0) =U™(p,w,a)exp (™ (p,w, a)) :> component |:> E°"(p,w,a) = U"(p,w,a)exp (i (p,w, @)
with p = (2, y) 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 (o = 1)

Multi-field design Set of N, input and out-
put fields (a« =0,..., N, — 1)

Monochromatic or polychromatic design




Manipulation and Control of Input Fields

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

E™(p,w,a) =U™(p,w,a)exp (i (p,w, a)) |:> component |:> E°™(p,w,a) = U (p,w, a) exp (it:°" (p,w, @)
with p = (z,y) or system

How to achieve the specified
transformations with sufficient accuracy?




Manipulation and Control of Input Fields

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

E"(p,w,a) = U"(p,w,a) exp (iv™(p,w, a)) |:> component |:> E°™(p,w,a) = U (p,w, a) exp (it:°" (p,w, @)
with p = (z,y) or system

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

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




Proposed Design Workflow

FUNCTIONAL
DESIGN

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




Functional Design

Single Field Scenario



Functional Design

out

Input field
Ein,d(p) _ Uin,d(p)

with index "d" for de

Output field
LT3 EYY(p) = UMY (p) exp (i (p))

Could be also no change of medium! Could be also freeform surface!




Functional Design

out

Input field
E™(p) = U™(p)

with index "d" for d

Output field
a
0T EYY(p) = U (p) exp (19" (p)




Functional Design

out

Input field
E™(p) = U™(p)

with index "d" for de

Output field
‘\-_-! Eout,d(p) _ Uout,d(p) exp (i¢OUt’d (p))

Wavefront phase response:

AYd(p) = ¢ (p) — ™4 p)




Wavefront Response Component (WRC)

Input field
E™(p) = U™(p)

with index "d" for de

nout
Output field
S—— d d
<3 EMYY(p) = U (p) exp

- -

Wavefront phase response:

Ayd(p)

= o4 (p) — ™4 p)

(iwout,d (p))




Domain and Irradiance Matching

Input field
E™(p) =|U™(p)lexp (ip"™(p))
with index "d" for design field

in

=

out

Output field
a
‘, .._—I Eout,d(p) — Uout,d(p) exp (i,gbout,d(p))

- -

Domain and irradiance matching:

The domains X (U™) and X (U°%) should
match as good as possible on the plane P.

The irradiances E* and E°"' should match
as good as possible on the plane P.




Domain and Irradiance Matching

Input field
E™(p) =|U™(p)lexp (ip"™(p))
with index "d" for design field

in

=

out

Output field
a
‘, .._—I Eout,d(p) — Uout,d(p) exp (i,gbout,d(p))

- -

Domain and irradiance matching:

The domains X (U™) and X (U°%) should
match as good as possible on the plane P.

The irradiances E* and E°"' should match
as good as possible on the plane P.




Domain and Irradiance Matching

Input field
Ein,d(p) _ Uin,d(

with index "d" for de

4
,h——

<

- -

Output field

Eout,d(p)

Uout,d (P)

exp (iy°*t4(p))




Domain and Irradiance Matching: Two Components (WRC)

Py

no

Input field

Ein,d (p) _ Uin,d (pl

with index "d" for de

Output field
4
i EMe) U (plexp (i (p)

Y d(p € P)




Domain and Irradiance Matching

: Two Components (WRC)

Py

ni no

Input field

B (o) U pexp (67(p) ) H

with index "d" for design field

pd(p e Pp)

Output field

4
,h—-

R 1 Eout,d (p)

- -

ved(pe p)

Uout,d<p)

exp (ip°"4(p))




Domain and Irradiance Matching: Two Components (WRC)

Py P
n no ns
Shaping
Input field Output field
E™(p) =|U™(p)lexp (iv'™(p)) I:> {::'_i E*"(p) =T (p)lexp (i1 (p))

with index "d" for design field Phare(p € Py)

shape E
P 1 wout,d(p c P2)




Domain and Irradiance Matching: Two Components (WRC)

Pl P2

1 P, ns3

Shaping

Input field

Ein,d(p) _ Uin,d(p) exp (iwin,d(p)) :>

with index "d" for design field

Output field
/
‘:‘-_-! Eout,d(p) _ Uout,d<p) exp (i¢OUt’d(p))

UhPe(p € Py)

shape E
P 1 wout,d(p c P2)

Wavefront phase response:

Ay (p) = pshare(p) — ¢ind(p)

sh@Pe(p) determined by domain/irradiance
shaping algorithm.




Domain and Irradiance Matching: Light Shaping

Pl P2

ni N9 T3

Shaping

Input field Specification of energy quantity like

Ein,d(p) _ Uin,d(p) exp (i¢in,d(p)) :>

with index "d" for design field

- Irradiance E.{ E°"*(p,w, a)}

shape
0 (p € P) » Radiant Intensity I.{ E°"(p,w, o)}

wshape(p c Pl)

pd(p e Pp)

Wavefront phase response:

Ay (p) = pshare(p) — ¢ind(p)

yshare(p) determined by domain/irradinace
shaping algorithm.




Domain and Irradiance Matching: Two Components (WRC)

Pl P2

1 P, ns

Shaping

Input field

Ein,d(p) _ Uin,d(p) exp (iwin,d(p)) :>

with index "d" for design field

Output field
/
‘:‘-_-! Eout,d(p) _ Uout,d<p) exp (i¢OUt’d(p))

UhPe(p € Py)

shape E
P 1 wout,d(p c Pg)

Wavefront phase response: Wavefront phase response:
A (p) = 7 (p) — 1 p) A (p) = 14 (p) — ehare(p)

yshare(p) determined by domain/irradinace
shaping algorithm.




Domain and Irradiance Matching: Two Components (WRC)

Pl P2

1 P, ns

Shaping

Input field

Ein,d(p) _ Uin,d(p) exp (iwin,d(p)) :>

with index "d" for design field

Output field
:> Eout,d(p) _ Uout,d(p) exp (i¢OUt’d(p))

UhPe(p € Py)

shape E
P 1 wout,d(p c Pg)

Wavefront phase response: Wavefront phase response:
Ay (p) = ¢*h2Pe(p) — v (p) Ads (p) = ™04 (p) — ¥™Pe(p)

yshare(p) determined by domain/irradinace
shaping algorithm.




Functional Design: Single Field

. out ni no
,nm n

E"(peP) || E™(peP)
4
= || <
\;——

prd(pe P) ¥ youtd(p e P)

Wavefront Response Component Wavefront Response Component (combination)
« Wavefront design * Irradiance shaping




Functional Design: Single Field

P P] P2
nin nout ni  no s
- Shaping
E"(peP) || E™(peP) E™(p € Py) E*(p € P,)
p 4
O N ——— AT
< | < |
= || < =

wshape<p c Pg)

. in,d
pndpe ) I yomape p) VP EI] e € 1y

Wavefront Response Component
« Wavefront design

Wavefront Response Component (combination)
* lrradiance shaping
« Wavefront design

VirtualLab Fusion 2021




Example Focusing

Functional Design



Focusing Lens: Functional 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 8(a) - p

Wavefront phase response function:

Ap(r) = ot — g
T
| P
"’Lin nout
EMpeP) || E™(peP)

a.,
|:> Le--
pd(peP) H yutd(pe P)

Wavefront Response Component
* Wavefront design




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




Beam Expander

Functional Design



Beam Expander: Scenario

E™(r) = U"(r)exp (i'"(r))

E°"(r) = U (r) exp (ip°"*(r))

Domains do not match

nln

Input field

Ein’d(p) _ U'm,d (p) exp (iz,bi“*d(p)) E>|:|

with index "d" for design field

out

S om——

€ J
\1

Output field
Eout,d (p) —

Uout,d(p)

exp (i:°"(p))




Beam Expander: Scenario

E™(r) = U™ (r) exp (i (r)) B (r) = U™ (r) exp (i (r))

Domains do not match




Beam Expander: Functional Design

E"(r) = U™ (r) exp (i (r))

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




Beam Expander: Functional Design

1 ///’
g

Az

* Let assume the given parameters are the expander ratio
¢ = p°"*/p' and the distance Az.

+ A straightforward evaluation leads to the equations

Az
(=)
R2 = —(AZ + R1>
NA = o
\/1 + (Az/pOUt)2

for radii of the first and second spherical wavefront phase

response and the related NA .

« Thus, the functional design results by analytical considera-
tions to the wavefront phases:

A1 (p, ko) = kony/|lp||* + RS
Atpa(p, ko) = —kony/llplI? + B3




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]

Here

mm

Amplitude after Beam Expander Phase after Beam Expander




Beam Expander Combined with Light Shaping



Shaping Beam Expander: Scenario

E"(r) = U™ (r) exp (i (r))

Active light shaping




Shaping Beam Expander: Scenario

Active light shaping




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)




Example Fiber Coupling



Scenario: Laser Diode Coupling Into Fiber

laser diode with astigmatism
wavelength 405nm
half divergent angle (1/e*2): 8.74° x 15.63°
astigmatism between y and x: -1 mm

THORLABS S405-XP

mode field diameter: 3.3 um




Functional Design: Laser Diode Coupling Into Fiber

laser diode with astigmatism

- wavelength 405nm
- half divergent angle (1/e”2): 8.74° x 15.63°
- astigmatism between y and x: -1 mm

THORLABS S405-XP

mode field diameter: 3.3 um

E*(p € P)

/‘--1

“l"’ <€

wshape (,0 = PQ)

shape
e s h) poutd(p € Py)




Laser Diode Coupling Into Fiber: Ray Tracing

b ‘ 5 mm ’ 20 mm




Laser Diode Coupling Into Fiber: Field Tracing

|~ o |[B]=]]| & o |[@] = B o|[@ =] K& o |[®@]=
Electric Field Electric Field Electric Field Electric Field
Diagram Table Value at (x Diagram Table Value at {xy) Diagram Table Value at (xy) Diagram Table = Value at {cy)
m m Amplitude of “Ex-Component” [V/m] Amplitude of “Ex-Component” [mV/m] Amplitude of “Ex-Component” [mV/m] Amplitude of “Ex-Component’ [V/m]
1 5.599
-
(=}
o
~
E E E E
E o E o 6.8576 E © 2.7995 e
> > > >
.'DE
=
bt
o
8...E-09
X [um] X [mm] X [mm] X [um]

Incoupling efficiency : 99%

i il Inverse design:
Start with ideal mode

L. 5 mm 20 mm
pshare(p e Py)  youtd(p e Py)




Proposed Design Workflow

FUNCTIONAL
DESIGN

Design the system (" )

by introducing Functional design provides
functional > Wavefront Response Components
components to with specified Avyd(p)

achieve the \_ )
demanded system
functionality.




Proposed Design Workflow

FUNCTIONAL STRUCTURAL
DESIGN DESIGN

Design the system Replace functional
by introducing components by
functional > freeform or/and
components to flat optics

achieve the components.

demanded system
functionality.




Structural Design

Single Field Scenario



Wavefront Response by Flat Optics

out

Input field
E"(p) = U™ (p) ex

Output field

|:> E°"(p) = U (p) exp (ip°™(p))

Wavefront phase response:

Yot (p) = ¥ (p) + Ay (p)




Wavefront Response by Flat Optics

Input field

E™(p)

U™ (p) exp (i (p))

Output field

|:> |:> E°"(p) = U (p) exp (ip°™(p))

Wavefront phase response:

POt (p) = Y™ (p) + AYd(p)

How is it possible to realize a wavefront
phase response by a THIN layer?




What Allows Flat Optics to Work?

Example 1D wavefront phase
W(x)
40+

w(x) inrad

30

20+

10}

-30 -20 -10 0 10 20 30




What Allows Flat Optics to Work?

Example 1D wavefront phase

w(x)

40+

30
20+

10}

-30 -20 -10 0 10 20 30

w(x) inrad

i — ei7r/2

ei’(ﬁ(ﬂﬁ)

\J

= ei371'/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"
<A 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 /2
W) el¢($2)
40+
ol @(x) in rad enp (x1)
20+ 1
1ol —1=e" l=e™"™ melZ
eit(@2)
-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
Ww(x) W(x)

40| 40

30
20+

10}

-30 -20

w(x) inrad

<>




What Allows Flat Optics to Work?

Example 1D wavefront phase

w(x)

40+

30
20+

10}

-30 -20

w(x) inrad

<>

W(x)

40+
30
20 -

10+

-30 -20 -10 0

W(x) in rad
X




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?

Example 1D wavefront phase

w(x)

40+

30
20+

10}

-30 -20

w(x) inrad

<>

W(x)

40+
30
20 -

10+

-30 -20 -10 0

W(x) in rad
X




Segmented Phase Manipulation

Example 1D wavefront phase

W(x) w(x)
40+ 401
X) in rad i

sl W(x) 30}

’ I 1=e%" m=2

| 191 . w(x) in rad
10} U=ei2™" m =1

wwww B | X
X -40 -20 0 20 40

-30 -20




Wavefront Response by Flat Optics

Input field Output field

E™(p) = U™(p) exp (1 (p)) L) | D B0 =U" 0 (0 (0)

Wavefront phase response:

Yo (p) = ¢™(p) + Ay(p)

How is it possible to realize a wavefront
phase response by a THIN layer?




Wavefront Response of Surface + Structured Layer

Input field Output field

E™(p) = U™ (p) exp (1™ (p)) |:> |:> E°"(p) = U™ (p) exp (ip°*(p))

Wavefront phase response:

POt (p) = Y™ (p) + AYd(p)

What effects can be used to realize a
wavefront phase response by a surface
+ structured layer?




Vectorial Field Response Operator: Integral

out

Input field
E"(p) = U™ (p) ex

Output field

|:> E™(p) = U™ (p) exp (1¢°"*(p))

E°"(p) = B(p' = E™(p'))(p)

/ / (p, p)E™(p') dz’ dy/

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




Vectorial Field Response Operator: Integral

Xin

E™(p)

Xin

E°"(p) = B(p' = E™(p'))(p)

// (p, p)E™(p') dz’ dy/

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

E°"(p)

Xout




Vectorial Field Response Operator: Integral

Xin

E™(p)

Xin

E*(p) =B(p' — E™(p'))(p)

// B(p, p')E™(p’)da’ dy

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

E°"(p)

Xout




Vectorial Field Response Operator: Integral

Xin

E™(p)

Energy

transport

Xin

E*(p) = B(p' = E™(p'))(p)

// (p, P VE™(p')da’ dy/

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

Xout




Vectorial Field Response Operator: Integral

Xin

E™(p)
\/ Energy

transport

Xin

E*(p) = B(p' = E™(p'))(p)

// (p, P VE™(p')da’ dy/

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

Xout




Vectorial Field Response Operator: Local Integration

Xin

X c xXi»

E"(p) =B(p' — E™(p ))(p)

//ch B(p,p")E

with the matrix integral kernel

B(p,p

Nda' dy

" :R?2 x R? — C3%3

E°"(p)

Xout




Vectorial Field Response Operator: Local Integration

. out
,nln n

Xin

X N\

B (p)

XcXxn

E*(p) = B(p' — E™(p))(p)

// B(p, p)E™(p')dz’ dy
XCcXin

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

E™ (p)

Xout

VirtualLab Fusion 2021

Local use of FMM/RCWA
tested and in preparation




Vectorial Field Response Operator: Local Integration

Xin

X c xXi»

E"(p) =B(p' — E™(p ))(p)

//ch B(p,p")E

with the matrix integral kernel

B(p,p

Nda' dy

" :R?2 x R? — C3%3

E°"(p)

Xout




Vectorial Field Response Operator: Pointwise

E™(p) E*(p)

. out
Xm X

E*"(p) =B(p' — E™(p'))(p)

- [ [ BBy
XCXin

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




Vectorial Field Response: Pointwise

Xin

E™(p)

Field response: B(p')E™(p') — E°"(p)

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

E°"(p)

Xout




Vectorial Field Response: Pointwise

Input field Output field
E™(p) =U"™(p)exp (i ™(p)) pin nout E°"*(p) = U™ (p) exp (iv°"(p))
I:I\ /n
: ~— 4’ out
E™(p) E°™(p)
1]
. out
Xln X

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

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




Vectorial Field Response: Pointwise

Input field Output field
E™(p) =U"™(p)exp (i ™(p)) pin nout E°"*(p) = U™ (p) exp (iv°"(p))
I:I\ /n
: ~— 4’ out
E™(p) E°™(p)
1]
. out
Xln X

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

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

Basic arguments and methods remain valid for
 (Curved surfaces
 Transmission and reflection




Vectorial Field Response: Surface w/o Layer

Input field Output field
E™(p) =U"™(p)exp (i ™(p)) pin nout E°"*(p) = U™ (p) exp (iv°"(p))
I:I\ /n
: ~— 4’ out
E™(p) E°™(p)
1]
. out
Xln X

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

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




Vectorial Field Response: Surface w/o Layer

Output field

Input field
out Eout(p) _ Uout (p) exp (iwout (p))

E™(p) =U™(p)exp (iv™(p)) nin n

, \\ —>"0 —7" .
E™(p') \/ E°"(p)

5]

Xout

Xin

U-field response:  b(p ) U™ (p') — U™ (p)
Wavefront phase response: ¢ (p') + Ay (p’) — ¢°"(p)

* Response given by Fresnel’s equations
* Field response: S matrix




Vectorial Field Response: Surface w/o Layer

Input field Output field
E™(p) = U™ (p) exp (i)™ (p)) pin nout E"(p) = U™ (p) exp (iv°"(p))
O Local direction of input field: 3 (p) .
7

E™(p') — \_/ E*"(p)

5]

Xout

Xin

U-field response:  b(p', 3™ (p"))U™(p') = U™ (p)

Wavefront phase response: ™ (p') + Ay (p’, 5(p'))) — ¢°"(p)

* Response given by Fresnel’s equations
* Field response: S matrix




Vectorial Field Response: Surface w/o Layer

b(a)U™ — |[U°™| (TM mode) = Transmittance 7'(c)

1: Fresnel Effects Calculator E=S Rl
First Material Tables Diagram
Name [Fused_Silica Q
- Parar.neters - Polarization
Catalog Material v| |2 |3 fheusaion il il ———y
Input field Output field s o ievelent m Coefficient
E™ (p) = Uin(p) exp (i,(/)in (P)) nin nout Eout(p) _ Uout(p) exp (iwout (P)) $ Swap Materials Angle of Incidence I O'I B l 89.999° e .
Second Material
m Local direction of input field: 5™ (p) Name [Air Q
. /‘:ID /D » 5
Em(pj) \_—-/ EO‘—“S (p) Catalog Material ~ |2 & &
] State of Matter Gas or Vacuum =
Xin xout Coating g =
Name No Coating § =
= Vo Q X =
% -
U-field response:  b(p', 5" (p"))U™(p') = U™ (p) =
Wavefront phase response: ¢ (p') + Ay(p’, §7(p'))) = ¢¥°"(p) 2
. T T
First” /] Second
Material Material
¢ V4 ) o O T T T T T T T T
. , . 1K ) cT 'o 10 20 30 40 50 60 70 80
* Response given by Fresnel’'s equations R/ o © icidence Angle  for A=532 ) [
Y o
* Field response: S matrix Incident angle «
Validity: @ Close Help




Vectorial Field Response: Surface w/o Layer

Transmission: Ay (a) (TM mode)

1: Fresnel Effects Calculator E=8 il =
First Material Tables Diagram
Name 1Fused_Silica Q
i Pararfmers - Polarization
Catalog Material il alll=] fcasaio) Siciense hale i Transverse Magnetic (TM)
Input field Output field il B et Cosflcient
E™(p) = U™ (p) exp (i) (p)) it nout E°"(p) = U™ (p) exp (" (p)) 8 Swap Materials fagfe o icidomee. | G| 9999 Transmission Coeff (Phase, v
Second Material
= Local dlrectu;ofﬁllgput field: 5™ (p) e Name [Air a |
R o~ .
- T oo o AP(a) £0
a State of Matter Gas or Vacuum E_ S
Xin xou Coating E g |
Name No Coating :‘é’ I
E B B X <
: 2
U-field response:  b(p’, 3™ (p")) U™ (p') = U (p) £
Wavefront phase response: ¢ (p') + Ay(p’, §7(p'))) = ¢¥°"(p) E £
o
Second =
Material ‘
O O T T T T T T T T
. , . T ) 10 20 30 40 50 60 70 20
* Response given by Fresnel’'s equations , o o incidence Angle  (for A=532 ) [
" . Fan Y
« Field response: S matrix Incident angle «
Validity: @ Close Help




Vectorial Field Response: Surface w/o Layer

Input field Output field
Ein (ﬂ) _ Uin(p) exp (i‘l/)i" (P)) nin nout Eout(p) _ Uout(p) exp (iwout (,0))
m Local direction of input field: 5™ (p)
. /ﬂn /D
" (¢/) ~N_ ] =
m
Xin Xout

U-field response:  b(p', 5" (p"))U™(p') = U™ (p)

Wavefront phase response: ¢ (p') + Ay(p’, §7(p'))) = ¢¥°"(p)

* Response given by Fresnel’s equations
* Field response: S matrix

Reflection: Ay (a) (TM mode)

1: Fresnel Effects Calculator

First Material
Name 1Fused_Silica Q
Catalog Material v |2 S
State of Matter Solid
& Swap Materials
Second Material
Name fAir Q
Catalog Material v |2 &
State of Matter Gas or Vacuum
Coating
Name No Coating
= . Q X
T —
| Second
Material
O O)
P CT (@]
@] (@]
. o o

Validity: @

o] ® &
Tables Diagram
Pararr.etefs : Polarization
AR e e Transverse Magnetic (TM) v
Coefficient
Angle of Incidence | o] | L e ———
Lf}
=
o
o
7 7] P(a)
o - .
£ = Goos-Hanchen Shift
=
@
(=)
L}
5 o !
9 -
U
o
o

10 20 30 40 50

60 70 80

Incidence Angle a (for A=532 nm) [°]

Incident angle «

Close Help




Vectorial Field Response: Surface w/o Layer

Eout(p) _ Uout(p) exp (h/}out (P))

Input field Output field
E"(p) = U (o) exp (@5(p)) i ppout
m Local direction of input field: 5™ (p)
) /ﬂn /D
" (¢/) ~N_ ] =
m
Xin

U-field response:  b(p', 5" (p"))U™(p') = U™ (p)

Wavefront phase response:

’in n(pl) + Aw(p’, gin(pf))) — wout(p)

Xout

Surfaces between Dielectrics (Transmisson).

Adp = 0

« Wavefront response control not

possible by surface effect!
Wavefront control w/o structured
layer requires CURVED surfaces.




Freeform Surface Design by Inverse Propagation

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

Input field
Ein,d(p) _ Uin,d(p) exp (iwin,d (p)) /’-—-I Output field
< out, __ yrout, . rout,
with index "d" for design field ::> Spo= o EPY(p) = UMY (p) exp (i (p)
nin nout
MAw —0

Calculate the surface S ¢ R3 on which:

wout,d(,r. c S) _ win,d(,r. c S) — Aw(’r‘ < S) ; 0




Freeform Surface Design by Inverse Propagation

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

Input field

Ein,d(p) _ Uin,d(p) exp (iwin,d(p)) : /l____

with index "d" for design field

Output field

nit nout

—AyY =0

Calculate the surface S ¢ R3 on which:

wout,d(,r c S) _ win,d(,r. c S) — Aw(’r S S) ; 0

I ou ou 3 ou
e== E°Y(p) = U (p) exp (124 (p))

VirtualLab Fusion 2021

Freeform surface design algorithm w/o
parametric optimization for single field
scenario.

Available surface representations include:

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

Aspherical polynomial series
Polynomial series




Proposed Design Workflow

FUNCTIONAL
DESIGN

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

>

STRUCTURAL
DESIGN

Replace functional
components by
freeform or/and
flat optics
components.

(.

Freeform design




Freeform Surface Design by Inverse Propagation

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

Input field
Ein,d(p) _ Uin,d(p) exp (iwin,d (p)) /’-—-I Output field
< out, __ yrout, . rout,
with index "d" for design field ::) Spo= o EPY(p) = UMY (p) exp (i (p)
nin nout
LAw —0

Calculate the surface S ¢ R? on which:

onut,d(r c S) . win,d(r c S) — A¢(T - S) ; 0




Segmented Component Design by Inverse Propagation

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

Input field
Ein,d(p) _ Uin,d(p) exp (iwin,d (p)) e Output field
< I out, __ yrout, . rout,
with index "d" for design field ::) Spo= o EPY(p) = UMY (p) exp (i (p)

— AY = m 27

Calculate the surface S ¢ R3 on which:

onut,d(,r c S) . win,d(r c S) — Azp(’r' - S) =m27




Segmented Component Design by Inverse Propagation

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

Input field
Ein,d(p) _ Uin,d(p) exp (iwin,d(p)) e Output field
< I out, __ yrout, . rout,
with index "d" for design field ::) Spo= o EPY(p) = UMY (p) exp (i (p)

nin nout /E
— AY = m 27 f -

Calculate the surface S ¢ R? on which: - : : oo

! -20 -10 0 10 20

onut,d(,r c S) . win,d(r c S) — Azp(’r‘ - S) =m27

-20 -10 0 10 20
—

|
-20 -10 0 10 20




Segmented Component Design by Inverse Propagation

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

Input field
Ein,d(p) _ Uin,d(p) exp (iwin,d(p)) e Output field
< I out, __ yrout, . rout,
with index "d" for design field ::> Spo= o EPY(p) = UMY (p) exp (i (p)

nin nout
“— AP =m 27 Segmented Elements:

Surface designs with different m can be
done in different segements of the ele-

Calculate the surface S ¢ R? on which: _ ment.

. , Holographic Optical Elements (HOE):

Ypoutd(p € §) —pid(p € §) =|AY(r € S) = m 2r or-modulo operation on wavefront

phase and surface design per resulting

=

Zone.




Segmented Component Design by 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
Input field
E™(p) = U™%(p) exp (i'™%(p)) e Analytic design of optimum holographic optical elements
Q |
with index "d" for design field :: N
J. N. Cederquist and J. R. Fienup
Environmental Research Institute of Michigan, P.O. Box 8618, Ann Arbor, Michigan 48107
nin nout
“— AP =m 27 Segmented Elements:
Surface designs with different m can be
done in different segements of the ele-
Calculate the surface S ¢ R? on which: _ ment.

_ ; Holographic Optical Elements (HOE):
poutd(p € §) —opid(r € S) =|Ay(r € S) = m 2n 2r-modulo  operation on wavefront
phase and surface design per resulting
zone.




Segmented Component Design by Inverse Propagation

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

Input field
Ein,d(p) _ Uin,d(p) exp (iwin,d(p)) e Output field
< I out, __ yrout, . rout,
with index "d" for design field ::> Spo= o EPY(p) = UMY (p) exp (i (p)

VirtualLab Fusion 2021

nin nout
“— AP =m 27 Segmented Elements:
Surface designs with different m can be
done in different segements of the ele-
Calculate the surface S ¢ R? on which: _ ment.

_ ; Holographic Optical Elements (HOE):
poutd(p € §) —opid(r € S) =|Ay(r € S) = m 2n 2r-modulo  operation on wavefront
phase and surface design per resulting
zone.

=




Proposed Design Workflow

FUNCTIONAL
DESIGN

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

STRUCTURAL
DESIGN

Replace functional
components by
freeform or/and
flat optics
components.

(. Freeform design )
« Segmented components

* Fresnel lenses
« HOE

\_ J

All surfaces are designed with the same
technique and follow the same physical
principles: Wavefront phase response is
realized by local optical path length
differences!

=

Phase response by
surface effects?




Vectorial Field Response: Surface w/o Layer

Input field Output field
E™(p) = U™ (p) exp (i)™ (p)) pin nout E"(p) = U™ (p) exp (iv°"(p))
O Local direction of input field: 3 (p) .
7

E™(p') — \_/ E*"(p)

Xout

Xin

U-field response:  b(p', 3™ (p"))U™(p') = U™ (p)

Wavefront phase response: ™ (p') + Ay (p’, 5(p'))) — ¢°"(p)

* Response given by Fresnel’s equations
* Field response: S matrix




Vectorial Field Response: Surface with Layer

Input field Output field
E™(p) = U™ (p) exp (i)™ (p)) pin nout E°"(p) = U (p) exp (iv°"(p))
O Local direction of ihput field: 3 (p)
| /D
E™(p') E°"(p)
. out
Xln X

U-field response:  b(p', 3™ (p"))U™(p') = U™ (p)

Wavefront phase response: ™ (p') + Ay (p’, 5(p'))) — ¢°"(p)

* Field response: S matrix




Wavefront Response: Surface w/o Coating

Input field

E™(p) = U™ (p)exp (iv™(p))

. out
nit n

E"(p)

Xin

Local direction of ifiput field: 5™ (p)

U-field response:

Wavefront phase response:

D(P,; gin(pf))Uin(p/) — Uout(p)

win(p/) + Aw(p’, gin(pf))) — ,l/)out(p)

7"
I~ —T =0

Output field
E™(p) = U (p) exp (1™ (p))

Xout

/

w/o layer

-

Transmission: Ay («) (TE mode)

[] 2: Fresnel Effects Calculator
First Material

Name |Fused_Silica 1 Q,
Catalog Material v |2
State of Matter Solid
$ Swap Materials
Second Material
Name | Air Q,
Catalog Material vi|Z
State of Matter Gas or Vacuum
Coating
Name No Coating
J Q X
—rr T 7
First” 2~ 1 “Second
Material/”, OMatSrlaI
CT '5
@) O
o o

Validity: @

(W

[V

Tables Diagram

Parameters
Abscissale)

\wavelength

Angle of Incidence |

Polarization
Incidence Angle v

=k

Transverse Hectric (TE)

|

Coefficient

89.999°

v

Transmission Coeff (Phase, v

-06 -04 -02

-0.8

Transmission Coeff (Phase) [rad]
-1.2

-1.4

20 30 40 50 60 70
Incidence Angle o (for A=532 nm) [°]

Incident angle o

Close

80

Help




Wavefront Response: Surface with Coating

Input field Output field
Ein (ﬂ) _ Uin(p) exp (i‘l/)i" (P)) nin nout Eout(p) _ Uout(p) exp (iwout (,0))
Local direction of ifiput field: 5™ (p) e
E"(¢)) I~ — =
Xin Xout

U-field response:

Wavefront phase response:

b, 5" (p))U™ (p) = U™ (p)

’gfii"(p’) + Aw(p’, gin(pf))> — ,l/)out(p)

/

With layer

Transmission: Ay («) (TE mode)

[] 2: Fresnel Effects Calculator
First Material

Name |Fused_Silica 1 Q,
Catalog Material 7
State of Matter Solid
$ Swap Materials
Second Material
Name | Air I =
Catalog Material 7
State of Matter Gas or Vacuum
Coating
Name OB-AR420-800
= 7 Q X
ting Orientation = Automatic Decision A
First” /" Second
Material Material
: .y O’
1R T CT O
/ R ‘ D @)
y/4 || PN

Validity: @

(W

[V

Tables Diagram

Parameters
Abscissale)

\wavelength

Incidence Angle

Polarization

Transverse Hectric (TE)

Coefficient

Angle of Incidence |

0]

|

89.999°

Transmission Coeff (Phase, v

Transmission Coeff (Phase) [rad]
0

Ap(a)

10

20 30

40

50 60 70 80

Incidence Angle o (for A=532 nm) [°]

Incident angle o

Close Help




Wavefront Response: Surface with Coating

Input field Output field
in _ q7in s ohyin . t t .
E™(p) = U™ (p) exp (iv™(p)) pin nout E°"(p) = U°"(p) exp (1°"(p))
E—
1]
E™ ( p’) Layer Definttion  Process Data ( p)
Index: 1
. out
Xin 2 I G X
2 Layers
Index | Thickness Distance Medium ~
] 02~ThmFiIm_MSO-measured in Hor
nm nm -
. A Q
U-field response:  b(p', 3 g ___7 >
2 16.44 nm 212.08 nm | Ta205-ThinFilm_MSO-measured in Homog
Wavefront phase response S 33.33nm ;—> 4 nm S|02~Thm.F|Ir‘n_MSO»measured |nAHomoge
4 120.25 nm 265 67 nm | Ta205-ThinFilm_MSO-measured in Homog
5 16.96 nm n | Si02-ThinFilm_MSO-measured in Homoge
6 15.5 nm m | Ta205-ThinFilm_MSO-measured in Homog
7 168.4 nm 566.52 nm | SiO2-ThinFilm_MSO-measured in Homoge| v .
Append Insert Delete Layer Tools + Wlth Iaye r
Wavelength Range of Media
Minimum Wavelength Maximum Wavelength
300.09 nm 1pm
QA ™ I 0K I Cancel Help

Transmission: Ay («) (TE mode)

-

[] 2: Fresnel Effects Calculator
First Material

Name |Fused_Silica Q,
Catalog Material v |2 =

State of Matter Solid

$ Swap Materials

Second Material
Name |Air ] Q,
Catalog Material v |2 S

State of Matter Gas or Vacuum
Coating

Name  |OB-AR420-200
= 7 Q X
ting Orientation - Automatic Decision ~

First”" /] Second

Material )Matgrlal
- 2
1IN CT ©O
B A b

Validity: @

[o] & (=
Tables Diagram
Pm’!’e‘m Polarization
Abscissale) Incidence Angle e
Transverse Hectric (TE) v
Coefficient
Angle of Incidence | 0| 89.995"|  [Tranemission Coeff (Phase’ ~
m
o~

Transmission Coeff (Phase) [rad]
0

Ap(a)

20 30 40 50 60 70
Incidence Angle o (for A=532 nm) [°]

Incident angle o

Close

80

Help




Wavefront Response: Surface with Coating

Transmission: Ay («) (TE mode)

[ ] Z Fresnel Effects Calaulator E==Ech 1
First Material Tables Diagram
Name |Fused_Silica Q
- Parameters Polarization
Catalog Material v 7] B Abscissale) Incidence Angle b Tranaverse Boctic (1) v
State of Matter Solid \Wavelength IE
. . . N Coefficient
d FunCtlonal deS|gn pI‘OVIdeS Aw (p, st (p)) . [ e Angle of Incidence | o] _| 89959"|  [Transmission Coef (Phasel v
Second Material
= . Name |Air Q on ]
Structure design: Search for local layer at a = == A(30°)

o~

location p, which provides demanded A for
local incident direction 5(p). -

Name OB-AR420-800

State of Matter Gas or Vacuum

?

= P4 Q X

ting Orientation = Automatic Decision e

/ First” // Second
. Materla/ MatSrlal
With layer

Transmission Coeff (Phase) [rad]
0

T T T T T T T T
10 20 30 40 50 60 70 80

CT )O
D O Incidence Angle o (for A=532 nm) [°]
/// / A~ -

Incident angle o

Validity: @ Close Help




Wavefront Response: Surface with Coating

Transmission: Ay («) (TE mode)

] Z Fresnel Effects Callator ==l
First Material Tables Diagram
Name |Fused_Silica Q
PararTle‘tem = Polarization
Catalog Material > |2 I Abscissafe) iy b 2 Transverse Bectric (TE) v
State of Matter Solid Wavelength | 532 nm
i Coefficient
. . . ~in )
* Functional design provides A (p, R p)) : & Swan Metarins Arge of ncidance | 0 [ 09995 [frpraniason ot Pase
Second Material
Name | Air Q o

 Structure design: Search for local layer at a
location p, which provides demanded A for
local incident direction 5(p). -

Name OB-AR625-655

7 Q X

ting Orientation « Automatic Decision e

/ g:lrst/ // Second
Materla/ Material

O
Changed laye

Catalog Material v |2 S
o~
State of Matter Gas or Vacuum

A (30°)
?

Transmission Coeff (Phase) [rad]
0

-

T T T T T T T T
10 20 30 40 50 60 70 80

CT )O
D @) Incidence Angle a (for A=532 nm) [°]
/// / ~ ey -

Incident angle o

Validity: @) Close Help




Wavefront Response: Surface with Coating

Transmission: Ay («) (TE mode)

[ [] 2: Fresnel Effects Calculator E‘E[ @‘
First Material Tables Diagram
Name |Fused_Silica Q P o
Catalog Materia v|[Z] @] | Abecesale vy e hd :’::::r:nﬂednc m
State of Matter Solid \Wavelength IE
. . . ~F Coefficient
Functional design provides Aw(p, Sm(p)). 4 Swap Matarias sagie of ncidence | 0] [ 895 [figramiasion Goci e~
Second Material
Structure design: Search for local layer at a s amm| |
location p, which provides demanded A for o of Mater [ EEBVERER T
local incident direction 3 (p). Coatng g-
Name |OB-ARG25-655 c
Per location a suitable layer must be found. 2 & X ¢ A1)(30°)
Fabrication not prac‘[ica” Coating Orientation « Automatic Decision é J ?

: First”" 7/} | Second
Metasurfaces: Phase effect by layer which e/ Material N

consists of laterally modulated local cells.

1 /A C )O 1Io 2lo 3'0 4|o slo 6'0 7Io BIO
///R//// D -l(-j Incide.nce Angle o (for A=532 nm) [°]
As o= Incident angle «

Validity: @) Close Help




Wavefront Response: Metasurface

Functional design provides A (p, 5™ (p)).

Structure design: Search for local layer at a
location p, which provides demanded Aq) for
local incident direction 3 (p).

Per location a suitable layer must be found.
Fabrication not practical!

Metasurfaces: Phase effect by layer which
consists of laterally modulated local cells.

COMMENT
oPEN

The advantages of metalenses over
diffractive lenses

Jacob Engelberg® ! & Uriel Levy® 1™

Nature Communication, April 2020

Fig. 2 Scanning electron microscope (SEM) images of several metalens antenna forms. a Nano-fins used for geometrical phase, reproduced with
permission from ref. 9, Copyright 2016 AAAS. (b) Nano-rods used as truncated waveguides, reproduced with permission from ref. 7, Springer Nature and
¢ Nano-disks used for Huygens metalens, reproduced with permission from ref. 12, De Gruyter. Scale bar is Tpum.




Analysis of Phase Response of Metasurface Unit Cell

unit cell
dimension
400nm

F
nanopillar Vi =
diameter g /
8 _ [ oo 1 / %
> 7 |— phaseTio; 01 / ?
/ 2
I[
/ A [
|V A
| /
----------------- s o;s 0. ‘ﬁél L o.'s o.;s
llllllllll Nano Pi r‘[m}
~_—" =
_ | Incident angle o = 0
S // ’
£g / ;
»; 2 / =] %
g9 Vi i f g
2 // /\w (d) -
. / )
- e &
- — )




Design of Metasurface for Specified Phase Response

unit cell
dimension

400nm v

—

Il

C

+ |
Lens Aperture

A (p)

Efficiency & Phase vs. Pillar Diameter

B= 139: C:\Users\...\Efficieny_Phase_FullDiameterScan_MetaPillar.da =2 5]
merical Data Arr:
Diagram  Table  Value at x Coordinate
. -
nanopillar i 3
. = / 7.
diameter 7 g /
= / 2
o — Efficiency T[O; 01‘ / 3
g 7 |— praseTio | / e
e / f z
£ =
2 /
. i
i ' pd
° /
------------------ o 01 015 02 az!' 03 03s
lllllllllllll ’ :,‘[pm]
o
2 / n
(=3
2 /
2 // o
S e 7 (=2
=) / vz
s =
= 2 o &
\ / <
] S — 5=
T O — 7 o=
E ¥ \ / 2
. ~ . /\ 1
' S / ] -
&
o \/
& Ny o
o / ]
- v
T T T T T T «
0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 022 0.24 0.26




Proposed Design Workflow

FUNCTIONAL STRUCTURAL
DESIGN DESIGN
. , ("« Freeform design )
Design the system Replace functional
by introducing components by y Segmented Components
functional > freeform or/and * Fresnel lenses
components to flat optics « HOE
achieve the components.
demanded system \_ » Metasurfaces )

functionality.




Proposed Design Workflow

FUNCTIONAL
DESIGN

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

STRUCTURAL
DESIGN

Replace functional
components by
freeform or/and
flat optics
components.

MODELING &
EVALUATION

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

Freeform design
Segmented components
Fresnel lenses

HOE

Metasurfaces

\




Modeling

Modeling and evaluation of performance of surfaces
which are obtained by structure design



Freeform Surface: Modeling

Input field Output field
E™(p) = U™ (p)exp (iv™(p)) pin nout E°"(p) = U (p) exp (iv°™(p))
D\
. — /D
E™(p') E°"(p)
(1]
Xin Xout
I 1252 Vol. 36, No. 7 / July 2019 / Journal of the Optical Society of America A
. Journal of the
Optical Society A
. . ) Oor AMerica ] , AND
* Local application of S-matrix for curved surfaces: Physical-onti tion th ocs 'MAGESCIEE —
Local Plane Interface Approximation (LPIA). ysical-optics propagation through curve

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




Segmented Surface: Modeling

Input field

Output field
E"(p) = U"(p)exp (i (p)) in

E™(p) = U (p) exp (iv°"*(p))

AN | _

Ein(p/) EOut (p)

“~

Include diffraction at jumps of profile.

out

444
S

. t
Xn X ou

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

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

Optical Society

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

Rui SHi,"®* ChrisTiAN HeLLMANN,® AND Frank Wyrowski'

'Applied Computational Optics Group, Friedrich Schiller University Jana, Jena, Germany
ZLightTrans International UG, Jena, Germany

yrona Prtoncs LG, ina, Gorrary JOSAA, 2019
*Carresponding author: wi shi@uni-jena.de




Holographic Optical Element: Modeling

Input field

E™(p) = U™ (p) exp (™ (p))

Xin

B (p

~—

in

Output field

out Eout(p) _ Uout (p) exp <i¢0ut (p))

77711
S

"

E™ (p)

Xout

\\\\\\\\\7/ 77

Include diffraction at jumps of profile.

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

I 1252 Vel. 36, No. 7 / July 2019 / Joumnal of the Optical Sociely of America A

Research Article

Joumal of the

Optical Society

of America

OPTICS, IMAGE SCIENCE, AND VISION

Physical-optics propagation through curved

surfaces

Rui SHi,"®* ChrisTiAN HeLLMANN,® AND Frank Wyrowski'
'Applied Computational Optics Group, Friedrich Schiller University Jana, Jena, Germany

ZLightTrans International UG, Jena, Germany
Wyrowski Photonics UG, Jena, Germany
“Cemresponding author: rui.shi@uni-jena.de

JOSAA, 2019




Holographic Optical Element: Modeling

Input field Output field

E™(p) = U"(p) exp (i (p)) in nout E*(p) = U (p) exp (1°"(p))

B=L 28: "Electromagnetic Field Detector” (# 603) after "Wavefront Response: * (#1) (T) (Fie...

. — - Electric Field
E™(p)) E™(p)
Diagram  Table Value at fxy)

Phase of "Ex-Component” [rad]

Xin

/

/ out;
Z X

z 3.1416

Include diffraction at jumps of profile.

Y [mm]

-3.1416




HOE Modeling: Local Integration

Xin

B (p)

YWWN\\N\N\NSL—777777711

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

Field response must be calculated by local application of
the rigorous Fourier Modal Method (FMM) to include all
effects: Local Linear Grating Approach (LLGA)

Xout

VirtualL brusion

VirtualLab Fusion 2021




Metasurface Modeling: Full Integration Over Lens Diameter

. out
,nln n

Xin Xout

* Full integration requires too high numerical
effort for metasurfaces of reasonable size.




Metasurface Modeling: Full Integration Over Lens Diameter

. out
,nln n

Ein(p/) \/ Eout (p)

Xin Xout

* Full integration requires too high numerical
effort for metasurfaces of reasonable size.

* However, local integration sufficient and
much more efficient!




Metasurface Modeling: Local Integration

nln

a \\\/JJ
E™(p')

Xin

* Full integration requires too high numerical
effort for metasurfaces of reasonable size.

* However, local integration sufficient and
much more efficient!

out

E™ (p)

Xout

IEE
> ® ¢
> @ ¢
Lens Aperture
o
. ool




Metasurface Modeling: Local Integration Level |

. out
nll’l n

x \\\/)H "
Em(p/) EOut (p)

Xin xout
» Full integration requires too high numerical -
effort for metaSl_Jrfaces .of reas_or_1able size. Locally we assume
« However, local integration sufficient and subwavelength grating

much more efficient! with local pillar size.




Metasurface Modeling: Local Integration Level Il

. out
nln n

e \\\/H .
Eln(p/) EJOUt (p)

Xout

Xin

Lens Aperture

* Full integration requires too high numerical
effort for metasurfaces of reasonable size.
* However, local integration sufficient and

much more efficient!

Stitching method by benefiting from
local reach of evanescent fields.




Metasurface Modeling: Local Integration Level Il

. out
nln n

e \\\/H .
Eln(p/) EJOUt (p)

Xin yout
/‘:
Lens Aperture ;ﬁ

o
o o

J. Opt. Soc. Am. A/Vol. 14, No. 7/July 1997 JOS AA 1 997 B. Layet and M. R. Taghizadeh il 5 5T
I 2
{

Electromagnetic analysis of fan-out gratings and
diffractive cylindrical

lens arrays by field stitching

Ben Layet and Mohammad R. Taghizadeh StItCh I ng methOd by benefltl ng from
Department of Physics, Heriot-Watt University, Edinburgh EH14 4AS. UK IOCaI reaCh Of evanesce nt fleld S.




Metasurface Modeling: Local Integration Level Il

nin nout
Ein(p/) EJOllt (p)
Xin Xout
[ — Lens Aperture /ﬁ

B. Layet and M. R. Taghizadeh

J. Opt. Soc. Am. A/Vol. 14, No. 7/July 1997 JOS A A 1 997
)
[

Electromagnetic analysis of fan-out gratings and

diffractive cylindrical
lens arrays by field stitching

Vi;mhlL brusion

Ben Layet and Mohammad R. Taghizadeh StItChIng methOd by benefltlng from
local reach of evanescent fields.

Department of Physics, Heriot-Watt University, Edinburgh EH14 4AS, UK

VirtualLab Fusion 2021




Proposed Design Workflow

FUNCTIONAL
DESIGN

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

STRUCTURAL
DESIGN

Replace functional
components by
freeform or/and
flat optics
components.

MODELING &
EVALUATION

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

Freeform design
Segmented components
Fresnel lenses

HOE

Metasurfaces

\




Example Focusing

Structural Design



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




Structural Design Freeform: Focusing (NA = 0.2)

Freeform Surface Design by Inverse Propagation

5 ={reRr=(p,2(p)}
/

Input field
B U™4(p) exp (it:(p)) ey Output field
with index "d" for design field E; Sy==1 B (p) = U (p) exp (i (p))
"in pout
Ay =0

Calculate the surface S c R3 on which:

Yo (r € §) — ¢ind(r € §) = Adh(r € ) = 0




Focusing (NA = 0.2) Lens: Ray Tracing




Remark

4 )

We know the surfaces should have
other sequence: current developer
version of design algorithm uses
plane surface first.

\_ J




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
@ |
o
= |
o
e |
o
=
y k=3
= = —
= ﬁ o | MTF (Freeform)
E 96 g o ~~ MTF (Functional)
> a2
o
2 =]
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]

1.0015
0.50075
0
-5 -4 = = =il 0 1 2 2| 4 ]
X [mm]

Electric Field
Diagram  Table ~Value at {xy)
Amplitude of "Ex-Component” [V/m]
1.0015
n
=
n
o
E o 0.50075
-
o
o
¥
w
0
5 4 -3 2 - 0 1 2 3 4 5
X [mm]
E w
B
g8
E]
= n
o o~
E ©
<
T T T T T T T T T T T T t T T
| 2 3 4 5 6 7 8 ] 10 1 12 13 14 15

Position in Section [mm]

Amplitude after lens

Amplitude after lens




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




Focusing (NA = 0.4) — Functional Design




Structural Design Freeform: Focusing (NA = 0.4)

Freeform Surface Design by Inverse Propagation

S ={reRr=(p,2(p)}
o

Input field
E™(p) = U™ (p) exp (i) Aems Output field
with index "d" for design field E; Se==t B (p) = U (p) exp (10 (p))

Calculate the surface S ¢ R? on which:

,‘pout,d(,,. €9)— win*d(r eS)=Ay(rebs) < 0




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)
= a2
o
Z =]
o
i
k=3
o
o
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]

1.0832
0.5416
0
-5 -4 -3 -2 -1 0 1 2 3 4 5
X [mm]

Electric Field
Diagram  Table Value at fxy)
Amplitude of "Ex-Component” [V/m]
2 1.0832
n
s
=
o~
€
E o 0.5416
>
e
o
S
0
0
v
< >
£ .,
= 3
< ©
o o
)
T =
2 °
8 ~
E ©
<
T T T T T T T
2 4 6 8 10 12 14

Position in Section [mm]

Amplitude after lens

Amplitude after lens




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]
8}

6.5241

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




Structural Designh Segmented: Focusing (NA = 0.4)

Segmented Component Design by Inverse Propagation

S={reRr=(p2(p)}
g

Input field
E™d(p) = Uin,d(p) exp (i¢in,d(p)) Aemy Output field
with index "d" for design field E:) Y=t B (p) = UM (p) exp (i (p))

nin nout /T\
— AY =m 27 S — b w
) <

Calculate the surface S ¢ R3 on which:

wout,d(,r. €S — w‘m,d(r €es) =‘A1l)(7" e s) = m 27r‘

/ sttt e e~ S S SSSSON
% % i )




Focusing (NA = 0.4) Lens: Ray Tracing

2 mm




Focusing (NA = 0.4) Segmented Lens: Ray Tracing

2 mm




Structural Design Segmented Lens: Focusing NA 0.4

Preview for Programmable Surface — O X

L.

Z-Extension

2 mm

Extension |1.08528813196249mn| Minimum (-1.08528813196249mi| Maximum 4.3368086899420251]

| Close H Help




Focusing (NA = 0.4) Segmented Lens: Field Tracing

Dummy [1E8 (V/m)*2]

Numerical Data Array

— MTF (Segmented Lens)
~— MTF (Functional)

Line Density X [1E3 cycles/mm]

Energy Density in Focus (False Color)

MTF




Focusing (NA = 0.4) Segmented Lens: Field Tracing

E 46: Wavefront Phase - After Segmented Lens

Numerical Data Array

ol E=

le  Value at (xy)

777777

777777

E 45: Electromagmentic Field Detector - After Segmented Lens
Field

Wavefront Phase after Segmented Lens

Wavefront Error after Segmented Lens




Focusing (NA = 0.4) Segmented Lens: Field Tracing

Near Field Analysis — 500um after Segmented Lens:

18:Z\C icat..\Result_NearField_wDif

ion_OuterRing_Full_FFTFFT_GridlessAcc2_HighResolution.da [l -o k=
Electric Field

Amplitude of “Ex-Component” v/m]

jicat...\Result_NearField_wDiffraction_InnerRing_Full_FFTFFT_GridlessAcc2_HighResolution.da fole =
Electric Field

Field (Ex) @ 500um after Lens
(Outer Segment)

Diagram  Table  Value at (xy)

Amplitude of “Ex-Component” v/m]

1% 20: Electromagmentic Field Detector - After Segmented Lens (=3 EcR <

Electric Field

Diagram  Table Value at (xy)

Amplitude of “Ex-Component” v/m]

Field (Ex) @ 500um after Lens
(Inner Segment)

Field (Ex) @ 500um after Lens
(Combined)




Focusing (NA = 0.4) Segmented Lens: Field Tracing

Near Field Analysis — 500um after Segmented Lens:

\Result_NearField_wDiffraction_OuterRing_Full FFTFFT_GridlessAcc2_HighResolution.da [l -o k=
Electric Field

Field (Ex) @ 500um after Lens
(Outer Segment)




Focusing (NA = 0.4) Segmented Lens: Field Tracing

Near Field Analysis — 500um after Segmented Lens:

Field (Ex) @ 500um after Lens
(Inner Segment)




Focusing (NA = 0.4) Segmented Lens: Field Tracing

Near Field Analysis — 500um after Segmented Lens:

Field (Ex) @ 500um after Lens
(Combined)




Focusing (NA = 0.4) Segmented Lens: Field Tracing

Near Field Analysis — 500um after Segmented Lens:

Field (Ex) @ 500um after Lens Field (Ex) @ 500um after Lens Field (Ex) @ 500um after Lens
(Outer Segment) (Inner Segment) (Combined)




Structural Design HOE: Focusing (NA = 0.2)

Segmented Component Design by Inverse Propagation

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

Input field
E™(p) = U™(p) exp (ih™(p)) Aem Output field
with index "d" for design field ‘:> -l B (p) = 7o (p) exp (ipertd(p))
I /\
— A¢ =m 27T 20 10 . 10 20
Calculate the surface S ¢ R3 on which: " °
Ao m— B DN

,l/]out d(,,. c S) djmd(r € S g‘A'I/} 1‘ € S) m27r

/ - D U




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]

0.94041
E 0.47021
=
0
5 4 -3 2 - 0 1 2 3 4 5
X [mm]
EZ
3 o
i
s o
=
Z
a ™
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

Amplitude after HOE




Focusing (NA = 0.2) HOE: Field 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
[
=}
ra
w
s
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]

0.94066
0.47033
0
-5 -4 -3 -2 -1 0 1 2 3 4 5
X [mm]

E 12: "Electromagnetic Field Detector” (£ 603) after "HOE" (#6) (T) (Field Tracing) : -E E
Electric Field
Diagram  Table = Value at fey)
Amplitude of "Ex-Component” [V/m]
094019

E

£ 0.47009

=

0
=5 -4 -3 -2 -1 0 1 2 3
X [mm]
E w
B
© 3
@
=
=R
Tk
=
<
T T T T T T T T T T T
1 2 3 4 & 6 7 8 g 14 15

Position in Section [mm]

Amplitude after HOE

Amplitude after HOE




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
Diagram  Table = Value at {xy) Diagram  Table Value at fx.y)
Smooth Wavefront Phase [1E4 rad] Phase of "Ex-Component” [rad] A / 1 3
M -a2606 z [ o.06702
o "
~ - 0
o o
o ~
E E
E © -8.0267 E o
> =
o &
O o
5 ¥
w w
-0.5838 -0.40458
: : : : : : : : : : : : : : : : : : : : : :
5 4 3 2 -1 0 1 2 3 4 5 ] 4 3 2 1 0 1 2 3 4 5
X [mm] X [mm]

Wavefront after HOE Wavefront Error after HOE




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

-2 3.51%

0 3.46%

2 6.17%

tic Fi
| h of
-4 -3 2 -1 0
X [uml

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

Diagram  Table

Value at x-Coordinate

Subsets #0, #1, #2 %]
20 30 40 50 60 70 a0

10

— Efficiency T[+1; 0]
— Efficiency T[Q; 0]
— Efficiency T[-1; 01

0.6

T T
14 1.6 1.8 2 2.2 2.4 2.6 2.8

Grating Period ("Sawtooth Grating” (#1) | Stack #1 (Stack for Diffractive Lens (1/8/2021 7:46:57 PM)) | Surfa... [um]

Diagram  Table

Value at fxy)

Amplitude of "Ex-Component” [V/m]

Efficiencies vs. Period

094019
wn
-
™
o
E
E o 0.47009
>
o
o
hi
by
0
5 4 3 2 1 0 1 2 3 4 5
X [mm]
ot
o
cu
=
2 w
s 3
=
<
T T T T T T T T T T T T T T T
1 2 3 4 & 6 7 8 g 10 1 12 13 14 15

Position in Section [mm]

Amplitude after HOE




Focusing (NA = 0.4) HOE: Field Tracing

Preview for Sawtooth Grating Surface - o X

E=. 34: Efficiency T[+1; 0] of Grating Order Analyzer" (#800) (Results for Individual Orders) vs. Grating Periad (*Sawtoath Grati.. | = || = |[m3]
Mumerical Data Array

Diagram  Table = Value at x-Coordinate

8 ]
r~0- ]
8 ]
g 5
o 7 ?\X
i — Efficiency T[+1; 0] i
n . . e
Cg 2 — Efficiency TIC; 0] :xmmim\ 86581 nm|  Minimum Omm|  Maximem 865.81 nm|
2] — Efficiency T[-1; 01
& Close Help
2 =
&
Addd .4 .4 = el e e, B B I N D
o
- -20 -10 0 10 20

< »
< »

T

0s 08 1 12 14 16 18 2 22 24 2.\ Applled fabrication constraint: no
Grating Period ("Sawtooth Grating” (#1) | Stack #1 (Stack for Diffractive Lens (1/8/2021 T7:46:57 PM)) | Surfa... . . .
J height modulation over lens diameter

Efficiencies vs. Period




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

EE_

Mumerical Data Array

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

Diagram  Table Value at x-Coordinate
— MTF (HOE with Higher Orders)
—— MTF (Functicnal)

g ith Higher Orders

2

o =
T T T T T T T T T T T T T T
0.2 04 0.6 0.8 1 12 14 1.6 18 2 22 2.4 2.6 2.8

— MTF (HOE)
Line Density X [1E3 cycles/mm]

Subsets #0, #2, #1
0.1 02 03 04 05 06 07 08 09

Energy Density in Focus (False Color) MTF




Design of Metasurface for Specified Phase Response

Efficiency & Phase vs. Pillar Diameter

B 13%: CA\Users\...\Efficieny_Phase_FullDiameterScan_MetaPillar.da

[o) o=

aaaaaaaaaaaaaaaaaaaaaaaaa

unit cell g hanopillar . /
dimension diameter - /
B~ ik /

400nm

[ped] [o ‘ol @

Nl

n=1.5
cy TIO; 0] [%]

|

T~

Wavelength = 940 nm

Lens Aperture

A (p)

% %)

10; 01 [%]
10 20 30 40 JS50 60 70 80 90
5 - §0- 0 SO L 0§

[pedl o ‘ol @

Efficie

€ §e e

D I a m ete r 1 O m m 006 0.08 o1 02 01e 016 018 02 022 024 026




Focusing (NA = 0.2) Metalens: Field Tracing (Level |)

Chromatic Fields Set

Data for Wavelength of 940 nm [1E7 (V/m)~2]

Yin

...................

Line Density X [1E3 cycles/mm]

4 =2 ) 2 4 6 8 10 12 14
MTF

Energy Density in Focus (False Color)
Efficiency: 93.64% (Efficiency after First Plane: 96.5%)




Focusing (NA = 0.2) Metalens: Field Tracing (Lev/el )

=

Chromatic Fields Set

.
Data for Wavelength of 940 nm [1E7 (V/m)~2] MOdeIIng does nOt
.
; s include full lateral
Data Array
- crosstalk effects!
o
o
o
-]
@
o o
~
< o
©
o~ ; o
z -2 — MTF (Meta Lens)
ER 059826 =& — MTF (Functional)
> ]
-y a =
v 3
© o
o
@ -
S
o
~ o.(')s 0,'1 0.1‘5 o.'z o.és o.‘a 0.55 0:4 ois 0:5 0,5‘55 o.ls 0,;5 0.‘7 0.‘.IS o.la o.t‘zs 08 o.és
I Line Density X [1E3 cycles/mm]
=
' 9..E-08
-4 -2 -0 -8 -6 -4 -2 0 2 4 6 8 10 12 14
MTF

Energy Density in Focus (False Color)
Efficiency: 93.64% (Efficiency after First Plane: 96.5%)




Focusing (NA = 0.2) Metalens: Field Tracing (Level |)

<, 126: “Electromagnetic Field Detector” (# 609) (Wavefront Phase) after “Meta Lens” (£ 1) (T) (Field Tracing)
Numerical Data Array

[E=8 EER =

¥ [mm]

Diagram Table Value at {x.y)

Wavefront Phase [1E5 rad]

[ -1.2369

=1.2559

-1.2749

2 3 4 5 W NN

¥ [mm]

Wavefront after Meta Lens

BE: 125: *Electromagnetic Field Detector® (# 609) after "Meta Lens" (£1) (T) (Field Tracing) =N ECR =
Electric Field
Diagram  Table ~Value at fx.y)
Phase of “Ex-Component” [mrad] % A 5 O

Wavefront Error after Meta Lens

-49.942




Focusing (NA = 0.2) Metalens: Field Tracing (Level |)

<. 126: “Electromagnetic Field Detector® (# 609) (Wavefront Phase) after “Meta Lens" (£ 1) (T (Field Tracing) == EoE

Numerical Data Array

Diagram

¥ [mm]

E=L 125: "Electromagnetic Field Detector” (# 609) after “Meta Lens" (#1) (T) (Field Tracing)

Electric Field

Table Value at (xy) Diagram

Wavefront Phase [1E5 rad]

Variation due to discrete change of
pillar diameter. Depends strongly on
fabrication constraints.

Table  Value at (xy)

-49.942

WavefronLLevel Il modeling smooths the result. )

Wavefront Error after Meta Lens




Example Expander

Structural Design



Structural Design Beam Expander (1:5): Freeform + HOE

e —
— o
_—

5 mm




Structural Design Beam Expander (1:5): Freeform + HOE

Segmented Component Design by Inverse Propagation

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

Input field
| ‘ E"(p) = U™(p) exp (i (p)) Aeey Qutput field
e with index "d" for design field Syl B () = UM (p) exp (i (p))

an o - '

*— At = m 2w

Calculate the surface S < E* on which:

. i‘,nul.rl(,. €8) - Uiy,,zl(r € 5) :\M /", =
Freeform Surface D\esign by Inverse Propagation / ' o

S ={r e R%r = (p,2(p))}
o~

Input field

E™d(p) = U‘"’d(p) exp (iiﬁi"’d(P)) E>

with index "d" for design field

’ Output field
Vauiat |
\J__I Eout,d(p) — Uout,d(p) exp (wom.d(p))

Calculate the surface S ¢ R3 on which:

. ! |—|
Youtd(p e §) —pind(p e §) = Ay(r € S) =0




Beam Expander (1:5) Lens + HOE: Ray Tracing

1/

n
Extension |

Minimum

5 mm




Beam Expander (1:5) Lens + HOE: Field Tracing

Efficiency of Freeform: 93.09%
Efficiency of HOE: 77.15%
System Efficiency: 71.82%

< Here

Amplitude after Beam Expander

B 15%: “Electromagnetic Field Detector” (2601) after “Plane” (#4) T (Field Tracing)

Dizgram  Table  Value af fy)
Phase of "Ex-Component” [rad] 6
[] 039031
©

0.19516

Phase after Beam Expander




Beam Expander (1:10) — Functional Design: Ray Tracing

4 mm




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

Freeform Surface Design by Inverse Propagation

S={reR%r=(pz(p)}
/

Input field
Output field

E™(p) = U™(p) exp (iv2"(p)) E: Aemy
with index "d" for design field So==t B0 (p) = UM (p) exp (i1 (p))

in out,

n n

- (’\ TTAY =0
“--—— 1 Calculate the surface S C R? on which:
i / poutd(r € §) —yind(r € §) = Ag(r € §) =0




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

Preview for Programmable Surface

Z-Extension
Extension

589.56 pm

Minimum

0'mm

Maimum




Beam Expander (1:10) Lens + Lens: Ray Tracing




Beam

Expander (1:10) Lens + Lens: Field Tracing

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 (1:10) Lens + Lens: Field Tracing

B 180 ic Field Detector”

“Plane” (#4) (T) (Field Tracing) E=% EoR =

Electric Field

<Here

mm

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

Diagram  Table  Value at fry)

Amplitude of "Ex-Component” [mV/m]

Amplitude after Beam Expander

Irradiance shaping satisfying
because of symmetric situation.

Iterative design not needed.




Example Fiber Coupling

Structural Design



Laser Diode Coupling Into Fiber: Functional Design

B o|[@][=]| MR o |[@|[=]]| K& o|[@][=]|H® B R ES
Electric Field Electric Field Electric Field Electric Field
Diagram Table Value at (x Diagram Table Value at {xy) Diagram Table Value at (xy) Diagram Table = Value at {cy)
m m Amplitude of “Ex-Component” [V/m] Amplitude of “Ex-Component” [mV/m] Amplitude of “Ex-Component” [mV/m] Amplitude of “Ex-Component’ [V/m]
5.599
-
(=}
S
E E E E
E © E © 6.8576 E © 2.7995 =2
> > > >
.;;
hat
o
8...E-09
X [um] X [mm] X [mm] X [pm]

Incoupling efficiency : 99%

Inverse design:
Start with ideal mode

L. 5 mm 20 mm
pshare(p e Py)  youtd(p e Py)




Laser Diode Coupling Into Fiber: Freeform Design

‘™ == [ =

Electric Field

Electric Field

Diagram Table Value at (xy)

mm

Amplitude of "Ex-Component” [V/m]

02 04

Y [mm]
0

04 02

Y [mm]

Diagram Table Value at {xy)

Amplitude of “Ex-Component” [mV/m]

<3-
=2 0 2
X [mm]

mm

13.715

6.8576

0

—— Freeform Surface Design by Inverse Propagation
> S ={r eR%r = (p,2(0))}
/
_ : Input field
Eo  E™(p)=Um(p)exp (i™(p)) A__, Outoutfield
g with index "d" for design field :> Se==l B (p) = UMY (p) exp (19°"(p))
Ay =0
Calculate the sysfete S &> on which:

YoM € S) — Y Mr € §) = Ay(re §) =0

wshape(l) c Pl)

5 mm

ved(p € Py

Incoupling efficiency : 99%

Inverse design:
Start with ideal mode




Laser Diode Coupling Into Fiber: Ray and Field Tracing

i s = 1 .] Incoupling Efficiency: 98%




Example Shaping Expander

Structural Design



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)




Structural Design Shaping Expander: One Freeform

Freeform Surface Design by Inverse Propagation

S={reR®r=(p,z(p)}
/

Input field
E™(p) = U™ (p) exp (i1 (p)) e, Output field
with index "d" for design field :: Sy==' EY(p) = U (p) exp (1" (p))

in out

n n

*— Ay =0

Calculate the surface S ¢ R3 on which:

/ yeutd(r € §) —pind(r € §) = Ag(r € §) = 0

_—




Shaping Beam Expander Freeform + Functional: Ray Tracing

3 mm




Shaping Beam Expander Freeform + Functional: Field Tracing

=, 113: Radiometry Detector - “Iradiance Detector” (< 603) after “Expander (Phase #2) Output Plane” (10) (T) (Field Tracing) |- |- |[u3m]
Numesical Data Array

Diagram  Table  Value at fxy)

Irradiance [pW/m~2]

<Here

X [mm]

Irradiance (by field tracing)

uuuuuuu




Structural Design Shaping Expander: Two Freeforms

Freeform Surface Design by Inverse Propagation

S={reR®r=(p,z(p)}
/

Input field
E™(p) = U™ (p) exp (i1 (p)) e, Output field
with index "d" for design field :: Sy==' EY(p) = U (p) exp (1" (p))

n™ nout

\ Calculate the surface S ¢ R? on which:

wout,d(,r & S) . win,d(r = S) — Aw('r' € S) ; 0




Shaping Expander Two Freeforms: Ray Tracing

3 mm




Shaping Expander Two Freeforms: Field Tracing w

B=: 43: Radiometry Detector - “Imadiance Detector” (£ 609) after “Plane Surface” (17) (T) (Field Tracing] o
Numerical Data Amray

ere

VAN

Diagram  Table Value at (xy)

Irradiance [pW/m*2]

X [mm]

55555

ssssss

Irradiance (by field tracing)




Shaping Expander Two Freeforms: Field Tracing s

ssssss

=% 43: Radiometry Detector - “Irradiance Detector” (% 603) after “Plane Surface” (#17) (T (Field Tracing) s
Numerical Data Array

Disgram  Table Value 2 fxy)

Significant irradiance shaping
often requires iterative
optimization by several cycles of
design workflow. T T T

Irradiance (by field tracing)




Proposed Design Workflow

FUNCTIONAL
DESIGN

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

STRUCTURAL
DESIGN

Replace functional
components by
freeform or/and
flat optics
components.

MODELING &
EVALUATION

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

FUNCTIONAL
DESIGN

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

>

STRUCTURAL
DESIGN

Replace functional
components by
freeform or/and
flat optics
components.

MODELING &
EVALUATION

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

>

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
sensitivity of the
system.

>

FABRICATION
DATA

Calculate and
export fabrication
data from the
surfaces which
result from
structural design
and optimization.




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




— Sample Data Pixelated GDSI|I

Data Export

ion

t

ICa

HOE Fabr

Export_Data| .~

[v\Fabricationliata)

le Names (\Without Extension)

Output File(s)
Path
Fi

Configure Fabrication Export

Mask Decomposition Settings

File Name Convention

mvert

() Polygon Data Export

(®) Pixelated Data Export

Export Settings

Expaort Type

51]]r1m|

X

H]]nm|

[] Plain Text (*.ptf)

[] ASCII (" tet)

.gds)

GDSI(*

[ CIF {*cif)

Summary Files

XML file (*.xml}

[ ] ASCI file [*.bet)

[] Rich Text Format (*.rf)

[] HTML file {* html)

b Gol

Close




ixelated GDSII

HOE Fabrication Data Export — Sample Data P
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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




HOE Fabrication Data Export — Sample Data Polygon CIF

S
S




Freeform and Flat Optics: Why?

Freeform and flat optics introduce
new design freedoms:

nin n * Improve performance
* Reduce size and weight
Layer * Less components
modulation

 Cost reduction

« Add new functionality, e.g., bifocal
lenses, polarization dependency, ...

Flat optics layer:
Longitudinally and/or
laterally modulated

Freeform surface
layer

“Is it possible to replace a bulky glass system by one meta
lens” ?




Imaging With One Component

Multifield scenario!



Imaging with One Component: Scenario

Input fields with spherical wavefront phase Fields with spherical wavefront phase

wsph,in (p’ w,j) wsph,out (’I", w,j)

= koni™y/[lp = o |[*+ (=) = —kon®y /[l p = Mpi|* + ()




Imaging with One Component: Functional Design

Functional wavefront

Input fields with spherical wavefront phase phase response

PSP (p )

Fields with spherical wavefront phase

wsph,out (,',,, w, ])

= koni™ /[l p = pip[* + (=) = —kon®y[[lp = Mpl "+ ()

Theoretical result:

VirtualLabruson

ij(pa )\) = —k}on\/Hp — Mp;n”2 + (ZOUt)Q

— kony/Jlp = o [* + (=)

|:> Wavefront Response Component (Multifield) VirtualLab Fusion 2021




Wavefront Response Component (Multifield): Ray Tracing

u 36: "Camera Detector

(On-Axis)" (#600) after "Wavefront Resp

Dy ic” (#1) (T) (Ray Tracing)

y Distribution

@ Q4 Ol

_—— —-—,;._—'__—‘_—"-::— —

F—-ﬂ:—_-,—___________ —

—
g

%
3
3




Wavefront Response Component (Multifield): Field Tracing

0
@
i

u 36: "Camera Detector (On-Axis)” (# 600) after "Wavef Resp Imaging - Dy ic” (#1) (T) (Ray Tracing) [= n 36: "Camera Detector (On-Axis)" (% 600) after “Wavefront Response: Imaging - Dynamic” (#1) (T) (Field Tracing)
Ray Distribution Chromatic Fields Set

Position

Data for Wavelength of 632 nm [1E4 (V/m)~2]

4.1779...

10
L]
.
-
.
.
0.14

0.12

0.1

0.08

4
004 006

0.02

2.0889...
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.
.
.
.
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0

-0.04 -0.02
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-0.08
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=3..E-07

y J : L ' 8 J . : . . -0.14 -0.12 -01 -0.08 -0.06 -0.04 -0.02 0 002 004 006 008 01 012 014
X [mm]




Wavefront Response Component (Multifield): Field Tracing

0
@
i

36: "Camera Detector (On-Axis)” (% 600) after "Wavef Resp Imaging - Dy ic” (#1) (T) (Ray Tracing) = X 37: "Camera Detector (On-Axis)" (# after ront Response: Imaging - Dynamic” (#1) (T) (Field Tracing)
= 7: "C Det: (o] i 600) “Wavefront R i 1) (T) (Field Tr
Ray Distribution Chromatic Fields Set

Position

Data for Wavelength of 632 nm [1E4 (V/m)~2]

4,1263...

10
L]
.
-
.
.
0.14

0.12

0.1

0.08

4
004 006

0.02

2.0631...

¥ [mm]
0
.
.
.
.
.
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0

-0.04 -0.02

4
-0.06

-0.08

0,1

-0.12

10

-0.14

=3_E=OF
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Wavefront Response Component (Multifield): Field Tracing

-
u 36: "Camera Detector (On-Axis)” (# 600) after "Wavef Resp Imaging - Dy ic” (#1) (T) (Ray Tracing) [= n 38: "Camera Detector (On-Axis)" (% 600) after “Wavefront Response: Imaging - Dynamic” (#1) (T) (Field Tracing) m|{==) @
Ray Distribution Chromatic Fields Set
Position Data for Wavelength of 632 nm [1E4 (V/m)~2]
3.9686...
= . . . . D =
o
- S
S
w [+ =]
=
o
. . . . .
o
=
- (=]
3
o
o~
8
o
E E
E © - - - - - E @ 1.9843...
> >
']
=
=i
o~ 0
g
=
7 8
S
. . . . . -
<
7 =
S
o4 o~
S
=
24 e . . . . S
=3...E-07
y J : L ' 8 J . : . . -0.14 -0.12 -01 -0.08 -0.06 -0.04 -0.02 0 002 004 006 008 01 012 014
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X [mm]
X [mm]




Wavefront Response Component (Multifield): Structural Design

How can the component select the correct wavefront
response per field?

Answer: Angular multiplexing via the dependency
Ay (a!) of the local incident angle a.

Position of
object point: p*




Wavefront Response Component (Multifield): Structural Design

How can the component select the correct wavefront

response per field? Lens Aperture
Answer: Angular multiplexing via the dependency
At (') of the local incident angle a.
Position of
object point: p* | o
/°p p
Ay (p,ai(p))

In any position p we need to find a structure which has
a specific phase response dependency of the local in-

cident angle a: Ay (o)




Wavefront Response Component (Multifield): Structural Design

Lens Aperture




Wavefront Response Component (Multifield): Structural Design

Lens Aperture

A (p, ol (p))

E=} 27: Delta PSI vs. Incident Angle

Incident Angle [°]

Numerical Data Array
Diagram  Table Walue at x-Coordinate
oo
o 4
[=
w
o 4
[=]
3
o
o
o
T O
o
=
E o
o
=
T oy
o <o |
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Wavefront Response Component (Multifield): Structural Design

Lens Aperture

A (p, ol (p))

E=} 17: Delta PSI vs. Incident Angle

Numerical Data Array

Delta PSI (2P Modula) [rad)]

Diagram

Table Value at x-Coordinate

2
Incident Angle [°] in
a;’(p)
i \P




Wavefront Response Component (Multifield): Structural Design

Lens Aperture

A (p, ol (p))

E=} 18: Delta PSI vs. Incident Angle

Numerical Data Array

Diagram

Delta PSI (2P Modula) [rad)]

Table Value at x-Coordinate

Incident Angle [°] in
J




Wavefront Response Component (Multifield): Structural Design

Lens Aperture

A (p, ol (p))

E=} 19: Delta PSI vs. Incident Angle

Numerical Data Array

Diagram

Delta PSI (2P Modula) [rad)]

Table Value at x-Coordinate

5
Incident Angle [°] in
J




Wavefront Response Component (Multifield): Structural Design

Lens Aperture

A (p, ol (p))

E=} 20: Delta PSI vs. Incident Angle

Numerical Data Array

Diagram

Delta PSI (2P Modula) [rad)]

Table Value at x-Coordinate

single field:
one value only

5
Incident Angle [°] in
a;’(p)
i \P




Wavefront Response Component (Multifield): Structural Design

Lens Aperture

A (p, ol (p))

E=, 20: Delta PSI vs. Incident Angle =n o <
Numerical Data Array
Diagram  Table Value at x-Coordinate

=)
)
o
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=
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3 2 0 1 2 3 4 T

5
Incident Angle [°] in
a;’(p)
i \P




Design Workflow in VirtualLab Fusion

Aty (p, i (p))

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.

-

¥, 20: Delta PS| vs. Incident Angle

Numerical Data Array

[ESRECE S

Delta PS| (2Pl Modulo) [rad]
1 05 0 05 1

design we can specify the
demands on the flat optics

\_

With the multifield functional

)




Design Workflow in VirtualLab Fusion

Aty (p, i (p))

¥, 20: Delta PS| vs. Incident Angle

Numerical Data Array

[ESRECE S

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.

Freeform design
Segmented components
Fresnel lenses

HOE

Metasurfaces

Delta PSI (2P| Modulo) [rad]

Incident Angle [

4
1n

(p)i




Design Workflow in VirtualLab Fusion

Aty (p, i (p))

¥, 20: Delta PS| vs. Incident Angle

Numerical Data Array

[ESRECE S

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.

[:—Ereefequesign
+Segmented-components
+FresneHenses

« HOE

. 2
\ Metasurfaces 7

Delta PSI (2P| Modulo) [rad]

Incident Angle [

4
1n

(p)i




Metastructure: Efficiency & Phase vs Incident Angle (Heights)

Diagram  Table  Value at x-Coordnate

IncidentAngle (Optical Setup Parameter | Global Parameters of Coupling Snippet) []

o
£g
=)
= — Efficiency T[0; 0]
e
= — Phase ExT[0; 0]
Z e
gz

-

-25 -20 -15 -10 -5 0 5 10 15 20 25

[pea] [0 o)1 X3 @seyd

h = 300nm

Diagram  Table Value at x-Coordinate

— Efficiency T[0; 0] |

= Phase ExT[0; 0]

s N\ N\

2 —X\ s

\ /
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40

Efficiency T(0; 0] (%]

I
/
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/
|

\
\
LT~
|
|
\

-25 -20 -15 -10 5 0 5 10 15 20
IncidentAngle (Optical Setup Parameter | Global Parameters of Coupling Snippet) ]

25

[peal [0 011 X3 aseyd

h =370nm

n=1.457

I\Iarious heightI
[ ‘]
Ay (p,a(p))

d =200nm

[ 20 0t Pt v mcden e

Numerical Data Aray

=]

Dagram  Table  Value tx Coordnate

Delta P! (261 Modulo) [radi)
3 25 2 15 1 05 0 05 1 15 2 25 3

Diagram  Table  Value at x Coordinate

— Efficiency T(0; 0] |

— Phaset Ex T[0; 0]
—

Efficiency T(0; O [%)]

20

25 20 -5 -10 -5 0 5 10 15 20
IncidentAngle (Optical Setup Parameter | Global Parameters of Coupling Snippet) [°]

25
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h=210nm
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Metastructure: Efficiency & Phase vs Incident Angle (Heights)
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Metastructure: Efficiency & Ph

ase vs Incident Angle (Diameters)

146: D:\

Diagram

Table  Value at x-Coordnate

60

Efficiency TI0; 0] (%]

20

— Efficiency T[0; 0]

— Phase ExT[0; 0]

T T T T T T T T T
-25 -20 -15 -10 5 o 5 10 15 20 25
Incidentangle (Optical Setup Parameter | Global Parameters of Coupling Snippet) ']

o)1 %3 aseyd

pel

d = 200nm

Numerical Data Array

Dagram

60

Efficiency T(0; 0] (%]

Table  Value at xCoordnate

— Efficiency T[0; 0] |
— Phase EXT(0; 0]
o

50
[ped] [0 011 X3 aseyd

50-

25 20 15 -10 -5 [ 5 10 15 20 2
IncidentAngle (Optical Setup Parameter | Global Parameters of Coupling Snippet) [°]

d = 300nm

n=1.457

h = 300nm

Various
diameters

50
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Diagram  Table  Value at x-Coordinate:
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Numerical Date Array

Diagram
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- - - - B, 20: Delta PSi v. Incident Angle [o o
Design Workflow in VirtualLab Fusion ~e \/
FUNCTIONAL STRUCTURAL :

DESIGN DESIGN B S P
(" Freeform design iy

Design the system Replace functional

by introducing components by ’_Segmenjeed_eempenen%s

functional > smooth surface or + FEresnellenses

components to flat optics « HOE

achieve the components. . o

demanded system K Metasurfaces * j

functionality.

Must be highly nanostructured cells to
introduce enough freedoms for structural

deSign! d=400nm

n=1.457

N

h =300nm




Design Workflow in VirtualLab Fusion |- \/

FUNCTIONAL STRUCTURAL
DESIGN DESIGN

Design the system Replace functional
by introducing components by
functional > smooth surface or
components to flat optics

achieve the components.

demanded system
functionality.

( ] Incident Angle 7] a.ijl’l ( p)
»  Fresnellenses

« HOE

VirtualLab Fusion 2021

. 2
\ Metasurfaces 7 )

« Potential for going beyond “conventional

surfaces” exists.
 Also restricted control of angle dependency

of interest.




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.

MODELING &
EVALUATION

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

>

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
sensitivity of the
system.

>

FABRICATION
DATA

Calculate and
export fabrication
data from the
surfaces which
result from
structural design
and optimization.




Design Workflow in VirtualLab Fusion

FUNCTIONAL
DESIGN

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

Zemax® enables functional
design of a wavefront phase
response (binary surfaces) by
parametric optimization

A (p, ol (p))

—  Ay(p)




Design Workflow in VirtualLab Fusion

)

STRUCTURAL
DESIGN

Replace functional
components by
smooth surface or
flat optics
components.

MODELING &
EVALUATION

Model the system

and physical
optics. Evaluate
the performance
by suitable
detectors and
merit functions.

> with ray tracing

>

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
sensitivity of the
system.

>

FABRICATION
DATA

Calculate and
export fabrication
data from the
surfaces which
result from
structural design
and optimization.

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

VirtualLabrusion

Conclusion

+ Fresform and flat optics provide additional design
frendoms for oplical design




Design and Analysis of a Hybrid Eyepiece for
Correction of Chromatic Aberration

Functional design in Zemax® OpticStudio®



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 — wavefront response function
— diffractive lens
— metalens




Design of Wavefront Surface Response in OpticStudio
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Design Workflow in VirtualLab Fusion

FUNCTIONAL
DESIGN

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

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




On-Axis Analysis: Comparison of Spot Diagram
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On-Axis Analysis: Comparison of PSF
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On-Axis Analysis: Comparison of MTF
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Off-Axis Analysis: Comparison of Spot Diagram
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Off-Axis Analysis: Comparison of PSF
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Off-Axis Analysis: Comparison of MTF
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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.

MODELING &
EVALUATION

Model the system

> with ray tracing

and physical
optics. Evaluate
the performance
by suitable
detectors and
merit functions.

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

VirtualLabrusion




On-Axis Analysis: Inclusion of Higher Orders
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Off-Axis Analysis: Inclusion of Higher Orders

« Electric Energy Density « Electric Energy Density o Electric Energy Density
[1E5 (Y/m)’] [1E3 (Y/m)’] [1E2 (Y/m)?]
7 5.4 7 107 7 117
& £ &
=8 o o
o (=)} L=y’
= s "
o o =5
- . -
o (=)} L=y’
2 4 | ©
o o -
— = £ ez
= 2.57 E a1 0.537 E = 0.585
- = =
A il A
@ o @
n | ( \ wn
o o =5
2 2 s
o =" ="
o = =
p o p
-5..E-15 1.21E-12 J 5.53E-12
T T 1 T 1 T T T 1
0 20 0 20 0 20
Q X [um] X [um] XK [pm]

+1st diffraction order oth diffraction order -1st diffraction order




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
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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

* Freeform and flat optics provide additional design Byeical Optcs
freedoms for optical design. diffactive -~ T "~ o

/ \
O O \ geometric J

* Potential of these techniques to be further O O O
investigated. We provide tools for this investigation. ey Gtz

» We propose a workflow which is based on physical  Fiedsonvers, eg. Fast field solvers:

optics and includes ray optics: FDTD, FEM, FVM e as !

FUNCTIONAL STRUCTURAL MODELING & FURTHER SYSTEM FABRICATION
DESIGN DESIGN EVALUATION OPTIMIZATION TOLERANCING DATA
Design the system Replace functional Model the system Use the modeling Investigate the Use the modeling
by introducing components by with ray tracing techniques to fabrication techniques to o
functional > mooth surf and physical > further optimize tolerances of > further optimize VirtualLabrusion
components to flat optics optics. Evaluate the system by, e.g., components and the system by, e.g. FASTPHISICAL 0PI sorTue
achieve the components. the performance parametric the adjustment parame tric
demanded system by suitable optimization. sensitivity of the optimization.
functionality. detectors and system.
merit functions.

« All presented techniques available in-house and to
be re|eased in 2021 _ VirtualLab Fusion 2021
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