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1.0 Introduction

Wavefront matching is a useful technique in lens design. In particular, it can make replacing
homogeneous lenses with a GRIN lens during a SWaP reduction much easier. Rather than
optimizing a lens for its best standalone performance, wavefront-matching can optimize a GRIN
lens to match the performance of the lenses it is replacing.

In reTORT, wavefront matching is implemented by matching spot diagrams. Thus, the terms
“‘wavefront matching” and “spot diagram matching” are used interchangeably. This document
will show how to use wavefront matching in a reTORT optimization by saving the spot
diagram/wavefront profile, enabling the spot diagram matching result, and using that result in an
optimization.

2.0 Preparing the Lens System and Optimization

For this guide, we will start with the GRIN lens system that was created as part of the SWaP
reduction tutorial. That file has been included with this guide as “wavefront-matching-start.gemsif”.

In addition to the DLS optimization that was created during the tutorial, we will also add a global
CMAES optimization. The optimization wizard can be run by right-clicking the reTORT simulation
in the Model Hierarchy and selecting Tools > Optimization Wizard, or by clicking the Optimization
Wizard icon in the toolbar. If the Optimization Wizard icon is not shown in the toolbar, make sure
that “reTORT” is selected in the Model Hierarchy dock. The CMAES optimization can be enabled
by checking the Enable Global Optimization option in the Optimizer Settings tab of the wizard.
You may also wish to disable the local DLS optimization, so its finite-difference calculations do
not interfere with CMAES. However, we will include it in the guide for now for the sake of
completeness.
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3.0 Saving the Current Wavefront Profile

Before modifying the optimization for wavefront matching, we need to save the wavefront we'’re
going to match.

To save the current wavefront profile/spot diagram, right-click the reTORT simulation in the
Model Hierarchy dock, and select Tools > Wavefront Matching > Save Wavefront Profile.
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The same option can be found in the menu bar, by selecting Tools > reTORT > Wavefront

Matching > Save Wavefront Profile. If the reTORT menu option is not enabled, be sure that
‘reTORT” is selected in the Model Hierarchy dock.

Edit = Tools  Systern Window  Help

+  F pess | Lo EEE &b
Model T.% reTORT 2 Optimization YWizard
I Application® Tolerancing Wizard
f{} weavefront-rmatching-st Create Spat Diagram
iE Views Create Wavefront Error Plot
=1 |70 reTORT
Spatial Damain Create MTF Graph
£ @ Sources Create TRA Trace
# &) Boundaries Wavefront Matching 4 Sawve Wavefront Profile N
FA 1 h
- % :T:::::E 30 Exportto CAD file... , Clear YWavefrant Profiles ™
rul = Y N TrAia

In the dialog that appears, enter the desired name for the profile. Make sure the optical output to
be used for wavefront matching is selected, along with the desired focus method. A new optical
output can be created, if desired, by selecting New Optical Output. For this guide, we will match
the wavefront at the image plane using the AutoOpticalOutput that was created by the
optimization wizard. Click the Save button to save the wavefront.

B Save Wiravefront Profile ? *

Profile Name  |“WavefrontPraofilel

Cptical Qukput | AutoOptical2utput -

Focus Method | Image Flane -

Save : Zancel

o

In the Parameters dock, a new parameter has been created at the end of the parameter list with
the name AutoWavefrontProfile WavefrontProfile1, based on the name provided in the popup
dialog. This parameter contains the spot diagram information for the current system using the
optical output selected earlier, and is what the spot-matching results will be based on.

(=] :'-“::reTDRT - Parameters

Marme Walue
SO ILET T P S S ULT PV PSR DESRT PV L IR L2 SRRV S | T EL R LD OO
AuytoWWavefrontProfile_WavefrontProfilel [6,219,4.8613300000000...
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4.0 Configuring the Spot-Matching Result

Next, we will use the saved wavefront profile to configure the spot-diagram matching result.

Expand the “Results” sub-menu in the Model Hierarchy as shown below, and select the optical
output that was used to save the wavefront, AutoOpticalOutput in this case. Then in the
Property Editor dock, select the Grid tab to view the output’s properties in a table. The Grid
editor is an advanced method of editing properties, and contains properties hidden more deeply
than even the advanced properties revealed by clicking the gear icon in the Property Editor.
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In this case, the Grid editor is necessary to access the Spot Diagram Target property. Double-

click the Value column of the row labeled “Spot Diagram Target”, and enter the name of the
wavefront profile parameter: AutoWavefrontProfile_WavefrontProfile1.

= [“JFroperty Editar E3]
Editor  Grid

Mame Walue =
Match Spot Diagram true
spot Diagrarn Target SutoavefrontProfile_WavefrontProfilel

Then, double-click the Value column of the row labeled “Match Spot Diagram”, and change its
value to “true”. This property can also be set without the Grid editor, by going back to the Editor
tab and clicking the gear icon to show the output’'s advanced properties. We’ve already enabled
it in the Grid editor, so there’s no need to do it again, this is just an alternative input method.

= [*wProperty Editar [
Editor rid
&= Edit Ray Result £ 68
: e
Mame Toggle Advanced Properties Wisibility l_—l

= [*wProperty Editor
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ﬁDHHH
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[<]

Enabling the Match Spot Diagram property adds a PlanePointDistances table under
AutoOpticalOutput in the Model Hierarchy dock. We can view this table by right-clicking it and
selecting Show Table.
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If the table is empty, run the simulation to generate the results. The simulation can be run by
right-clicking the reTORT simulation in the Model Hierarchy and selecting Run All, or by clicking
the Run All icon in the toolbar. If there are issues running the simulation due to pre-existing
data, click the eraser icon to clear the data before trying again. Like the other toolbar icons, if
the Run All icon is not available, make sure that reTORT is selected in the Model Hierarchy.
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= [ reTORT -
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The PlanePointDistances table contains a row for each ray bundle (wavelength and incident
angle) with information about how well the current spot diagram matches the saved profile. The
Total Distance column is the sum of the distance of each ray from its location in the saved
wavefront profile. The RMS Distance column is the root-mean-square of the distances, and the
Max Distance is the distance of the ray that is furthest from its profile location.
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SourcellD Wavelength (m) Theta {deq) Phi (deq) Total Distance {m) RAAS Distance (m) hdax Distance {rm)
1219 4.8613E-07 0.00000000000.,.  0.00000000... 0.000000000000000E+00  0.000000000000000E +00  0.000000000000000E +00
2 N9 4,8613E-07 2,00000000000...  0.00000000... 0.000000000000000E+00  0.000000000000000E +00  0.000000000000000E +00
3 219 5.8756E-07 0.00000000000.,.  0.00000000... 0.000000000000000E+00  (.000000000000000E +00  0.000000000000000E +00
4 219 5.8756E-07 2,00000000000.,.  0.00000000... 0.000000000000000E+00  0.000000000000000E +00  0.000000000000000E +00
5 219 6.5627E-07 0.00000000000...  0.00000000... 0.000000000000000E+00  0.000000000000000E +00  0.000000000000000E +00
6 219 6.5627E-07 2,00000000000...  0.00000000... 0.000000000000000E+00  0.000000000000000E +00  0.000000000000000E +00

Note that all distances are currently zero, because the system has not been changed since the
wavefront profile was saved. For purposes of this guide, some arbitrary changes will be made to
the GRIN material coefficients to alter the system. These changes are highlighted in the
following screenshot of the Parameters dock. After making the changes and re-running the
simulation, the distances are now non-zero.

[Z] X=keTORT - Parametears 3|

Marne YWalue

AutoElerment_Lensitack_Index]_Surface_Radius Q.04 267697380297 mm*™*-1

AutoElerment_Lens3tack]_Index?_Surface_Radius -0.011 7097368157663 mim*-1

Autobdaterial_CROSSPOLYNOMIALBINARYRKTURE_nQ

Autobdaterial_CROSSPOLYNOMIALBIMNARYMIXTURE r2

Sutobdaterial_CROSSPOLYMOMIALBINARYMIXTURE 4 -5.96750289823282e-05

SourcelIDr  Wavelength {m)  Theta {deqg) Phi{deg)  Total Distance {m) RRAS Distance {m)  Max Distance {m)
1 219 4.8613E-07 0.000000000...  0.00000000... 0.013480473 4,3957511E-4 611463 34E- 04
2 219 4.8613E-07 2.000000000..,  0.00000000.., 0.013483627 4.4002405E-04 6, 247697 7E- 4
3 219 5.9756E-07 Q.000000000..,  0.00000000.., 0012731428 4148707AE-4 5, 7709240E- 04
4 219 5.9756E-07 2.000000000..,  0.00000000.., 0.012733554 4,15470B5E-4 5.8963001E-04
5 219 6.5627E-07 Q.000000000..,  0.00000000.., 0.012436154 4,0525028E-4 5.6371593E-04
g 219 6.5627E-07 2000000000, 0.00000000.., 0012446304 4,0587567E-4 5.7595723E-04

For the accuracy of the spot-diagram matching results, it's important that the source’s
wavelength, incident angle, ray distribution, and ray density settings remain unchanged from
when the wavefront profile was saved. If the number of rays in the simulation changes, then
some of the distances will be given very large values, indicating the wavefront cannot be
compared to the saved profile.
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5.0 Configuring the Spot-Matching Optimization Goal

After creating the spot-diagram/wavefront matching result and setting it to the saved wavefront
profile, the next step is to use that result in an optimization. For this guide, we will modify the
MinSpotSize goals in the optimizations that were created by the optimization wizard, rather than
creating the goal from scratch.

For CMAES optimizations, the spot size goal is located under Design Studies > AutoCMAES >
Design Goals > GroupGoal > Design Goals > MinSpotSize in the Model Hierarchy dock. For
DLS optimizations, the spot size goal is located at Design Studies > AutoDLS > Cost Gradients
> FiniteDifferenceGradient > Design Goals > MinSpotSize. This guide will use the CMAES
optimization, because it is the best at matching wavefronts in our experience. Select the goal in
the Model Hierarchy to open its Property Editor.

= E'EJ Design Studies
5 © AutoCMAES
=2 B Design Goals
= Yfy GroupGoal
=l =5 Design Goals

= AytobdaterialOutput_LensStackl_ Index]_bax
= AutobdaterialOutput_LensStack1_ Index]_Min
|_ Minspotiize

== MissingRays ™

=1 P&l Design Studies
i AutoCMAES
- £y AutoDLS
= E Cost Gradients
= FiniteDifferenceGradient
= B Design Goals
= AutoMatenialOutput_LensStackl_ Index1_hax
= AutoMaterialOutput_LensStackl_ Index1_Min
|_ MinSpothize
'l__ FiniteDifferenceGradients

In the goal’s property editor, we’ll rename the goal to MatchSpotDiagram, make sure the
Comparison property is set to “minimize”, then click the Edit button next to “Data Table
Selection” to change the result the goal refers to. In the dialog that appears, expand reTORT
and RayResult1, and select the AutoOpticalOutput_PlanePointDistances item, then click OK.
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To select which distance to use during the optimization, select the desired column name from
the Data dropdown. For this guide, we will optimize on the RMS Distance.
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The Cost Aggregation Function determines how each row in the PlanePointDistances table will
be combined into a single cost. For DLS optimizations, it's normally better to set this to None, so
the optimization can use each row as a separate data point during the optimization. However,
CMAES optimizations require a single cost. Setting this to Max will use the maximum RMS
Distance across all rows in the table as the cost. We are using CMAES, and so will make sure

the aggregation is set to Max.

We've already set the Comparison property is set to “minimize”. Now set a weight if desired. For
instance, to optimize the distances in microns instead of the default meters, set the weight to
1e6. However, note that changing this weight will not affect the distances when clicking Show
Table on the PlanePointDistances result; those distances will still be in meters. We’'ll leave the
weight at 1.

6.0 Running the Optimization

After configuring the goals to use the spot-diagram matching result, it's time to run the
optimization. This guide will use CMAES to perform the wavefront matching.

First, select AutoCMAES in the Model Hierarchy, and set the Max Function Evaluations and Max
Generations properties in its Property Editor to your desired values. For this guide, we’'ll be using
10000 and 1000 respectively, although you may need to adjust this to fit your needs.

= [ Property Editor (3¢]
Editor 5tid

4 53

Hame |iutaCMAES |
Sawve Optimization Logs
restart |:|
Sample Size |IZI |

Termination Conditions

Cost Convergence Taolerance |1&-IIIB |

Maz Funckion Evaluations |1IZIIIIIIIIII |

Max Generations |IDDD |

Then run the optimization by right-clicking AutoCMAES in the Model Hierarchy and selecting
“‘Run”. The optimization’s progress will be shown in the Status dock and in the progress bar in the
lower-right corner of the window.
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= E'E_l Design Studies
# @ AutoCMAES
# v AutoDLS
B Tolerance Analys: B Run N

= E Results

H  ‘alidate B

7 B Views Clear Data
= Wstatus [
[~ o o General  Malidation = Scripking = Progress @
Message Source 2
WF L AIOULILE T I I S R 11 e 1 1y L e R TR PTIRTP S
o Evaluation 431 Finished in 221.933000 ms, Cost: 122242, BestCost: 0.000440055 AutoCRMAES
o Evaluztion 432 Finished in 211,057000 rs, Cost: 185391, BestCost: 0000440095 AutoChAES
0 Ewaluation 433 Finished in 217.598000 rms, Cost: 97382.7, BestCost: 0.000440095 AutoChAES
o Evaluation 434 Finished in 212.005000 ms. Cost: 3.5031e+07, BestCost: 0000440095 AutoCRAES
o Evaluation 435 Finished in 228009000 s, Cost: 33248.2, BestCost: 0.000440095 AutoCkAES
o Evaluation 436 Finished in 262,353000 ms, Cost: 639333, BestCost: 0.000440035 AutoChAES
o Evaluation 437 Finished in 177493000 ms, Cost: 3.57097e +07, BestCost: 0.000440035 AutoCRMAES y
= |

Due to the stochastic nature of CMAES, it may take more than one attempt to perform the
optimization successfully. For example, the optimization may get stuck re-sampling bounds, in
which case you can stop the optimization by clicking the stop button next to the progress bar. If
you haven't already disabled the local DLS optimization in the optimization wizard from Section
2.0, you should delete the unused DLS optimization now, because the finite-difference
calculations can sometimes interfere with CMAES.

7.0 Analyzing Results

After the optimization, we can open the PlanePointDistances table again to see that the distances
are very low. We can also view other metrics to see how well the wavefront was matched to the
original design.
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1 219
2 19
3 219
4 219
5 219

£ 219

To view the spot diagram, click on the spot diagram icon in the toolbar, or right-click the reTORT
simulation in the Model Hierarchy and select Tools > Create Spot Diagram. Make sure the Optical
Output is set to AutoOpticalOutput, and select the desired wavelengths and incident angles, then
click OK.
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The following images compare the original spot diagram to the current spot diagram after running
the wavefront-matching optimization.
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Spot Diagram (matched)
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Spot size information can be found by right-clicking the FocalPoint table under AutoOpticalOutput
in the Model Hierarchy, and selecting Show Table. This table should be available by default, but
can be enabled by checking the optical output’s “Compute Spot Metrics” property.
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Original Spot Sizes:

sourceldlD  Wawvelength {m)  Theta (deq) Phi (deg) RhAS Diarneter (um)  Peak Diarmeter furm)  RME Radius {(um)

1 218 4.8613E-07 0.0000000000...  0.00000000.,. 7872603 15770546 3.9363M4
2 218 4.8613E-07 2,0000000000..,  0.00000000.,. 13461383 28615653 67306614
1 219 5.8756E-07 Q.0000000000..,  0.00000000... 5856467 6.663753 2,0282336
4 219 5.8756E-07 2.0000000000..,  0.00000000.., 13372085 30.7e4054 6.65600425
5 218 6.5627E-07 0.0000000000...  0.00000000... 13.030251 14.704744 6.5151254
6 218 6.5627E-07 2.0000000000... 0.00000000... 9.060076 23.977446 4.5300332

Matched Spot Sizes:

SourcelID WWavelength () Theta (deg)  Phifdeq)  BMS Diameter {urm)  Peak Diarneter (urm)  BRS Radius {um)

1 219 4.8613E-07 Q.0000000..,  Q0.0000000.. 7155463 13128731 35777342
2 19 4.8613E-07 2.0000000... 0.0000000.. 13181147 26985426 6.5905734
3 419 5.8756E-07 0.0000000.,, 0.0000000., 4.M7337 6406543 24532437
4 219 5.8756E-07 2.0000000..,  0.0000000.. 14759021 37287597 07107
5 219 &.5627E-07 Q.0000000..,  0.0000000.. 11.803629 14158332 59018145
6 219 6,562 7E-07 2.0000000..,  Q0.0000000.. 2.854660 31103301 4.2423301

We can also compare the wavefront profiles, by clicking the wavefront icon in the toolbar, or right-
clicking on reTORT in the Model Hierarchy and selecting Tools > Create Wavefront Error Plot.
Again, select the desired wavelengths and incident angles to show, and click OK.

Window  Help
M e & RS @b

riru'auefrl:nnt-matching-result [reTORT]: Create Mifawefront Error Plot I_
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The following images compare the original wavefront error to the post-optimization wavefront.
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The RMS wavefront error can be found by selecting AutoOpticalOutput in the Model Hierarchy,
and checking the “Compute RMS Wavefront Error” checkbox in the Property Editor dock. Then
right-click the RMSWavefrontError table in the Model Hierarchy, and select Show Table. Run the
simulation if necessary to see the wavefront error for each wavelength and incident angle.

Imaging Metrics
Campite Pupil Funckion
Compute Wavefront Error
Compute OTF
Compute MTF
Compute MTF Trace
Campute MTF Yalue

MTF Spatial Frequency

Compute Seidel Coefficients Per Surface
Compute RMS Wavefront Error
Compute Point Spread Funckion

iy

I:I@D m oo
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The following images compare the original RMS wavefront error to the post-optimization WFE.

Original RMS WFE:

SourcelID Wavelength () Theta (deg) Phi (deq) RrAS Wavefrant Errar
1 219 4.8613E-07 0.0000000000...  0.00000000... 0.23083570
2 219 4.8613E-07 2.0000000000...  0.00000000.., 089059327
3 219 5.87hEE-Q7 0.0000000000..,  0.00000000... 040134026
4 219 5.8756E-07 2.0000000000...  0.00000000.. 052020938
5 219 £.5627E-07 0.0000000000...  0.00000000... 0.81815664
£ 219 6.5627E-07 2.0000000000...  0.00000000... 020451193
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Matched RMS WFE:

SourcellD  Wavelength () Theta (deg) Fhifdegy  RM3Wavefront Errar
1 219 4.8613E-07 0.000000000...  0.0000000,,. 0.21482243
2 219 4.3613E-07 2000000000,  0.0000000,., 0.92072060
7219 5.8756E-07 0.000000000...  0.0000000...  0.34936143
4 219 5.875eE-07 2000000000, 0.0000000,, 053169923
5 219 6,562 7E-07 0.000000000...  0.0000000.. 0.75699324
6 219 B.562 FE-O7 2.000000000...  0.0000000.. 0.20766163

Appendix: Additional Tips for Using the Optimization Wizard
with Custom Goals

Because this guide modified the optimizations that were configured by the optimization wizard,
there could be interference if the optimization wizard is run a second time. If custom changes are
made to the auto-generated optimizations, it's important to keep the potential consequences in
mind before running the wizard again.

For instance, if we had not renamed the “MinSpotSize” goal, running the optimization wizard
would reset the changes we made and turn it into a spot size goal again. To turn the goal back
into a spot-diagram-matching goal, we would need to click the goal’s Edit button to change the
result again, and change the Data column it refers to.

However, because we renamed the “MinSpotSize” goal to “MatchSpotDiagram”, running the
wizard again will create a new MinSpotSize goal instead, in addition to our modified goal. To
correct this, simply delete the new MinSpotSize goal once the optimization wizard has been
closed.

The optimization wizard will only make changes to optimizations with the names “AutoCMAES”
and “AutoDLS”. If we want to prevent any interference with the optimization wizard at all, we can
copy and rename the optimizations before making our changes. If the optimization is run after
that, the custom versions of the optimizations will be unaffected. However, this also means that
any changes to the custom optimizations must be made manually, since the optimization wizard
will not modify them.

In addition to the auto-generated optimizations, custom changes to the AutoOpticalOutput can
also be overwritten by the optimization wizard. For instance, the optimization and tolerancing
wizards only support the Image Plane, Back Focal Length/BFL, and Effective Focal Length/EFL
focus methods. Because we left the AutoOpticalOutput’'s Focus Method property set to Image
Plane, this won’t cause any issues in this case.

ExH, Inc. « 200 Innovation Boulevard e State College, PA 16803 » www.exhsw.com

Page 22 of 23


http://www.exhsw.com/

=A

vl
However, we could have set the focus method to something like “Lens Stack Surface” instead.
The Lens Stack Surface focus method would let us match the wavefront at a specific surface in
the middle of a lens stack, which is controlled by the “Lens Stack” and “Lens Stack Index”
properties in AutoOpticalOutput’s Property Editor. Because the Lens Stack Surface focus method
is not supported by the wizard, running the optimization wizard a second time would have reverted
the focus method to one of the supported options, and we would need to correct it before matching
the wavefront profile.

= [*Property Editar

Editor Grid

&= Edit Ray Result T 53
Mame |.ﬂ.ut00ptica|0utput |

Focus Calculation Method
" Focal Plane
-
n
-+‘ Target Focal Length

Focal Plane Diameter

Lens Stack,

Lens Stack Index

Lens Stack Surface w7
[0 m, Om, 0,043 m]
100 mm
le+153m
[} LensStacki w7

1 <

Some of the AutoOpticalOutput’s results may also change when running the optimization wizard
a second time. For instance, running the optimization wizard might disable the RMS wavefront
error result that we used when analyzing the optimization results. To prevent interference from
the optimization wizard, we can copy and rename the optical output to something other than
“AutoOpticalOutput”. If the spot-matching goal was already configured, be sure to click its Edit
button and point it to the new optical output.
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