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First Order Ghost Analysis

INTRODUCTION

FRED is capable of providing the user with detailed information about arbitrary ghost
and scatter paths through an opto-mechanical system. We simply setup the optics and
mechanics with physical property attributes (coatings, materials, scatter models, etc.),
setup an appropriate source and tell FRED to keep track of all unique paths through the
system during the raytrace. When the raytrace completes, we can post-process the
raytrace path information to extract out the paths which are relevant to our system.

Suppose, however, that we are interested in characterizing the primary ghost paths
within an optical system; perhaps our system isn’t completely developed or refined to
warrant a lengthy multi-level stray light analysis. This knowledge base article presents a
script which automates an analysis of the primary ghost paths in an imported sequential
design. We start by discussing the procedure for setting up the imported sequential file
appropriately for the analysis and then we discuss the script implementation and
procedure for running the analysis.

SETTING UP THE MODEL

For the purposes of this article, we will be working with a lens design that is included in
your FRED installation directory: <installation directory>\Resources\Samples\Optical
Design Files\camera.ZMX

Start by first importing the “camera.ZMX” design file in to FRED using Menu > File >
Import > Import Optical and accepting the default settings on the import dialog. After
import, you should see the lens system in your 3D view and the Object Tree should be
shown as below. The design is a simple three element lens with an aperture stop in
front of the first lens.
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Before we do any raytracing and analysis we need to prepare the surfaces and geometry
in a manner which is suitable for the first order ghosting calculation we wish to perform.
There are six items that we need to address in our design:

Creating a “FRED” aperture stop

Specifying surface coating properties which allow ghosting to occur
Specifying surface raytrace control properties which allow ghosting to occur
Modification of the source position specification

Addition of an analysis surface

o Uk wWwNRE

Modification of the sequential raytrace path

Creating a “FRED” Aperture Stop

Note that after importing our lens system the aperture stop surface is a simple Air/Air
transmitting planar surface.

o 5 Geometry Tt-04-4623-1G2F
- EFU camera Irmparted from "'c:\pragram files\photon en
= Q Surface 1 [Stop surface]
[B] Plane

- e Le mat'|_=".-'1‘-.irl", mat_2“=".-'1‘-.ir"
coating=""T rangmit

E @ Le raytrace prop=""Tranzmit Specular’

# @ Le scatter count=0

- Q Sur importance zamp=""0efault

_ surface roughhess=none
Analyziz Surf aCeTE]

770 b abadlial.
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Although this type of specification is meaningful for a lens design program, FRED has no
knowledge of what a stop is supposed to mean. In FRED, we simply setup the geometry
with the correct physical properties and the physics of the surfaces govern where rays

are allowed to propagate. In this sense, we need to turn our sequential “stop” surface

into a real “physical” stop surface which is suitable for FRED.

We start by opening up the dialog for Surf 1 and going to the Aperture tab. We’re going
to turn the planar surface into an annulus, with inner aperture equal to the current
outer aperture of the disk. This is easily done by copying the existing value of the
“Trimming Volume Outer Boundary” and pasting this value in to the “Trimming Volume
Inner Hole”. Then, we make the Trimming Volume Outer Boundary larger (as large as
makes sense for the lens housing and mechanics).

(" (FRED3) Edit Surface: "Surf 1" =3
Scatter Wizualization Glue Grating Auilian Data Modifiers
SIURFACE Aperture Loczation/Orientation hd aterials Coating/R ayContral
Trirrning Yolurme Ouker Boundary Trirmrming Yalume Inner Hole

sem-apetife:  Center ] Enter az Min/tax semiape: | Offset: Apply

* |E n instead of semi-ape/ . |0.7857 n
T3 1] 07857 n

— Shape: (O Bow
< 00144449187 | [0 (O Elipscid () Cylinder ~ Shape: (O Box (33 Z-Cylinder
Advanced Dat-praduct Surface Trimming Specification
(& None ) %-amis Perp Reference Vectar:
() Position () '-axiz Perp s T Z
() Direction () Z-axiz Perp Sign of the dot product: (&) Positive () Negative

Surface Trimming S pecification
Operation List YWiew: Specification String View:

Operation {right click for menu)

2

Now that we have an annulus surface, we need to make it optically relevant. On the
Coating/RayControl tab of the surface dialog, apply the Absorb coating and the Halt All
raytrace control.
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SURFACE Aperture Lacation/Drientation Materials Coating/RapCantiol
Rap Colors Coating

Change colar Assigned Absorb 100% Absorbing Coating

of rays that

intersect this Name Desciption
suiface: List of Absorb 100% Absorbing Coating

Avaiable | pofory 100% Reflective Coaling

] Tronsmit Codlings: | 1 ansmi 1003 Transmissive Coating

Standard Coating  95% Transmitting, 4% Reflecti

) Uncoated Bare Substrate
[ Reflect £ 2
Raytrace Control
[ Diffract Assigned: Halt &l Halt all ray components

Mame Description
Dlsostsr Listof | Hatal Halt all 12y campenents -
Avalsble | Transmit Specular  Allow ransmitted specular ra

[ =] Ratrace | Reflect Specular  Allow reflected specularay o [ EditAview..
Conbols: | pllgws Al Allow all 13y companents

< >

Specifying Surface Coating Properties

The point of this analysis is to find out how much power (and the distribution of that
power) reaches our focal plane due to a specular series of events between our lens
surfaces which are not “design” paths. For example, an internal bounce within our first
lens element may make its way out to the detector and we wish to quantify it’s
contribution.

In order for the ghost paths to occur, our lenses need to have coatings on them which
allow some fraction of the incident energy to propagate in reflection and transmission.
By default, the lens surfaces are imported with 100% transmitting coatings and we will
never get any ghosts to be generated. We could visit each optical surface of our lens
and apply a non-ideal coating model to each one, but FRED does provide an interface
which makes this process a little less tedious. Go to Menu > Edit > Edit/View Multiple
Surfaces. This interface provides a mechanism for making multiple surface property
assignments quite easily.
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Modifications in the spreadsheet do not take effect in the document until you press "0K" or “Apply".

Right-click for popup menw.  Double-click column header to sort,

Hame |Traceahle |Material 1 Material 2 Coating Raytrace Control |Scaﬂer 1
1 camera.Surface 1.5urf 1 Id Air Air Abzork Hailt Al Id
2 .cameralens 2-3.Surface 2 I Air 529960 553000 Tranzmit Transmit Specular Id
=) .cameralens 2-3.Surface 3 Id 529960 5553000 Air Tranzmit Transmit Specular Id
4 .camera.lens 2-3 Edge I~ 529960 553000 Air Absorh Hailt 21 Id
5 cameralens 2-3 Bevel 1 Id 529960 535000 Air Abzork Hailt Al Id
& camera Lens 2-3 Bevel 2 2 328960 558000 Air Abzork Halt &1 I~
7 .cameralens 4-5.Surface 4 Id Air 585470293092 Tranzmit Transmit Specular Id
g .cameralens 4-5.Surface 5 I~ 5854702939092 Air Tranzmit Tranzmit Specular Id
9 .camera.Lens 4-5 Edge Id 5854702939092 Air Absorh Hailt 21 Id
10 cameralens 4-5 Bevel 1 I 585470.299092 Air Abzork Hait Al Id
11 cameralens 4-5 Bevel 2 Id 985470.299092 Air Abzork Hailt Al Id
12 .cameralens 6-7 Surface 6 I~ Air 529960 553000 Tranzmit Tranzmit Specular Id
il .cameralens 6-7 Surface 7 Id 529960 5553000 Air Tranzmit Transmit Specular Id
14 .camera Lens 6-7 Edge I 529960 553000 Air Absorh Hailt 21 Id
15 cameralens 6-7 Bevel 1 Id 529960 555000 Air Abzork Hailt Al Id
16 cameralens 6-7 Bevel 2 I~ 529960 535000 Air Abzork Hait Al Id
17 camera Surface 5.5urf & Id Air Air Abzork Hailt Al Id
£ >
Modity Al Highlighted 5 preadsheet Rows
- Coating w | with | Absorb v

[ QK. ] [ Cancel ] [ Apply ] [ Help ]

We are going to use this interface to replace all of our Transmitting surfaces with the
default “Standard Coating”, which allows 96% power transmitted and 4% power
reflected, and the default “Allow All” raytrace control, which allows rays to be split into
reflected and transmitted components at an interface. While holding down the “Ctrl”
key on your keyboard, select the rows in the spreadsheet which have the “Transmit”
coating.

Modifications in the spreadszheet do not take effect in the document until you press "0K" or “Apply".

Right-click for popup menw.  Double-click column header to sort,

| |Name |Traceahle |Material 1 Material 2 Coating Raytrace Control |Scaﬂer 1
camera Surface 1.5urf 1 7 Air Air Abzork Hait Al Id

Trans
Abzork

<1<

.camera.lens 2-3 Edge

4 Halt &1 Id
5 cameralens 2-3Bevel 1 [ 529960 555000 Abzork Hait Al Id
B cameralens 2-3Bevel 2 [ 929960 535000 Abzork Hait Al Id

<1<
<1<

.camera.Lens 4-5 Edge Id 5854702939092 Absorh Hailt 21 Id
10 cameralens 4-5Bevel 1 [F 585470.299092 Abzork Hait Al Id
11 cameralens 4-5Bevel 2 [ 585470.299092 Air Abzork Hait Al Id

<1
<1

&

14 .camera.lens (Edge Id 529960 553000 Absorh Hailt &1 Id
15 cameralens 6-7 Bevel 1 [F 529960 555000 i Abzork Hait Al Id
16 cameralens 6-7 Bevel 2 [ 929960 535000 i Abzork Hait Al Id
17 camera Surface 85urf 8 [F Air i Abzork Hait Al Id

Modify Al Highlighted 5 preadsheet Rows

- Coating w | with | Absorb v
[ QK ] [ Cancel ] [ Apply ] [ Help
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Now that we have selected the rows we wish to modify, we use the “Modify All
Highlighted Spreadsheet Rows” area of the dialog to replace the properties of interest.
In this case, choose “Coating” from the property type dropdown list, choose “Standard
Coating” from the available properties dropdown list, and then hit the “Replace” button.

Modify All Highlighted Spreadsheet Rows

Heqﬁce Coating Rl S tandard Coating

Specifying Surface Raytrace Control Properties

Repeat this procedure for the Raytrace Control, using the Allow All property.

Modify All Highlighted Spreadshest Rows

Once you have replaced the Coating and Raytrace Control for the selected surfaces, you
can press the OK button to commit the changes back to the document and close the
Edit/View Multiple Surfaces dialog.

Setting up the Source

The geometry properties will now support first level ghosting to occur within the lens
elements and we should now setup our optical source. Note that FRED did create
multiple field sources as specified in your design file but we will perform our analysis
with the on-axis field. Expand out your Optical Sources folder, select field sources 1-5
on the tree, right mouse click and toggle the “Make All NOT Traceable” option to turn
these sources off.

= =4 Optical Sources
:.".I Field Pozition O [file: camera) ¥ = 0.000000 mm, %" = 0.000000 mm [paras img hagt]

Eaq Field Position 1 [file:

Make all Traceable

Make &ll MOT Traceable

Make &l Mever Traceable (For trimming surfaces)

Make all MOT Mever Traceable {For trimming surfaces)

When tracing incoherent sources it is generally a good idea to remove any “grid-ness” of
the source definition. Double click on the Field Position 0 source to open its dialog and

440 SOUTH WILLIAMS BLVD, #106 — TUCSON, AZ 85711 -1 - (520) — 733 — 9557 — SUPPORT@PHOTONENGR.COM — WWW.PHOTONENGR.COM




Photon /4 \ www.photonengr.com/fred-kb/  December 12, 2012
ENGINEERING\/

Hluminating deas

then move to the Positions/Directions tab. Note that the Ray Positions specification is
set to “Grid Plane”.

Palarization W avelengths

Yizualization
Source Positionz/Directions

Location/Orientatian Pavaer Coherence
Fap Pozitions

Type:

Grid Plane [rectangular array of points aranged on a plane]
Parameters: Parameter Description - L

* Mum Rays | 11 Mumber of rays across X

Y Mum Rays | 11 Mumber of rays across Y

X =emi-Ape | 07857 X =emi-aperiure

Y =emi-Ape | 07857 Y =emi-aperure

Aperture Elligtical ﬂ The apetture shape hd
Fay Directions
Type: Single Direction [plane wawve] w
Farameters: Parameter |I]est:riptiun

» Component | 0 # campanert of ray direction

Y Component | 0 Y camponert of ray direction

L Componert | 1 £ campanert of ray direction

With incoherent sources, having grid positions and directions specifications can cause
aliasing artifacts in the calculated energy distributions (source grid overlapping with an
analysis grid). To remove the potential of this occurring, we change the ray positions

type from Grid Plane to “Random Plane” while maintaining the same aperture size and
shape.
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Folarization W avelengths Yisualization
Source Positions/Directions Location/Orientation Power Coherence

R ay Pozitionz

Type: Random Plane [random points aranged on a plane] o
FParameters: Parameter |Description

Mum Rays 1000 Total number of random ray positions

¥ Outer Semi-LApe | 07357 ¥ outer semi-aperture of the plane surface

Y Outer Semi-Ape | 0.7357 Y outer semi-aperture of the plane surface

¥ Hole Semi-Ape | 0 ¥inner hole semi-aperture of the plane surface

% Hole Semi-Ape | 0 Y inner hole semi-aperure of the plane surface

Shape Elliptical ﬂ The aperture shape of the plane surface

< »
R ay Directionz
Type: Single Direction [plane wawve] W
Farameters: Parameter |I]est:ri|:rtiun

X Component | 0 » componernt of ray direction

Y Component | 0 % componernt of ray direction

L Componert | 1 L componernt of ray direction

L >

After you have changed the ray positions specification of your source as described
above, hit OK to accept the changes and close the dialog.

Adding an Analysis Surface

Although we have a surface for our focal plane, we need to add an Analysis Surface to it
in order to calculate an irradiance distribution. First, we determine that the aperture
size of our focal plane is about 2.5 mm. Next, we right mouse click on our Analysis
Surface(s) folder and choose “New Analysis Surface”. For now, it is sufficient to specif
the name, the size of the analysis area, and the number of divisions in the grid. We will
put the analysis surface into position after it has been created.
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M arne:
Detectorsnalyzid
Dezcription:
Analysiz Area
hdin S Divigionz
®|-25 25 41 % | Scale Factor: |1
T 41 -

December 12, 2012

Diraw

Grid Lines »

w | Mindtan vals: | At edge of + w [E]

[ ] Awutozize ta Data Force 1:1 Aspect Fatio [ ] Interpret Mindtax az Angles [degrees]

Rendering Area [for drawing only]

kdin b 2w Divizionz
|1 1 2 E
¥ |1 1 2 -

[ ]Draw

L 0]

After completing the specifications above, hit the OK button to create the new analysis
surface. We can assign this analysis surface to our detector by expanding out the
Analysis Surface(s) folder and our geometry tree (so that we can see “Surf 8”) and then

dragging and dropping the DetectorAnalysis node onto Surf 8.

Ohbjects
T Optical Sources
) ] Geometry

= EFI Camera
+ Q Surface 1
+ @ Lens 23
+ @ Lenz 45
@ Len: 67
- Q’ Surface B
& ES)
o e Analysis Surfaces)
PN D ctectortnalysis

+

Modifying the Default Sequential Path

As we will see shortly, the basis of our scripted analysis is the default sequential path of
the lens design which is automatically created on file import. To view the sequential
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paths available, navigate to Menu > Raytrace > User-defined Ray Paths. In the “Selected

Path” drop down list, choose “DefaultSequential” to display the path listing. Although

FRED’s native raytracing mode is non-sequential, it can be instructed to perform

sequential raytracing (i.e. an explicit ordered list of intersection events). The
DefaultSequential raytrace path (shown below) instructs FRED to perform this exact

sequence of intersection events.

Selected Path: | DefaulSequential [file = camera)

Definition of Currently Selected Path

M arne: DefaultSeguential [file = camera)

Descrption: | default sequential path based wupon original prescription

Mates: Right mouze-click far pop-up mernL.
To drag a row, zingle click on a row header, then drag it to a new pozition.

Seq [Surface (or entity) Contro Order
a [ icameraSurface 1.5urf1 (Plane) Transmit-Specular w0
1 [T icameralens 2-3.5urface 2 (Even Asphere) Tranzmit-Specular |0
2 [T icameralens 2-3.5urface 3 (Even Asphere) Tranzmit-Specular |0
3 [T icameralens 4-5.5urface 4 (Even Asphers) Transmit-Specular |0
4 [ icameralens 4-5.5urface S (Even Asphers) Transmit-Specular |0
] [T icameralens B-7 Surface 6 (Even Asphere) Transmit-Specular  »|0
B [ icameralensB-7 Surface ¥ (Even Asphere) Transmit-Specular  »|0
v [ icameraSurface 8.5urf8 (Plane) Halt w0
g r Transmit-Specular w0

Cloze

Help

=
o =
=52
.=
=5
R
T o
0
=
o
=. L
=]

vigws

Show Path

Copy definition

o
w
=
]
=

-
o
=

Copy

Delete zelected
path

Delete

Notice, however, that the first event in the DefaultSequential path is a transmission

through “Surf 1”. When we first imported our lens design, this event made sense

because the “stop” was actually an Air/Air transmitting disk. However, we have

modified our stop surface to be suitable for a FRED model by making it an absorbing

annulus surface. Changing the stop surface in this way means that we should remove it

from our DefaultSequential path (after all, we actually want rays which don’t hit the

aperture stop). To remove an event from a sequential path, right mouse click on the

row you wish to remove and select the “Delete Row” option.

:2: Surface {or entity) (R:?n‘trnl
0 [ E.camersSurface 1.5urf1 (Plane) Insert Row
1 [ icameralens 2-3.5urface 2 (Even Asphe
2 [T icameralens 2-3.5urface 3 (Even Asphe pelete Selected®ows
3 [ icamerslens 4-5Surface 4 (Even Asphe
A L e I mmm d & Ciebmmmn & B 11 mamle A
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Hit the OK button on the dialog to accept this change and commit it to the document.
RUNNING THE SCRIPT

The idea behind the automated script is to start with the DefaultSequential path and then use it
to generate all possible 1* order ghost paths in the system. For a system with n optical surfaces,
the number of ghosts can be determined from:

n-1
Nghosts = 2 m
m=1

Algorithmically, the script automates the following steps:
1. Find and store the default sequential path events

2. Construct a list of all ghost surface combinations
3. Loop over each ghost surface combination and
3a. Construct the sequential path corresponding to the ghost
3b. Raytrace the sequential path
3c. Perform an irradiance on the focal plane and calculate statistics

3d. Report the ghost path information to the output window

After running the script, the document will contain:

1. A unique sequential path for each first order ghost path in the system

2. An Analysis Results Node (ARN) for each ghost path in the system containing the irradiance
distribution for each ghost path.

3. A summary of each ghost path in the output window

In order to prepare the script to be run on our example system, there are two lines we need to
modify.

1. Line 19: Fill in the appropriate FindFullName command for the analysis surface being used
to calculate the irradiance distribution on our focal plane

2. Line 24:Fill in the appropriate name of the default sequential path that was created on file
import (you can copy this from the user defined path dialog)
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The following output should be printed to the output window after running the script and

provides an overview of each ghost path through the system by listing the ghost surface pairs,

the number of rays included in the result, the total power in that ghost path on the detector and

the peak irradiance value in that ghost path’s distribution.

Ghost 1
Surface
Surface
Surface
Surface
Surface
Surface
surface
Surface
surface
Surface
Surface
Surface
Surface
Surface
Surface

e e R = e R = RN a BN B = B Yy N i N I = R ¥y Ny L

Ghost 2
Surface
Surface
Surface
Surface
Surface
Surface
Surface
Surface
sSurface
Surface
Surface
Surface
Surface
Surface
Surface

= BN g ER Yy N g gy LR LR LR U WL R LU R LR

Rays
424
ons
1581
LSh
861
1897
3080
66
378
1877
y2
213
1854
3080
3880

Power

1. 778025698 18944E- 64
3.63580347807876E- 04
L .32397974902029E- 064
1.79481416946168E- 84
2.59297985033487E- 04
4 _SEA69858530129E- 64
115422332637 421E-03
2.34821087869024E-05
1.2352228707769E-84

4 400291775 1729E-A4

1.6159126569239E- A5

7.0R20987B6396E- A5
4._3908987780918E-A4

1.15422332637421E-03
1.25231246351369E-03

Peak Irrad
1.68424028093321E- 64
2.328299293962 B6E- B4
2_6822007866443E-04
2.14232701230853E- 84
1.8224944090925E-04
3.26848856186641E- 064
4. 268548705597 12E- 64
7152535431051 45E- 05
1.3183553306514E-84
2.52636642139981E- 64
7.76099764654021E- 05
1.43050708621029E- 64
2947427 09163311E- 64
8.92514729352124E- 64
6.215916085349952E- 64

Additionally, the Analysis Results folder on your object tree should contain one irradiance

distribution for each of the ghost paths. You can view these results in the chart viewer by right

mouse clicking on the ARN:

= Analysiz Results
ﬂﬂ Surface 3 - Surface 2

Eﬂ Surface 4 - Surface 2

Surface & -

Surface &

ﬂﬂ Surface B - Surface 2
T3l Surface 7 - Surface 2
ﬂﬂ Surface 4 - Surface 3
ﬂﬂ Surface & - Surface 3

ﬂﬂ Surface B - Surface 3
ﬂﬂ Surface 7 - Surface 3

Rl Surface 5 - Surface 4

:E}ﬂ Surface B - Surface 4
ﬂﬂ Surface ¥ - Surface 4

ﬂﬂ Surface B - Surface &

E_ﬂﬂ Surface 7 - Surface B
Rl Surface 7 - Surface B

[radiance
[radiahce

Create Mew ARM Fram a File, ..
Save Data bao File, ..

Expork Daka

Display in Eisualizagn Wigw, ..

Lock all selected
Make Copy
Delete {all highlighted items)

Copy Find-Mame Command ko Clipboard

Lastly, you can re-trace any of the specific ghost paths using the Advanced Raytrace dialog and

selecting the “Sequential using a user-defined path” option and then selecting the desired ghost

path:
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Ravtrace kMethod 0k

() Mon-zequential with hierarchical search

() Mon-zequential with linear search Cancel

) ) i Apply/Trace
(%) Sequential using a uzer-defined path:

Defauls tial [file = w
efault5equential [file = cameral Help

DefaultSequential [file = cameral
Fiay|Reverse Sequential (file = camera)
01 Surface 3 - Surface 2
15urface 4 - Surface 2
() 95urface 5 - Surface 2
‘Surface b - Surface 2
Surface ¥ - Surface 2
Surface 4 - Surface 3
Surface & - Surface 3
Surface & - Surface 3
Surface ¥ - Surface 3
Surface & - Surface 4
Surface B - Surface 4
Surface ¥ - Surface 4
Starl Surface 6 - Surface 5
@ Surface ¥ - Surface &
Surface ¥ - Surface B

() Existing rays only () All Fays step

L

=

Mizzellanecus
[+] Draw every |1 = 'thray that iz raytraced

[ ] 5uppress incident/absorbed power calculation on all sufaces
[] Create/uze ray histony file [ ] Suppress raytrace summary
[ ] Determine raypaths [ ] Suppress ray scattering

SUMMARY

This article and the corresponding example files demonstrates a procedure for
preparing your optical design file for a ghosting analysis in FRED and presents a script
utility to help automate a first order ghost analysis. The script leaves the FRED
document in a state which contains the results for all first order ghost paths in the
system, provides a summary of all first order ghost paths and additionally creates
unique user-defined ray paths for each ghost surface pair that can be traced upon
request.
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