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1. Software startup and training

1.1. Computer requirements

The minimum computer requirements to run the software are the following:
- Window XP to Windows 8.1 operating systems
- HD screen resolution (1980 x 1020 pixels otherwise some features may not be visible)
- 65535 colors display adapter
- 500 Mo of disk space
- Processor: Intel Pentium Il

1.2. Documentation contents

The documentation is made of two parts, one part describes the simulation mode of the software that helps you
to familiarize with, and the second part is a real case.

1.3. Knowledge prerequisites

A basic knowledge of wave-front aberration theory is required to use this software (modal Zernike aberration)..
Also knowledge operation of a Shack-Hartmann analyzer is required. This is not the purpose of this documentation
to deal with or bring this knowledge to the user. Nevertheless, some information can be found here on the web
by clicking these links:

http://en.wikipedia.org/wiki/Shack%E2%80%93Hartmann wavefront sensor
http://www.imagine-optic.com/fileadmin/files/PDF/ARTICLES/imagine-optic principles-and-

history-of-shack-hartmann-wavefront-sensing.pdf
o http://en.wikipedia.org/wiki/Zernike_polynomials

In this documentation, all bold and italic items refers to string of chars written in this software such as labels,
captions, titles and so on.

1.4. Software training : Camera setup

The best way to start and get used to the software and its capabilities without any hardware connected is to use
it with the simulation mode. In that way, the user can get the capabilities of the software and get its features in a
smoothest way.

On first startup, the software camera used to acquire data shall be set as “Simulation CCD”:

Shack Hartmann Analyser -
File Display Measurements Setup/Camera Liveview About
I Analysiz prupertiesl Displa}ll Image acquisition

|'F'u|:ui| parameter

| Center [pixels) [1054 j
Rzt :
| Center ' [piwels] 381 =]

If it is not set that way, then go to this menu:
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http://en.wikipedia.org/wiki/Shack%E2%80%93Hartmann_wavefront_sensor
http://www.imagine-optic.com/fileadmin/files/PDF/ARTICLES/imagine-optic_principles-and-history-of-shack-hartmann-wavefront-sensing.pdf
http://www.imagine-optic.com/fileadmin/files/PDF/ARTICLES/imagine-optic_principles-and-history-of-shack-hartmann-wavefront-sensing.pdf

File Display Measurements | Setup/Camera | Liveview About

| Analyziz prupertiesl Drizp Systern setup

— — .
Pupil parameter Disconnect camera

A | Center & [pelz]  |{064 =1
| Center't [pixelz] |31 j
Radius [pixelz] |FEz =

Fat | - j
| Radius Obsc. 143 3]

—BackGround Box definition———————
| Rleft [pixels) (69 4]

and click “Disconnect camera”

Again, click “Camera Setup and connect”

File Display Measurements | Setup/Camera | Liveview About
E I Displayl System setup

Pupil parameters | Camnera Setup and connect »w

| Certer i [pizels] 1064 5
Fist - =
| Center Y [pizels] |33

Fadiuz [pixelz] |ga2

l
A Eedis ke 147

(5 )

bk | 4k

Then select “Simulation camera (no physical hardware)” and click “OK” at the bottom of the form.

[T camera setup Elﬂlg

Camera type

[ ] T15 IMAGING SOURCE camera family
[] Alliance Vision Technaology camera

Camera setup

Ck Annuler

1.5. Software training : System setup

4

Please now proceed to another important step and click “System setup’
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hack H

File Display Measurements | Setup/Camera | Liveview About

EEapture Analysis prnpertles] Diisp System setup -‘

Pupil parameters Disconnect camera

Center # [pinelz] | |:||34
Fist
Center v [pinelz] |38'I |

R adius [pixelz] |5a2
Radiuz Obsc. (143

)

Fst

4}

Then fill the items with the red arrow with figures as following, and disregard the other checkboxes or input.
We will come back to them later on.

Shack-Hartmann Feference grid

Pivel size [square pm) - |5 ‘.--' Heference gril:_l pozition file [will be loaded on first

image acqguizition)
Microlens focal length [mm] |5 ‘ C:hUzersheavadorehDo...eplert\RefGnd_SH.dat

Microlenses pitch [pum) : |[125 '1_ Change file
Wavelength [nm) : |532 "-—-

Measurement system For barpoentic centroiding [used mostly in the software],
r juzt conzider a given percentage of highest value piselz
wvalue inzide the plens box.

Correct measurment fram 23 (674 -6E+1] : ; 09 =
spherical aberration [beam zplitter cube] r Percentage of highest pieel value

Walue [wave number] : |0L035 Comp. Thig value iz updated by the “"spot calibration
[ ) J reference" process, and shall be comect

Will be substracted to 23 otherwize. all barycentric centroiding might be
fultiply by -1 all resulbing wavefront [ incorect

Centroid setup

Flat mirror double pazs spstem

Spztem to be measured Save image files as
System's name : ™ FITS file

|Simulatian_5 H +—— = CPA file

’7 Mo need to be
Focal length mm) |1500 < acourate, thisis | [ Others

Diameter (mm] | 300 f— zzsndp[;at{a:\idalz Remove central obscuration for MODAL analysis [

only Confirm zpot restoredremosval [

‘ Cancel ‘

Then click “OK”

Software system setup is very important, if misconfigured, it can lead to large errors. So pay attention and
take time doing it. It is saved into the database registry. Note : you can save and load system setups that are
stored into text readable *.ini files.

Once this is achieved, on the “Capture” left tab into the software main form, check the “NW” box and then
click “>>> Acquire image <<<” . The “NW” checkbox will disable all wave-front computations and is intended
to look at the image quality without waiting for wavefront computation to complete.

1.6. Software training : Building a reference grid

All wavefront computations are carried out using a reference grid that represents a reference wavefront.
This reference wavefront can be, for instance, a close to perfect wavefront.
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Shack Hai

File Display Measurements Setul

Capture l.t’-‘-.nalysis prnperties] Displa_l,l]
Pupil parameters

Center ¥ [pimels] |200 =
Fist Center [pixelz] |FOD =
Radius [pixels] (g0 =
Fist Radius Obsc. ﬁ'
BackGround Box definition
# left [pivelz] |9 =

# Right [pinels] |55 =
Y Bottom [pikelz] 117 =
Y Top [pisels] |276 =

Background box statistics
Max (ADO) = 151.8
Mean (RDU) = 101.8

Noise (RDU) = V
Camera contral
L

»> Acquire image << ‘ 7

Settings K
Exp. [#) |03
[~ Stack |5 images

™ Substract dark
|C:'\Users\cavadore\D QCUTnEt
[ Save imane sz CPA fle

P

Check that “Loop” and “Stack” checkboxes are left unchecked.

Then, this simulation window appears (spot deviation type). This will let the user to choose the spot array to
be simulated. For doing a reference spot array, check “None (reference array)” and be sure to leave “Add
random noise” unchecked.

I Spot deviation
.

Spot deviation type

{* Mone (reference array)
Simple tilt deviation ‘--h"

Random deviation

Z6+Z7 (Coma %)

714 deviation (Tetrafoild £2)

Z4 4+ Z5 astig

725 + 736 + 719 spherical

Z3 defocus

78 sphere

File input (all Zernikes)

i 0 I B N I I I

Random noise

[~ Add random noise —
0.000 a5 pixels rms
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After a few milliseconds, appears an array of regular spots underneath the “Image acquisition” that
represents the wave-front to be used as a reference. This wave-front, in actual life, will be generated by a
pinhole, for instance, or whatever that can be a reference for your measurements.

File Display Measurements Setup/Camera  Liveview

‘ Analysis pn:uperties] Displa_l,l] Image acquisition
Pupil parameters
Center = [pixelz] 200

4

Rzt

4

Center v [pixelz] |600

Radius [pikelz] 600
Fat

Radiuz Obsc.

4

[==
Ll

B ackGround Box definition

— Kleftpinels] [f3 2]

— - Fiight (pirels] 55 3]
—Jp= " Bottom [pixels) m
-——+ ' Top [pixelz) Iﬂ

B ackaround box statistics

Max (ADT) = 180.¢
Mean (ADT) = 101.7
Hoise (RDU) = 1Z2.8
Camera control

.. [~ Loop
>> Acquire image <<| — ..

The “Background Box definition” is a green rectangle box where noise and background computations are
carried out. It shall not contain inside any spots or any bright features. This is the background offset and
noise level that is computed within this box. If a bright feature is present inside the rectangle, the box
coordinates shall be changed so that no spot and/or bright features are interfering inside this box.

In simulated mode, the offset inside this box is around 102 ADU and the noise is 12.8 ADU

Once this step passed, the reference grid position shall be extracted to perform further measurements. This
is @ mandatory step, otherwise no measurement can be achieved ! Then click on this menu:

File Display m Setup/Camera Liveview About
{ ] Analy Perform spot reference calibration 4——

Pupil paramete Load reference grid position (Text file)

Rt Centes Load reference grid position (Binary file)

Center L 50— 1 BOL jﬂ

Radius [pixels] {600

iE: Radius Obsc. |0 =

BackGround Box definition

X left [pixels) [59 :l
X Right [pixels) 155 :l

Y Binttom [nivels] (17 al

This form appears:
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| Spot reference dete

First pass spat surnmit detection threshaold [A00) |50 At
Approsimate spot distance [Pisels] |50 Auto
Sigrmas from mean roundness distibution |4

Cancel | Eupert »» |

“First pass spot summit detection threshold”: click “Auto” button to get an automated computed figure by
the software, this is the pixel level threshold where the software shall perform a spot detection. The higher,
the fastest, but some spots can be missed, the lower the slower is the detection algorithm.

“Approximate spot distance (Pixels)’: is the approximate distance between spots, the “Auto” button
provides a good figure if the “system setup” form has been filled properly.

“Sigmas from mean roundness distribution”: Indicates the amount of “sigmas” from the mean distribution
of spot roundness. If set to 4, for instance, the software will keep all spots that have a roundness of the mean
roundness of all the detected spots plus/minus 4 times the standard deviation of all the detected spots.

Once the software has finished extracting the spots, this form appears:

H=25.00

¥=50.01

¥=74.593

¥=100_.00
¥=124.35
¥=150_00
X=175.00
¥=200.01
H=2Z4 .35
H=250.01
¥=275.00
H=300_00
¥=3Z25.00
H=350_01
H=375.00
¥=400.00
H=4Z5_00
H=450.00
Ld ¥=475.01

vl rr_rAn AR

Histogram (FuH)

e I~ T LI O L ]

[T |
0
'
'
'
'
'
'
i
'
'
'
'
'
'
'

-1 -]

=1 =1 0

|

-1 -]

AR R A N T A A A YA A Y

-1 -]

1 -]

Arnount of zpots found : 2962

=1
b Tl Tl Bl il Bl Sl sl il iliel il o
b Tl Tl Bl il Bl Sl sl il iliel il o

Lizt of rermowved spots [at first pazs due to PwHM beeing aut]

# X v FwHM |
81412 76303 154

T )

[
N B

Min=1.54 max=4.78 mean=4.71 median=4.71 stdev=0.06 dmean=25.0
0K Cancel

This is providing a list of 2962 detected spots, and only one has been automatically been removed from the
list because its size is outside the main distribution size of spots.

The spot #1891 can be selected with a mouse left click and the software jumps to this spot on the main list
and is being shown into the display as a green squared spot.

Spot can be manually eliminated or re-inserted if necessary.

Innovations Foresight 2015 © Powered by Alcor System 9



1531
v 1532
v 1533
v 1554
v 18395
v 1538
v 1537
v 1858
v 1853
v 1300
v 1301
v 1302
v 1303
v 1304
v| 1305
¥ 1308
v 1307
v 1308
¥ 1305

wdl A man

X=814_

12

¥X=25.00
K=50.00
X=74.5%

=100
=125
=143
X=175

-01
-00
-93
]
H=200.
H=Z2Z4.
X=245._
=275
=235
X=325.
¥=350.
K=375.
X=400.
X=424_
K=450.

Amount of spots found ; 2962

List of removed spats [at first pass due to PwHM beeing out)

Histagram (FyyHR)

#

X

[\ Fu/HM

a14.12

763.03 1.54

\ Min=1.54 max=4.78 mean=4.71 median=4.71 stdev=0.06 dmean=25.0

0K Cancel |

If “OK” is clicked, then a save box dialog appears, prompting the user to save the list of reference spots

position to be used into a file.

i Save As

Savein: I

Mame

| SH_Analyzer_AllCam Rl = s =
[-|patem... ~ || Type [-|size -]

X

File name:

Save as type:

Mo items match your search,

IHeference simulation J

I n-wifle-s I

Save I
Cancel |
A

Enter the filename it will have, the software saves reference grid information both in ASCIl and Binary

fashions, here namely: Reference_grid_simulation.dat and Reference_grid_simulation.txt

The text file (with .txt extension) can be opened for inspection and manually edited if required.

Once the file generated, the software displays this information, providing that all operations went fine.

Innovations Foresight 2015 © Powered by Alcor System
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Then the software computes the best ratio of pixels to be used inside the area of computation to be used for
barycentric centroiding.

Changed pixels for barycentic centroid : 3.5%!

The spot reference file position grid and the amount of pixels to be used is part of the system setup and can
be found for checking in the “System setup” form that has been previously filled. This can also be changed
manually if required by the user.

Shack-Hartmatnn R eference grid

Pixel size [zquare um] Eﬂjs;e;g;u?sr:ﬁﬂﬁmtmn file [wall be loaded on first

Microlens focal length [mm) - |5 5 zershcavadore\Do..._and_simulation. dat

Microlenzes pitch (pm] 0 125 Change file \
W avelength [nm] : (532
Centraid zetup

Measurement spstem For barpcentric centroiding [used masty in the software),
r juzt conzider a given percentage of highest value pivels
value inzide the plens bow.

Carrect rmeazurment friom 28 (574 -5E+1] ; ; 15 o
gpherical aberration [beam zplitter cube) I Percentage of highest pixel value )

Yalue [wave numberl: |0.035 Camn. This value iz updated by the "spot calibration
[ ] J reference” process. and shall be comrect

Will be substracted to 28 otherwise, all barycentric centroiding might be
bultiply by -1 all resulting wavefront [ incorect

Flat mirror double pass system

Syztem to be measzured Save image files as
System's name : ™ FITS file

Simulation_SH & CPA file

Ii Mo need to be
Focal length [mm) {1500 accurate, this is Others

Diameter [mm] 300 uzed for MTF Fiemove central obzcuration for MODAL analysis [
computations

anly Confirm zpot restaredremaoral [

‘ Cancel ‘

The reference grid is now displayed as squares with green dotted lines, the center of the square is the
reference position of the spot, and distance to this reference will be used to compute wavefront.
This reference grid is used to compute the wavefront with respect to this reference wavefront
It should be a regular pattern, with no overlapping squares
Innovations Foresight 2015 © Powered by Alcor System 11



Image acquisition

1.7. Software training : Measuring a wavefront compared to the reference wavefront grid

The next step is to define the pupil to be analyzed; This is a circle shape that can have central obscuration.
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Shack Hartmann Analyser =rsion 1.5.7 bu ipile 2014 [0.3000 sec 1 exposure(:
File Display Measurements Setup/Camera Liveview About
Capture ] Analysiz properties ] Display ] Image acquisition
Pupil parameters
K [piwedz] {200

Center* [pixelz] |g00

Radius [pixels] |600
diys Obsc. |0

[ fJ4m | |4 | [4b

BackGround Box definition

Kleft[pivels] 63 3
X Fiight [pivels] 55 2]
' Bottom [pisels] m
W Top [pikels) |276 =

Background box statistics
Max (ADU) = 133.8
Mean (ADT) 101.3
HNoise (ADT) 13.0

Camera control

[ Loop

>> Acquire image << ¥ N

Settings

E=p. (5] |0.3

[ Stack |5 images
[~ Substract dark

C:AU sershoavadorehD ocumet J

[ Save image as CPA file

All image statistics

Diynarnique 0K [0]
Fupill statistics
ol Dynamic OF, [0]

H=234 ¥=182=38

By clicking the “Rst” buttons, the center of the pupil is the center of the image and the radius of the pupil is
the half height of the image. In actual life this will not likely be the case, and pupil center can be defined by

left click into the image while holding the Shift key, and radiuses be set by setting figures. For simulation
mode, using “Rst” buttons is a fast way to define them.

Now coming to “Analysis properties” allows setting the centroiding algorithm. Barycentric uses a fast and
efficient centroiding algorithm that can cope with any spot shape, but it is less accurate than “Enhanced”.

Nevertheless this latter does not converge well with irregular spot shape. For simulation, since spot shape
are perfect, use "Enhanced”
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Capture  Analysis properties l Displa_l,l]

Spot detection zetup
(* |z background box + SME
Signal to noize : |5

(" Usze fived threzhold

Threshold [AD1] : |500

Centroids
" Barpcentric [1% brightest pisels)

* Enhanced [slower] > _

Computations. .

" Mo wavefront computations

(" wavefront camp. [£anal]

" wavefront comp. [Modal]

f+ wavefront comp. [Modal+£onal]

Zonal reconstruchar algorithn

t» 1:Jacobi [zlowest) -‘—

2 Gauzs-Siedel
" 3: Succ. Owver Relaxation [SOR]
" 4: jacobi + S0OR [fastest]

PSF bModal computatior
" Do not compute PSE

* Do compute PSF ff—oo{_

B azic aberrations remoal

Remowve & and " tip-tilk
Femove Defocus
Remowve Coma #

Remowve Coma ™y

Femove Astig 07

Femove Astig 45
Femove 28 [3rd spherical]

FRemowve 79
Remove 210

I I Y R A A

Spots intensity map
" Mo Intenszity map

{* |ntenszity map S —

The “Computation” group box defines the kind of data to be computed. Modal reconstruction is performing
a Zernike decomposition mode wavefront fitting. Zonal wavefront is achieving a zonal (or 3D modeling) from
spot deviation with respect to reference. Please select “Wavefront comp. (Modal+Zonal)”

Several zonal reconstructions are available, some are speed optimized, and others are accuracy optimized.
The basic aberration removal group box allows discarding into the resulting wavefront all unwanted low
order aberration types. This is a very convenient way of displaying the results that would be otherwise hidden

into a simple tilt or a defocus of the wavefront.

Now, let’s try a distorted wavefront compared to the reference, uncheck the “NW” option and click “Acquire
image”
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Camera control

»» Acquire image << i

Settings

Exp. [z] |0.3
[ Stack |5 images

This form appears and a wavefront that exhibits first degree of astigmatism can be simulated this way:

Spot deviation type |— |

Spot deviation type

Mone (reference array)
Simple tilt deviation

Random deviation

Z6+Z7 (Coma %)

714 deviation (Tetrafoild £2)
74 + 75 astig of———
725 + 736 + 719 spherical
Z3 defocus

78 sphere

File input (All Zernikes)

~
~
~
~
~
~
~
~
~
~

24+25]

Z4(nm): 100  af—
Z5(nm): |50 o

Random noise
[ Add random noise

0.000 a5 pixels rms

Ok

Set 100 nm to Z4 astigmatism and -50 nm to Z5, then click “OK”

All other aberrations terms will be nulled in this simulation. The software computes spot positions according
to the user input and then centroids the spot and gets the X and Y deviation from the reference. Wavefronts
are then computed from these spots deviation.

The bottom of the software shows a scrolling log event window, so that the user is made aware of pending

operations

[N TN P I e R I R T T E TN

04/08/2014 23:31:15.053 [Main] ;
05/08/2014 1.2:51:31.545 [Main] :
05/08/2014 1.2:51:31.547 [Main] :
05/08/2014 1.2:51:35.609 [Main] :
05/08/2014 1.2:51:35.610 [Main] :
05/08/2014 12:51:35.648 [Main] :
05/08/2014 1.2:51:35.650 [Main] :

T
All computations completed |

Min=60.0 Max=187 & Mean=101.8 Moize=132.0

Computing centroids ...

Centroid computed [Enhanced] : 29671/29681 Radius=2 pixelz
Beqginning zanal recanstruction...

Zonal recanstruction completed [0.04z] 1

Zonal abberation removal fitting has succeeded |

The valid centroids are only inside the pupil area and are displayed as red squares.

Innovations Foresight 2015 © Powered by Alcor System
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On end computing (the speed depends of the number of spots and the computer processor), many new tabs
appears. These tabs presents computation results.

Image acquizition l todal recongtruction Eemikes]] Zonal lecnnstructinn] FSF [From todal reconstluction]] Intenzity map] MTF [From Modal lecnnstructinn]]

The “Modal reconstruction (Zernikes)” shows the wavefront as it is decomposed into Zernike modes. It
displays the user canceled aberrations (Z1, Z2, Z3, Z6 and Z7) and all the computed ones. All aberration
factors are close to zero (but not exactly zero due to centroiding noise), and only Z4 and Z5 are non-zero
factor, and are very close to factors entered just after acquisition button was pressed.

This means that obviously the simulation is working well.

Innovations Foresight 2015 © Powered by Alcor System 16



Zemike

Z1(Tilk =) 0.2 [
Z2 [Tilt) 1.1 [zet ta zera)
Z3 [Defocus] 0.0 [zetto zero)

Z4 [Astigmatism +45°) 1002 d—
Z5 [Astigmatism -457) 493 44—

ZE6 [Coma =] 0.5 [setto zero)
Z7 [Coma ] 0.1 [zet to zem)
Z8 [3rd spherical] 0.4
29 (Trefail ) 0.2
Z10 [Trefail ¥) 03

Z11 [Bth astigmatism +/-45% 0.3
Z12 [Bth astigmatigm 0-90°7)  -0.3

Z13 [Tetratail 1) 01
Z14 [Tetratoll 2] 04
Z15 [Bth Trefoil #-axiz) 0.2
Z1E [Bth Trefail p-axis) 0o
Z17 [Bth Coma x-axiz) 0.2
218 [Bth Coma y-axiz) 01

Z19 [Bth spherical) 0.2
Z£25 [Tth zpherical] A
Z3E [3th spherical] 0o
Z26 (QJuadrafoil 1) oo
Z27 (Quadrafoil 2) 0z
&l units in o

Min [-112.4 Rms | 45.6

Max | 1127 Peak-F | 225.0
FIT ermor [as pixel per spot] | 0.054

il units in Lambda /
Peak to Peak | 2.4

Rms | 11.7

Fernike Coefs (abzolute value)

u u u u
25 Z36 ZI26 ZZ7

Wavefront map and graphic bars are displayed, only Z4 and Z5 are visible as expected.

The rms and p-p figures are computed from the wavefront map.

The PSF tab gives the resulting Point Spread Function from the modal wavefront map. This is what can see
the user with a perfect eyepiece at the system output. Also X and Y cross sections are displayed.

The strehl ratio factor is computed in this tab, this shows how your optical system will perform, the higher is
the better.

This tab also displays the encircled energy radius where 80% of the energy sits and resolution. All these
figures are compared to the diffraction limited figures that would produce a perfect system.
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Strehl ratio=79

PSF ¥ center profile
==

intensity
I
=}

i-ocro-a--d tRERE
A A A Rt A AR A
20 40 B0 &0 100120140 160 130 200 220 240 260 280 300 320 340 360 350 400 420 440 460 450 500
pixels

PSF ¥ certer profile
==

Mir=1.07E-010 Max=7.94E-001 ¥=367 =185 |=0.000266 a0
%
Strehl ratio=79.37% o4
80% EE radius=6.03 pm [diffract= 3.25 pm] | 0.62 arcsec [diffract= 0.33 arcsec) 65 :
B0
PSF dizplay type a5 1
" Linear E 04
 LoglD E a5t
40§
{* Gquare ot 35|

toocrooa--cd tRERE
A A A R R A A
20 40 B0 &0 100120140 160 130 200 220 240 260 280 300 320 340 360 350 400 420 440 460 450 500
pixels

The Zonal reconstruction is also computed (if requested by the user) and shows a 3D reconstruction of the
wavefront. It has more resolution that the modal reconstruction, but is more prone to local spot centroiding
errors.

The 3D plot can be inspected from different point of view; by left clicking the zonal window display and hold
down the mouse left button and moving around the plot.

A lot of display setup options can be tuned to change color, scale... since this is quite obvious, the user can
play with these options and see their effect.

The rms and p-p figures from this reconstruction are also computed, and should be close to figures retrieved
from the modal reconstruction. There are not exactly the same because the zonal reconstruction is far more
sensitive to a badly computed spot centroid.

Warning : zonal reconstruction requires a good amount of spots (> 3000), failure to comply so may lead to

some inaccuracies and different results when compared to the modal reconstruction. Modal reconstruction
does not require so much point to provide reliable wavefront estimation.
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The MTF X and Y profile are computed and displayed as 2D plots. The red curve is the current system

performance and the blue line is the performance of the same system with no wavefront errors.
This is achieved provided the following data has been input properly:
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Shack-Hartmann

Pusel zize [zquare pm) :
Microlens focal lenagth [mm] © |57
Micralenzes pitch [pm) : |‘|257

W avelength [nm) : |5327

M eazurement spstem
Flat mirror double pass system I

Corect measurment fram 28 (B4 -B+1] r
zphenical abenation [beam sphtter cube]

Walue [wave number) : |0.035 Comp.

Wil be substracted to 28
tultiply by -1 all rezulting wavefront [

System to be measured
Syztem's name

Simulation_5H

Focal length (mm) [1500 «— No needto be

accurate, thig is

Diarneter [rmm) {300 .*-‘ uzed for MTF

computations
only

ok

‘ Cahcel ‘

Reference gnd

Reference grid position file [
image acquisition]

C:hUzershcavadoredDo..._ar

Change

Centroid setup

Far bamycentric centraiding |
juzst consider a given percent
value ingide the plens box.

Fercentage of highest pixel

This walue is updated by
reference" process, and
otherwize, all barycentri
incorrect

Save image files az
" FITS file
v CPa file
Others
Remove central obscuration

Confirm

The spot position tab is also a very useful tab. It shows each spot deviation expressed in pixels from the
reference center grid position. For instance, spot #26 is offset by -0.007 and + 0.007 pixels from the
reference. Spot offset (or deviation) is shown into two 2D plots in X and Y directions, showing the distribution

of offsets for all spots inside the pupil.

Note that the software is able to measure very small spot offsets especially if image signal to noise ratio is

good (say is able to measure 0.002 pixel of offset)
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Statiztics [pixels)

-

o

|Dx

' [ref)

Spt# = [ef]

26
27
28
29
20
il

Rrms | 0.038
Firns | 0.038

Mean D3 | 0.032
Mean |Dtv| | 0032
Mean D | 0.000

0.0074
037
0.0145
0.0200
0.0234
0.0130
0033
0.0309
0.0466
0.0211
0.0454
0.0332
0.0621
n.mer

-0.0703
-0.0887
-0.0631
-0.0636
-0.0622
-0.0694
-0.0534
-0.0574
-0.0544
-0.0614
-0.0568
-0.0746
-0.0553
-0.0708

25,0026

24,9378

6749365
£33.9335
724.3330
749.9969
FFR.0020
799.9953
5249333
5499341
§74.9974
939.9924
525.0036
5800065
574.9368

26.M27

Mean DY | 0.000

26.0000

[mean)

0.050

Distance

25.0012

25.0016

24,3336

24,9333

24,9358

26.0114

24.9383

25.0004

249366

43,9338

A Onan

32
3
34
35
36
7
a8
86

On image mouse move, into the red detected and used spots, a small black hint window will pop up to display

the spot number, the DX and DY offset and the distance from the reference, all expressed in pixels.

“OK” label mentions that this spot centroid has no error and being used to perform modal and zonal

pot position when this

(or not) from the spot display group box, in the display

reconstruction. The dist_cor indicates the distance from the reference to the actual s

is corrected from the aberrations that are checked

tab.

22
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Eapture] Analysis properties  Display l

Spot digplay
Dizplay Elongations, =
v/ zraled by 0=

[w Remowve it
[v Remove defocus
[v Remove comas

v Dizplay reference Spot Gnd
v Dizplay detected zpots

Image dizplay
WAl ~ok TATILTT - FRRIR

1.1.1.Display features

The software has many displays features that changes the way the image into the “Image acquisition” tab
will be rendered.

Eapture] Analysiz properties  Display

Spot display
Dizplay Elongations, 50
zcaled by
[+

v
v

.
-

v Dizplay reference Spot Grid
[v Dizplay detected zpaotz

Image dizplay

High cut [2DU]: |E5535
Law cut [A0OU]: |0

ol

[vw Autocut at end exposure

Auto Display

bodal wavefront color zetup
(" Black and white Palette

" Pirk palette
" Thermal palette
* Rainbow palette

The reference spot grid, displayed as green rectangle dotted lines can be enabled or disabled for better /
clearer displaying.
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Spot display
Display Elongations, 50 -
scaled by
v

o
-

[ Display reference Spot Grid
[v Display detected spots

Image display

High cut (ADU): (1423 =
Low cut (DU):  [83 *

[v Autocut at end exposure

Auto Display

Spot dizplay
Dizplay Elongations,
gcaled by
[+

v
=

[v Dizplay reference Spot Grid
[v Dizplay detected spotz

Image dizplay

High cut (D0 1422
Low cut [A0UY: (83

[v Autocut at end expozure

Gal

Ao Dizplay

Spot dizplay
Dizplay Elongations, =
- zcaled by 50 j‘
¥
=3
=3

[v Display reference Spot Grid

[v Display detected spots Hﬂf

Spot dizplay
Dizplay Elongations, Fl =
zcaled by 52
=

-
-

[v Dizplay reference Spot Grid
[~ Display detected spot: <ff——

Avery important feature is to show amplified spot deviation/offset. This can be achieved as follow, and basic
aberration can be removed (tilts, defocus and comas) to provide a better view of the spot deviation from the
reference. Amplification factor (here 100x) can be set to have a better view, because in most cases, this is a
sub pixel deviation. This is a very powerful function that will be used in real conditions
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Spot dizplay
Display Elongations, -~
4 scaled by 100 j‘
[v FRemove it

v Remave comas

v Display reference Spot Grid
[v Display detected spots

Image display
High cut (20U) - [1423
Low cut [5DU]: |83

v Autocut at end exposure

Gol

Auta Display |

Modal wavefront color setup
& Black and white Palette
" Pink palette
 Thermal palete

sttt =
NS SR
NN s

§\\\\?¥b‘>~\wm4’/’”%

\\\\\ Jhdidbindnarata Lol S

" Rainbow palette

Luminosity and contrast can be tuned into the image display box. Most of the time the software does this
task automatically, but sometimes, the user may need to change this manually

Display cuts can be set, here 200 and 83 ADUs. It means that all pixels above 200 ADUs will be displayed as
white, and all pixels below 83 ADUs will be displayed as black. Between 200 and 83, it will be display as a
gray linear scale.

Spot display
Display Elongations, 100 =

v

scaled by
v

-
v

[~ Display reference Spot Grid
[ Display detected spots

Image display
High cut (ADU) !200
Loweu o035 | 7

v Autocut at end exposure

Auto Display |

@ % & 6 000 0 0 0 0

Modal wavefront color setup
¢ Black and white Palette
" Pink palette

" Thermal palette

® 0 09 000060 0 0

" Rainbow palette

)P & & & & & © 0 & ¢ 06 0 0 0 0
) & ® ® & @ 0 0 0 00 09 00
) ® ® & & & & 5 00 6 0 0 0 0
I ® & ® & ® .06 060 0 & 0 0o
) & ® & & ¢ &0 & 09 0 0
) ® & & & . 0.0 9 60 0 0>
I ® @ ® & . 9 0 06 0 ¢ 0 0 0

@
®
[ ]
L]
®
®
®
®
®
|
|
L J
@
@

It is recommended to play with these figures to get used of this feature.
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Spot display

r Eéz?é%ybilongatlons, m
-
~
-

[ Display reference Spot Grid
|~ Display detected spots

Low cut [ADU) :

Image display \

High cut (ADU) 1J2000 |
N

Jv Autocut at end exposure

Auto Display

Modal wavefront color setup
{* Black and white Palette

" Pink palette
" Thermal palette
" Rainbow palette

1.1.2.A more complicated wavefront to reconstruct

This software allows more complicated simulated spot deviations schemes (and thus more complicated

wavefronts to be simulated)

Family group of other Zernike modes can be tested.

Moreover, a complete file with 23 zernike modes and random spot deviation can be used. After image
acquire launch, check “File input (All zernikes)”, the folder file to be used can be found by clicking “Get to

the file”, and the software will input the Ztest.txt file. This latter can be user edited.

Spot deviation type I .2 1

Spot deviation type

Maone (reference array)
Simple tilt deviation

Random deviation

Z6+Z7 (Coma X))

714 deviation (Tetrafoild £2)
Z£4 + Z5 astig

Z25 + 236 + Z19 spherical
23 defocus

78 sphere

File input (All Zernikes);

File Input l

0 T I R 1 1 B B N

It will use the following file :

Ztest. bt /

Get to the file
Random noise

[ Add random noise

0.000  as pixels rms

0K
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The text file must have the following syntax, with Zernikes factors as follows:

[= Ftest ba

1 All units are nm
2 Zi1=-2359
3 Z2=3057

4 Z3=550
Z4=89.6
Z5=-152.5
Z6=-T1l.1
Z7=591.7
9 Z8=-55

10 Z9=32.6
11 Z10=98.7
12 Z11=-4.5
13 Z12=11.8
14 Z13=5.9
15 Zl14=44.4
16 Z15=-T7.1
17 Zle=15.1
18 Z17=l6.3
Z18=3.3
Z19=-48.9
Z25=6.1
Z36=-4.3
Z26=17.9
Z2T=-0.4
RDX=0.07
RDY=0.07

1 &

L ha

| T % B % I % T Y I R % B ]
on

o

RDX and RDY refer to rms random deviation of each spots in both directions.
Failure to comply with this file syntax will lead to display an error message.
Let’s use this file with these factors and see what is happening.

Once computation is achieved, the modal computed factors are very close to the input, but are not strictly
the same because of the 0.07 pixel random noise added. Which mean that the higher the random noise of
the spot position is, the lower the reconstruction accuracy will be.
Here a 88 nm rms error is displayed by the modal reconstruction.
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Zermike

|nm

21 (Tilkx)

Z2(Tilk™)

Z3 [Defocus]

Z4 [fstigmatizm +457)
20 [Astigmatizm -45°]
Z [Cama )

Z7 [Cama )

Z8 [3rd zpherical]

29 (Trefoil =)

210 [Trefail ™)

Z11 [Bth agtigmatizm +/-457)
212 [Bth astigmatizm 0-30°)
213 [Tetrafail 1)

Z14 [Tetrafoil 2]

Z15 [Bth Trefoil «-awis]
Z1E [5th Trefail y-axis)
Z17 [Bth Coma =-axis)
218 [Bth Coma y-axiz]
219 [5th spherical]
Z25 [Fth zpherical]
Z36 [Ath zpherical]
Z26 [Quadrafail 1)
Z27 [Quadrafail 2)

Al units in Lambda # %
Peak to Peak | 0.9
Rms | 6.0

-29BE.3 [set to zera)
30589 [zet to zem]
5483 [set ta zern)
92.2

-145.2

68.2 (et ta zem)
B39E [set to zero)
H2.8

384

93.0

£.0

10.4

4.0

45.2

120

15.9

137

47

-49E

E2

-4.4

186

31

Al units in

Min [355.4 rms [BET T

Max | 2271 Peak-F | 582 &
FIT ermor [az pizel per spot] | 1.714

Zernike Coefs (absolute value)

| 2 pric I4 5 If I I i} oo I N2 N3 I14 N5 A6 Z1Y X8 119 XS I3E IX IXT

The zonal reconstruction shows a very close agreement with the modal reconstruction: the wavefront shape
is the same and the rms figure is 92 nm (whereas is 88 nm using modal reconstruction).

Zonal display reconstruction also shows the removed aberrations.
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Dizplay typer

i 'wires

" Color wires

i Full faces

" Gouraud smooth
Lines setupr

& Nolines

" Black lines

" white lines
Calor setup

" Black and whits Palstte
 Pink palette

7 Themal palette
@ Rainbow palette

Anglex
Angle |07

Anglgy 0%
AngleZ |07

Perspective

Z Min Max

==

J Max Z [hm)]
27549

MinZ [hm)]
284

Al units in An ‘/NI units in Lambda / = Zonal aberations removwal fit [all units are nm)
Min 3727 Fms [ 92.0 Feak to Peak | 0.9 Tt @1 [T 72 [Defoc 23 [t 0 24) | Astiq 45° (25| Coma ¥ 76) [ Coma ¥ 27128 |za |z10 Fit
Max | 238.3 Peak-P| 611.0 Fims (5.8 2096.9 583.5 n'a néa -193.1 B931 n'a néa n/a

1.1.3.Saving data and image re-analysis

All computed data can be saved as bitmap and text files into a dedicated folder
This checkbox shall be enabled to allow data to be saved.

Save results to files

S ave result files az text and
images

o to result folder M

Computations settings can be changed and the wavefront reconstruction be achieved without acquiring a
new image. Just change what is needed to be changed and then press this button:

Re-Analyze Image
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2. Additional data

Table of Zernike polynomial used by this software, which can be different from other software (like Zemax), is

presented hereafter.

Name This Zemax (Zernike Fringe Polynomials) Zernike
software table

Piston Z20 Z1 :1 Z0,0
Tilt X 71 Z 2 : (p)*COS(A)

Tilt Y 22 Z 3 :(p)*SIN(A)

Defoc Z3 Z 4 :(2p%-1) Z21
Astig + 45° 74 Z 6 : (p)*SIN(2A) 2
Astig -45° Z5 Z 5 :(p)*COS(2A) 2
Coma X 6 Z 8 :(3p*-2)p*SIN(A) ]
ComayY Z7 Z 7 :(3p*-2)p*COS(A) 73>
3rd order Spherical Z8 Z 9 :(6p*-6p2+1) .
Trefoil X 79 Z 11 : (p® *SIN (3A) Z30
Trefoil Y 710 Z 10 : (p?) * COS (3A) 22
5t Astig +/-45° 711 Z 13 : (4p®3)p2 * SIN (2A) Zn
5t Astig 90° 712 Z 12 : (4p>-3)p? * COS (2A) |
Tetra foil 1 713 Z 18 : (p*) *SIN (4A) Zug
Tetra foil 2 714 Z 17 : (p*) * COS (4A) ||
5% Trefoil axe x Z15 Z 20 : (5p%-4)p>*SIN(3A) Zs1
5% Trefoil axe y 716 Z 19 : (5p%-4)p3*COS(3A) Zs.4
5% Coma axe x Z17 Z 15 : (10p*-12p*+3)p *SIN (A) Zs>
5% Coma axe y 718 Z 14 : (10p*-12p%+3)p * COS (A) Zs3
Quadrafoil 1 726 Z 26 : (p°) * COS (5A) Zss
Quadrafoil 2 227 Z 27 : (p°) *SIN (5A) s
5th order Spherical 719 Z 16 : (20p°-30p*+ 12p2- 1) Zos
7th order Spherical 725 Z25 :(70p%- 140p° +90p* - 20p% + 1) Zsa
9th order Spherical 736 Z36 :(252p*-630p®+560p°-210p* + 30p? - 1) -

---000---
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http://www.wavefrontsciences.com/Zernike_table.pdf
http://www.wavefrontsciences.com/Zernike_table.pdf

