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Analysis and Design of Afocal Systems for Laser
Guide Stars



Abstract

D__

For astronomical telescopes, laser guide
stars are often used for correction of the
atmosphere distortion. Such artificial star
images are usually at tens of kilometers
away by high-power laser beams. In
order to accurately design the optical
system to generate and even to control
the size of the laser guide star, the
diffraction effect of the laser beam must
be considered. In this example, we show
how to analyze and design afocal
systems for laser guide stars.




Design Task #1 — Simple Afocal System

How to accurately calculate the laser beam parameters
at the 10km-away target plane, and how to minimize the
spot there by varying the afocal system?

afocal system

r A
lens #2 target
focal length £, plane
i
lens #1
focal length f,
input field i .
- fundamental Gaussian U
- wavelength 532nm
- waist radius w, fy
f+f, - 10km

Parameters follow from L. Clermont, et al., "Design of a laser guide star for applications to adaptive optics", Proc. SPIE 11105 (2019)




Analysis of Afocal System for Laser Beams

physical-optics simulation result
with diffraction considered

n 6: Beam at Target Plane i = H =} ’@
Chromatic Fields Set

Data for Wavelength of 532 nm [1E-6 (V/m)*2]

Using geometrical optics, the afocal system gives a _ The actual beam -
magnification of f,/f,=33.33. That predicts a beam dizitrr;]etehr zfctgf;atriggt’
diameter of 16.7mm at the target plane. modeliirgwg%/is 4065mm_ .
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Design of Simple Afocal System w,=0.25mm (fixed)

initial variable
values

f 150mm
f, 5m

parametric optimization with downhill simplex method

E 2: Parameter Optimization (Input Gaussian Waist Radius 250um)
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Convergence is reached
after about 30 steps.
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Design of Simple Afocal System w,=1.5mm (fixed)

parametric optimization with downbhill sir

Let us try the optimization with
another input Gaussian waist radius.
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Eﬂ 16: Parameter Optimization (Input Gaussian Waist Radius 1.5mm)
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Design of Simple Afocal System w,=1.5mm (fixed)

Fig.2(b) from the reference

. .. . . (b)
parametric optimization with doy *® ' L. Clermont, et al.,
B 16: Parameter Optimization (Input Gaussian Waist Radius 1.4 400 | showed theoretically
Numesical Datall that the minimum beam
Te— £ 300 radius at the target is
E 58.2mm, for any simple
2 200 afocal system.
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Simulation Step good agreement
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Design Task #2 — Afocal System with Defocus

Is it possible to further reduce the beam size at the
target plane if additional freedom is available?

Let us try with the defocus!

afocal system, with defocus

4 A\
lens #2 target
f2:3.6211 m plane
[
lens #1
f,=22mm
input field i
fundamental Gaussian U
wavelength 532nm
waist radius f1
Wy=0.25mm defocus
y I
f,+f,+df 10km




Design of Afocal System with Defocus

parametric optimization with downhill simplex method

E=. 27: Parametric Optimization (Afocal System wth Defocus) [ O3]
Numerical Data Array
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Design of Afocal System with Defocus

initial variable
values

df Omm

other parameters
- w,=0.25mm

- f=22mm

- £,=3.6211m

parametric optimizal
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“A controlled defocus of the afocal can thus
decrease by a factor /2 the minimum spot
achievable compared to a simple afocal.”

“For example, with A=532nm and F;=22 mm,
df«=36 Um for woopj=1.5mm while df,=1.3 mm
for woopj=0.25 mm.”

excerpts from L. Clermont, et al., "Design of a laser
guide star for applications to adaptive optics”, Proc.
SPIE 11105 (2019)
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good agreement
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Design Task #3 — Afocal System with Input Beam Waist Shift

Is it possible to further reduce the beam size at the
target plane if additional freedom is available?

Next, we will try with input beam waist shift!

afocal system

4 A\
lens #2 target
f2:604.13mm plane
[
lens #1
f,=22mm
input field i
fundamental Gaussian U
wavelength 532nm
waist radius Fi+dp
Wy=1.5mm
waist shift 1
fy+f, 10km
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Design of Afocal System with Input Beam Waist Shift

parametric optimization with downhill simplex method

E=. 27: Parametric Optimization (Afocal System wth Defocus) [ O3]
Numerical Data Array
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Design of Afocal System with Input Beam Waist Shift

initial variable
values

dp Omm

other parameters
- W,=1.5mm

- f=22mm

- £,=604.13mm

parametric optimizal
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“The optimal value of dp. is given by ...
For example, with A=532nm, dp,=—13.3mm
for woepj=1.5mm while dp,=—370mm for
Woobj=0.25 mm.”

excerpt from L. Clermont, et al., "Design of a laser
guide star for applications to adaptive optics”, Proc.
SPIE 11105 (2019)
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dp  -13.2m

diameter @target

12 14 16 18 20 22 24 26 28

82.5mm

Simulation Step

between theory and
numerical simulation

good agreement
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Peek into VirtualLab Fusion

flexible Fourier transform settings

Edit Ideal Lens X
[A Customized Fourier Transform Selection: Component
Fots T e —— parametric optimization
[~ Fast Fourier Transform [4] Fast Fourier Transform ; D _ ; ‘
] Semi-Analysical Fousier Transform ] Semi-Analytical Fourier Transtor [ <& Lilsersi..iLaser buide star_Ula_simple Afocal system_w=. i
[] Pointwise Fourier Transform [[] Pointwise Fourier Transform U
Start or stop the optimization routine. The results are shown in the table.
Position /
Qrientation
[] Enforce Pointwise Fourier Transform if Numerical Effort is Too High [l
B Learn more about Fourier transforms. b Go! J |
$ [[] Customized Fourier Transform Selection: Source Modes Simulation Step
Function Detector Subdetector 1 2 3 4 5| 3 7
Fourier Transform Inverse Fourier Transform
: = = Optimizer Logging Target Function Value 0.33022 0.39922 0.27333 0.22166 0.16083 0.13648 0.087747
— Fast Fourier Transform /| Fast Fourier Transform
= b= R ) ~ . - ) . Focal Length (L1 #1) 165 mm 150 mm 135 mm 120 mm 120 mm 105 mm
= | Semi-Analytical Fourier Transform /| Semi-Analytical Fourier Transforn Parameter Constraints -
Focal Length (L2 #2) 5m 5m 55m 55m 575m 625m 6.875m
Channel | Point Fourier Transform Pointwise Fourier Transform -
Configuration . - Diameter X 40639 mm 44678 mm  369.7mm 33265mm 28362mm 261.22mm 20929 mm
Use Spherical Phase Only Use Spherical Phase Only Beam Parameters #600
Diameter Y 40629 mm 44678 mm  36967mm 333.18mm 28363mm 261.23mm 20852 mm
fF | Enforce Pointwise Fourier Transform if Numerical Effort is Too Hish [}
Learn more about Fourier transforms
Fourier
Transforms
<
P Create Output from Selection
< Back

14



Workflow in VirtualLab Fusion

Set up input Gaussian field
— Basic Source Models [Tutorial Video]

Set the position and orientation of components
— LPD II: Position and Orientation [Tutorial Video]

Set the Fourier transforms properly o ——

b Go!

Start or stop the optimization routine. The results are shown in the table.

Detector Subdetector

Parametric optimization of optical system | e et

— Parametric Optimization [Tutorial Video] S———

Diameter Y

1 2 3 5 6
0.33022 0.39922 027333 0.22166 0.16089 0.13648 0.08774
5m 55m 55m 575m
40639 mm 44678 mm 3697 mm  332.65mm
406.29mm 44678 mm 36967 mm 333.18 mm

Focal Length (L1 #1) 165 mm 150 mm 135 mm
Parameter Constraints m?
m

Simulation Step

120 mm 120 mn

28362mm 261 22mm 208

28363mm 26123mm 2085

P Create Output from Selection
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https://www.youtube.com/watch?v=ck6_9DIPgFE
https://www.youtube.com/watch?v=w__CY5jIyoA
https://www.youtube.com/watch?v=HqV-LzsXKzA

VirtualLab Fusion Technologies

nonlinear free
crystals & components SPace prisms,
anisotropic plates,
components @ cubes, ...

lenses &
freeforms

waveguides
& fibers ~
" . apertures &
scatterer Field boundaries

Solver

diffusers ( \ gratings

diffractive diffractive,

beam Fresnel, meta
splitters lenses
SLM& icro lens & HOE, CGH,
adaptive  grooform DOE
components arrays

# idealized component
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