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Light Shaping

... from a physical-optics perspective
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Light Shaping Task: Source Modes

* Any source field can be
decomposed into harmonic and
mutually incoherent modes
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Light Shaping Task: Source Modes
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Light Shaping Task: Gaussian Modes (Hermite)
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Light Shaping Task: Source Modes

SaTeE |:> Source
modes

Laser

« Laser diode
- LED

« OLED

« Lamp

» Natural light

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

« Gaussian modes
* Plane wave modes
« Shifted modes, e.q.
« Spherical wave
« Lambertian mode




Light Shaping Task: Source Modes

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

o)y Source + Gaussian modes 3

 Plane wave modes
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Light Shaping Task
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Light Shaping Task

7
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Parametric Optimization?
Optional as final step!
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Light Shaping Design

We need to answer the following
guestions:

Light shaping Target plane with
function shaped light

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

Laser
- L diod
. L?gr oce Manipulation of Shaped field quantities
« OLED * Amplitude - Complex field
« Lamp « Wavefront (rays: direction)  Irradiance
- Natural light « Other phase terms, e.g. + Polarization

vortexes « Temporal pulse
+ lIrradiance shape




Light Shaping Design: Functional

We need to answer the following
guestions:

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

Light shaping Target plane with
function shaped light resu |t’)
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Light Shaping Design: Functional

Light shaping Target plane with
function shaped light
S | o o
« Laser
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« OLED * Amplitude - Complex field
« Lamp « Wavefront (rays: direction) « Irradiance
- Natural light « Other phase terms, e.g. + Polarization
vortexes « Temporal pulse

+ lIrradiance shape

We need to answer the following
guestions:

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

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




Light Shaping Design: Functional

Physical optics enables
strategies for the
functional design!

We need to answer the following
guestions:

\_ « What kind of light manipulation is needed In
N | order to obtain the demanded shaping
Light shaping Target plane with
function shaped light result?
Mﬁ N N Do | need more components and which are
- the required distances?
Laser
Laser diode .
= - Ampliue D Complex oty
. Lamp « Wavefront (rays: direction) + lrradiance
. Natural light » Other phase terms, e.g. + Polarization

vortexes « Temporal pulse
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Light Shaping Design: Structural

We need to answer the following
guestions:

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

Light shaping Target plane with

function shaped light result?
| Do | need more components and which are

Source Source Manipulated ] ]
EB- T o 5 et B the required distances?
+ Laser
L o e Manipulation of Shaped field quantities « What kind of components can be used to
« OLED +  Amplitude « Complex field . . . . .
. Lamp ;. Wavelton rays:decton) + Imadiance obtain the required light manipulations?
« Natural light er ase terms, e.g. . olarization

g il T e puse — Spherical, aspherical, freeform

s ) ) ) - Diffractive

Functional design provides a — GRIN components
strong foundation for the ~ Metasurfaces
_ Ssubsequent structural design.




Example 1. Wavefront Control

Design of an high-NA focusing holographic optical
element (HOE)



Light Shaping Task
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Light Shaping Task

Focusing
; Component
Input - \1a=0.23 NA=0.42
spherical
wave I e
- -::,.:f__l:.;_ [ RE—— R I S :’_’_;_ .
100mm 50mm
input plane focal plane

We need to answer the following
guestions:

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

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

 What kind of components can be used to
obtain the required light manipulations?
— Spherical, aspherical, freeform
— Diffractive
— GRIN components
— Metasurfaces




Light Shaping Design: Functional

focusing
: function
INput. — \ A—0.23 NA=0.42
spherical
wave ////" \\\A
B SR I —
100mm 50mm

A
v

input plane focal plane
’ /\ﬁ

The demanded phase
manipulation follows directly
L by inverse approach )

Field tracing diagram of
iInverse design approach
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Light Shaping Design: Structural

We need to answer the following

guestions:
| diracive « What kind of light manipulation is needed in
spheral [NA=023 NA=0.42 order to obtain the demanded shaping
wave \ result?
R " \—— ! <::| g _
- Do | need more components and which are
L the required distances?
input plane 100mm ) 50mm

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

— Spherical, aspherical, freeform
— Diffractive

— GRIN components

— Metasurfaces

The demanded phase
manipulation follows directly
by inverse approach




Light Shaping Design: Structural

We need to answer the following

guestions:
| diracive « What kind of light manipulation is needed in
spheral [NA=023 NA=0.42 order to obtain the demanded shaping
wave \ result?
R " \—— ! <::| g _
- Do | need more components and which are
L the required distances?
input plane 100mm ) 50mm

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

— Spherical, aspherical, freeform
— Diffractive

— GRIN components

— Metasurfaces

The demanded phase
manipulation follows directly
by inverse approach




Light Shaping Design: Structural

diffractive

o aco22 NS Ao We need to answer the following
wave questions:
e e <::|° - What kind of light manipulation is needed in
| order to obtain the demanded shaping
input plane 100mm * 50mm result?

focal plane

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

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

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

directly from phase design in functional — Difiractive
design step. — GRIN components

— Metasurfaces

The demanded phase
manipulation follows directly
by inverse approach




Light Shaping Design: Diffractive Lens (HOE)

diffractive
: lens
Input \a=0.23 NA=0.42
spherical
wave
input plar;e 100mm " 50mm focal plane
local grating: sawtooth type
5 A: grating period
2T
- Alx,y) =
Vo(x,y)

d: modulation depth

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




Imaging with Diffractive Lens

Modeling with rigorous
intensity before RCWA/ F M M

: . diffractive
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Imaging with Diffractive Lens

diffractive
- lens
input _ _
spherical |NA=0-23 NA=0.42
wave
e mpy B (The residual phase is R
: originated by the additional
. . phase effects of the local
input plane 100mm ﬁ 50mm focal plane \g ratings
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Imaging with Diffractive Lens

diffractive ( _ _ _ \
input lens The diffractive lens is
herical |NVA=0-23 NA=0.42 : : :
SP ef: designed by physical optics
wave N
» approach
B # ******************* o )
input plane 100mm 50mm ﬁfocal olane
/\
Ray tracing result Field tracing result
o Data for Wavelength of 532 nm [1E9 (V/m)*2]
1.276
g - E o 4 0.638
T 0
1 ] 1 -1 0 1
X [pm] X [pm]

Dot pattern of the working order PSF




Example 2: Irradiance Control

Design of an High-NA Beam Shaper for Top Hat
Generation



Light Shaping by Irradiance Control

Light shaping Target plane with
function shaped light
>EEE | o S
e Source
mode, e.g.
Gaussian Manipulation of Shaped field quantities

 Wavefont * J|rradiance




Gaussian to Top-Hat (Non-paraxial)

reference plane o
I 4

w
a
3
3

Gaussian wave
(NA 0.01) - target irradiance
e
=
AN
2mm input T~ | N
plane T~ ' 35mm !
the output NA = 0.4
target
plane

The Rayleigh lengths of the input Gaussian is 555.6um




Light Shaping by Wavefront Control

Light shaping

functi

e JEY o

e« Source
mode, e.g.
Gaussian

Manipulat

* Wavefq

Target plane with

on shaped light

N

plane. Inverse approach to
provide the required
wavefront in the reference
plane does not work -

Qradiance control

KFreedom of phasm

field quantities
diance
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Light Shaping Design: Functional

We need to answer the following

guestions:
 What kind of light manipulation is needed
Light shaping Target plane with In order to obtain the demanded shaping
function shaped light
result?
>EXB | o X
" ods, e
Gaussian

Manipulation of

Shaped field quantities
« Wavefont

= |rradiance

target plane. Inverse

" ( Freedom of phase in
approach does not work




Light Shaping Design: Functional
1 1

N A

uncton " hapedtght | We need to answer the following
guestions:
Source Lens, etc. Lens, etc. . ) . . .
— >3~ ~> EX3 © « What kind of light manipulation is needed
ggg:éiz-r?- Manipulation of Shaped field quantities I n O rd er to O btal n th e d em an d ed S h ap I n g
« Wavefont ;/flrradiance I‘ES u Itr)

—
- /
r_\

| /Freedom of phase in
target plane. Inverse
\approach does not work )

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

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




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

: reference plane
Gaussian wave |

(NA 0.01)

00
Vi i

2mm
mesh on reference plane

30mm

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

Gaussian wave reference plane * - Tha demanded phase

(NA©.01) manipulation follows directly

from mesh mapping. a
30mm ﬂﬂﬂﬁﬂﬂﬂﬁﬂﬁﬁ!

- target NN AN
~» | plane AN

7'

[ A R PR L]
=
i —

i

30mm

mesh on
target plane

2mm
mesh on reference plane

le




Light Shaping Design: Functional

uncton " hapedtght | We need to answer the following
guestions:
Source Lens, etc. Lens, etc. . . . . .
— >3~ ~> EX3 © « What kind of light manipulation is needed
ggg:éiz-r?- Manipulation of Shaped field quantities I n O rd er to O btal n th e d em an d ed S h ap I n g
« Wavefont * Irradiance I‘ES u Itr?

target plane. Inverse

~ ( Freedom of phase in
approach does not work

 VirtualLab Fusion provides technique for
functional design in light shaping.

4

 Demanded phase for wavefront change
IS known.




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

Gaussian wave

2mm

(NA 0.01)

2mm

functional embodiment

irradiance at target plane

| ~v
: //// Irradiance 532 nm [pW/m~2]
T  — i
- .
L )
: 30mm g e 0.05
i\\\\ 5
i S~ target -
: o plane -0.01 0 0.01 °
I\ X [m]
irradiance cross-section (normalized)
after the functional component
0.148 i;: ¢
2 @
g o H 0.074 % S
0
-0.5 0 05

X [mm]

-0.01 0 0.01
Coordinate [m]




Light Shaping Design: Structural

uncton " hapedtght | We need to answer the following
guestions:
Source Lens, etc. Lens, etc. . . . . . .
- Source ~ X3 ~> &X3 © « What kind of light manipulation is needed in
ggg;;? Manipulation of Shaped_ﬁeld quantities Order to Obtaln the demanded Shaplng
« Wavefont //;Tlrracﬂance I’eSU|t7
| /Freedom of phase in A °

Do | need more components and which are
target plane. Inverse . .
| approach does not work the reCIUIred distances?

« What kind of components can be used to
obtain the required light manipulations?
— Spherical, aspherical, freeform
— Diffractive
— GRIN components
— Metasurfaces




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

Gaussian wave
(NA 0.01)

=
Maximum
Height 638 um

2mm

¥ [mml
0 05

0.5

-0.5 0 0.5
X [mmj

Height Profile
(2D Contour line)

‘arqet irradiance at target plane
ffGEfOI’m ~v al.rge Irradiance 532 nm [uW/m~2)
-0.01 0 0.01 ’
X [(m]
cross-section (normalized)
Hom -0 I!J -0, 'I\US 'I\ i} GII:S 0.0
irradiance behind the surface




Light Shaping Design: Structural

uncton " hapedtght | We need to answer the following
guestions:
Source Lens, etc. Lens, etc. . . . . . .
- Source ~ X3 ~> &X3 © « What kind of light manipulation is needed in
ggg;;? Manipulation of Shaped_ﬁeld quantities Order to Obtaln the demanded Shaplng
« Wavefont //;Tlrracﬂance resultr?
| /Freedom of phase in A °

Do | need more components and which are
target plane. Inverse . .
| approach does not work the reCIUIred distances?

« What kind of components can be used to
obtain the required light manipulations?
— Spherical, aspherical, freeform
— Diffractive
— GRIN components
— Metasurfaces




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

Gaussian wave
(NA 0.01)

2mm

irradiance
after the component of
the functional design

Irradiance 532 nm [mW/mA2)

target
plane

irradiance after HOE

0.148
é S 0.074
>
3
0
-0.5 0 05

X [mm]

~
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w - w0
b4, >
o 0.068 025 E
wn L
<
0
0.5 0 0.5 ImW/m»2] 05 0 05 [mW/m*2]

X [mm]

O order

X [mm]

-lorder

Smaller periods of the

local grating structures

0 iIntroduce efficiency

variations, which were
not controlled

0.5

-0.5 0
X [mm]

~

/

+1order




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

Gaussian wave _-v target irradiance at the target plane
(NA 0.01) HOE - plane from the functional design
//// Irradiance 532 nm [pW/m#2)

2mm

Y [m]

01
______ 2omm | 3omm
\\\\\\\\ ) N
~__ t g
irradiance at target plane | S — 0

- N X [m]
0.065 0.065 0.065
§ o 0.0425 ;LE: o 0.0325 g ° 0.0325 These effICIenCy
: 5 5 variations decreases
0 | ] the uniformity of the
001 0 001 i 001 0 00 b2 mwm»2)

irradiance pattern

X [m] X [m] X [m] J

-lorder O order +1order




Light Shaping Design: Structural

uncton " hapedtght | We need to answer the following
guestions:
Source Lens, etc. Lens, etc. . . . . . .
- Source ~ X3 ~> &X3 © « What kind of light manipulation is needed in
ggg;;? Manipulation of Shaped_ﬁeld quantities Order to Obtaln the demanded Shaplng
+  Wavefont /-/;_jlrramance resultr?

Freedom of phase in « Do I need more components and which

target plane. Inverse ) i

| approach does not work are the reqUIred distances?

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

— Spherical, aspherical, freeform
— Diffractive

— GRIN components

— Metasurfaces




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

Gaussian wave
(NA 0.01) spherical -
lens -

2mm

irradiance at target plane

~

HOE T~—_ target
7.56-08
- ﬂ 375608 E
0
001 ° 0.01 w/m*2)

~» | plane
7.5E-09
q 3.70e-09 -;-
0 0.0% wW/m»2j
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-lorder O order +1order
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Gaussian to ,,top-hat“ (Non-paraxial)

The result irradiance on target plane is compared with the previous case without the lens.
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0
0
mj

without the lens

Yim)

om
10
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5 5 5
S =
with the lens £ o 375608 E o 375609 E o 3.75€-09
= > >
=3 S =
0 0 0
0 0.01 W/m*2] 0.01 0 0.01 W/m+2) -0.01 0 0.01 Wmh2)
X [m] X {m] X {m}

-lorder O order +1order




Summary

« Fast physical optics Is as fast as
ray tracing ( geometric zones of a
system)

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

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