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We aim to develop and produce the best solution for your application
in the field of optical measurement technique. To help us to come up
to your expectations and develop our products permanently we need
your ideas and suggestions. Therefore, please let us know about
possible criticism or ideas. We and our international partners are
looking forward to hearing from you.

Thorlabs GmbH

This part of the instruction manual contains every specific information on how
to handle and use the WFS series Wavefront Sensors.

Sections marked with this heading explain dangers that might result
in personal injury or death. Always read the associated information
carefully before performing the indicated procedure.

ATTENTION

Paragraphs preceeded by this symbol in the manual explain hazards
that could damage the instrument and connected equipment or may
cause loss of data.

This manual also contains "NOTES" and "HINTS" written in this form.

© 2007-2012 Thorlabs GmbH



4 WFS Series

1 General Information
1.1  Safety

All statements regarding safety of operation and technical data in this
instruction manual will only apply when the unit is operated correctly as it
was designed for.

All modules must only be operated with proper shielded connection cables.
Only with written consent from Thorlabs may changes to single components
be carried out or components not supplied by Thorlabs be used.

This precision device is only serviceable if properly packed into the
complete original packaging including the plastic foam sleeves. If necessary,
ask for a replacement package.

© 2007-2012 Thorlabs GmbH



General Information

1.2

1.3

Preconditions

Please install Wavefront Sensor application software and USB drivers (all in one
package) on your PC prior to connect the WFS series Wavefront Sensor with your
PC by using the USB2.0 cable delivered by Thorlabs.

As soon as the LED at the back of the Wavefront Sensor lights up green the
instrument is ready for operation and you can start the application program with its
Graphics User Interface (GUI).

Do not forget to remove the dust cover from the Wavefront Sensor.

System requirements

Hardware Requirements:

e CPU: Pentiumlll, 900 MHz or higher

e RAM: 256 MB

e Graphic card with at least 128 MB memory, min. resolution 1024 x 768, 24 bit
True Color, Indexed color

e Hard disc with at least 240 MB free storage space

e free USB2.0 high speed port (a USB 1.1 full speed port is not usable!)

e USB high speed cable according the USB 2.0 specification

Software compatibility:

e Microsoft Windows XP® (32-bit),
e Microsoft Windows Vista® (32-bit, 64-bit),
e Microsoft Windows Windows 7® (32-bit, 64-bit)

Installation
General

Thorlabs wavefront (Shack-Hartmann) sensors consists of a camera with a mounted
in front of the camera sensor microlens array (MLA).

There are 2 types of sensors differing in the type and performance of the camera.

e WFS150/300 series, based ona CCD camera (higher resolution, but slower
performance)

e WFS10 series, based on a lower resolution CMOS camera enabling
remarkably higher measurement speed at a somewhat reduced measurement
accuracy.

Both sensor types are available with three different types of microlens arrays.

As a special feature the WFS Wavefront Sensor series is equipped with an
interchangeable microlens array mounted into a precision patent pending magnetic
holder. The exchange of the microlens arrays allows economic switching to different

© 2007-2012 Thorlabs GmbH
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WFS Series

applications requiring different WFS specifications in terms of spatial resolution
(lenslet pitch), focal length, wavefront sensitivity and dynamic range. See chapter
Microlens Datal+23 for a table of available MLASs.

Available wavefront sensor types (Order Codes)

WFS150-5C Wavefront Sensor, Chrome Apertures 300-1100 nm, pitch=150 ym
WFS150-7AR  Wavefront Sensor, AR Coated 400-900 nm, pitch=150um
WFS300-14AR Wavefront Sensor, AR Coated 400-900 nm, pitch=300 um

WFS10-5C Fast Wavefront Sensor, Chrome Apertures 300-1100 nm,
pitch=150 pm

WFS10-7AR Fast Wavefront Sensor, AR Coated 400-900 nm, pitch=150um

WFS10-14AR Fast Wavefront Sensor, AR Coated 400-900 nm, pitch=300 uym

All Thorlabs Wavefront Sensors are equipped with an easily exchangeable lenslet
array.

Available WFS kits with 2 MLA

You may order also a WFS Wavefront Sensor calibrated with two included microlens
arrays:

Type Used camera Included micro lens arrays

WFS-K1 WFS150 (CCD) |Chrome Mask 300-1100 nm, pitch=150 uym
AR Coated 400-900 nm, pitch=300 pm

WFS-K2 WFS150 (CCD) |AR Coated 400-900 nm, pitch=150um
AR Coated 400-900 nm, pitch=300 ym

WFS10-K1 [WFS10 (CMOS) [Chrome Mask 300-1100 nm, pitch=150 pym
AR Coated 400-900 nm, pitch=300 um

WFS10-K2 |WFS10 (CMOS) |AR Coated 400-900 nm, pitch=150um

AR Coated 400-900 nm, pitch=300 pm

Wavefront Sensor types and kits as stated above are factory calibrated. For other
than above mentioned combinations, please contact your local Thorlabs office (see

Addresseskal )

Three Wavefront Sensor Models

There are three different versions available which differ in the type of implemented
microlens array (MLA, see data here Microlens Datal23) and its distance to the
CCD camera sensor.

e WFS150-5C / WFS10-5C uses a MLA with a chrome mask on it that prevents
light going in between the microlenses directly to the CCD detector. This
increases the image contrast of the detected spotfield and improves the
instrument accuracy, especially in case of strong wavefront deformations. The
wavelength range is not restricted by an AR coating and covers the full
sensitivity range of the Silicon CCD detector 300 - 1100 nm (with largely
reduced sensitivity at the edges). Take into account that such a chrome mask
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Installation

that cannot be anti-reflection coated may reflect up to 25% of the input light
back to your measurement setup. It can be helpful to tilt the sensor a bit or
insert an attenuator in order to reduce the amount of light reflected back into
your measurement setup.

e WFS150-7AR / WFS10-7AR uses an anti-reflection (AR) coated MLA that
reduces the reflection from the array to below 1% within the wavelength
range 400 - 900 nm. Note, that the total reflection from the entire instrument
can be higher due to reflection from the CCD cover glass and chip itself.

This model is well suited for applications that do not tolerate back-
reflections back into the measurement setup, for instance because it contains
a laser without an isolator but parallel beam and long coherence length. Use
this model if other ways for preventing back-reflection line tilting the Wavefront
Sensor with respect to the input beam are not feasible.

e WFS300-14AR / WFS10-14AR uses an anti-reflection (AR) coated MLA that
reduces the reflection from the array to below 1% within the wavelength
range 400 - 900 nm. Note, that the total reflection from the entire instrument
can be higher due to reflection from the CCD cover glass and chip itself.

Due to the increased focal length this sensor features an increased sensitivity
and accuracy (A/50 instead of A/15). On the other side, this advantage comes
along with reduced spatial resolution (300 um pitch instead of 150 um) and
dynamic range.

NOTE

The specified reflectivity of the AR coated MLA is valid only within the stated
wavelength range. Outside of this wavelength range, the reflectivity may increase
remarkably. Please see also Microlens Datali2s)

© 2007-2012 Thorlabs GmbH
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How to order additional microlens arrays

Due to the fact, that each MLA shows individual optical characteristics (geometry,
lens pitch and lens allocation accuracy), it is necessary to calibrate each individual
MLA with the appropriate camera. This calibration is carried out at factory,
calibration data are saved to the camera's internal memory (EEPROM).

So if you have purchased a WFS with a single MLA and want to order an additional
MLA, your existing WFS must be returned to Thorlabs. In our factory, your sensor will
be calibrated with the additional MLA, calibration data will be added to the sensor's
memory and the WFS will be returned to you with both MLA.

Adding an additional microlens array is an upgrade of the existing WFS with a single
MLA to one of the a.m. WFS kits with 2 MLA.
Please contact your local Thorlabs office[148 for return instructions.

If the desired MLA combination is not stated in above list, please contact your
local Thorlabs office 48 for support.

The WFS software accepts only different MLA types. By other words, it is
impossible to calibrate the same sensor for two microlens arrays of the same

type.

Example:
To an existing WFS10-14AR should be added an additional microlens array
with chrome mask and 150um lens pitch.
= Contact your local Thorlabs office for a return of your WFS10-
14AR in order to convert it to WFS10-K1 (WFS10 with two MLA)
= Upon receipt of your WFS10-14AR, the additional MLA will be
calibrated with your sensor.
= Thorlabs will return to you a WFS10-K1 (WFS10 with 2 MLA)

Exchange Program for Old Style Wavefront Sensors

Our Wavefront Sensor Exchange Program offers to customers who purchased either
a WFS150 or WFS150C wavefront sensor (with fixed MLA) an upgrade to a
WFS150/WFS300 wavefront sensor (or to a WFS-K1 / WFS-K2 kit) with
exchangeable lenslet array. Please contact your local Thorlabs office[43 for
more details.

© 2007-2012 Thorlabs GmbH
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2.2

Parts List

A complete wavefront analyzing system consist of a WFS series sensor, a USB2.0
cable and an PC or laptop. You don't have to install an additional card into your PC
and you don't need external power supply.

The shipping package contains:
e Wavefront Sensor instrument as an external measurement head with dust cover
e Mounting adapter plate and 4 mounting screws M3x6 (WFS)
¢ Mounting adapter plate and 2 mounting screws M3x6 plus 1 screw M2x6
(WFS10)
e USB2.0 high speed cable USB A to Mini USB B, 2,0 m
e CD-ROM with the required driver and application software included
e Wavefront Sensor operating manual

Exchangeable Microlens Arrays

As a special feature the WFS series Wavefront Sensors are equipped with an
interchangeable microlens array mounted into a precision patent pending magnetic
holder.

The exchange of the microlens arrays allows economic switching to different
applications requiring different WFS specifications in terms of spatial resolution
(lenslet pitch), focal length, wavefront sensitivity and dynamic range. See chapter
Microlens Datal+23 for a table of available MLAs.

Mounting Adapter Plate

A mounting adapter is added to the camera housing of the Wavefront Sensor in
order to supply standard threads M4 and UNC8-32 which are compatible to the
palette of Thorlabs' mounts and posts holders.

Mount this adapter plate on the bottom side of the Wavefront Sensor using the 4
screws M3x6 (WFS) and 2x M3x6 + 1x M2x6 (WFS10) if you want to use one of the
mounting threads M4 or UNC8-32. Otherwise, this adapter can be omitted. See
Appendix Mounting Adapterha3 for a drawing of this adapter plate.

Optional C-Mount Adapter

The C-Mount threading on the face of the Wavefront Sensor allows with the help of
an adapter (Thorlabs SM1A9) for the convenient mounting of components utilizing
SM1 thread. These are for instance Neutral density (ND) filters, to help prevent
device saturation or lens tubes to reduce scattered light and to allow for the mounting
of additional optical components.

Trigger Cable (optional)

An optional trigger cable CAB-DCU-T2 for WFS and CAB-WFS10-T1 for WFS10
series instruments can be ordered separately for supplying an electrical trigger
signal to the WFS series instruments. See chapter Trigger Ingutm for details.

© 2007-2012 Thorlabs GmbH



10 WFS Series

23 Getting Started

Don't connect the wavefront sensor prior to install the software.
For description of software installation, please see next section in this manual.

24 Installing Software

Insert the "Thorlabs Wavefront Sensor CD 3.5" (or higher) CD-ROM, included with
your WFS Series Wavefront Sensor package. It automatically starts up and displays
the installation start screen.

In case this 'auto start' feature is disabled on your computer please execute the
'‘Autorun.exe’ file within the folder 'Autorun’ on the CD.

The following screen will appear:

@&* Thorlabs Wavefront Sensor Software Q|§|@

o S CD3.2
WFS Series Wavefront Sensor Software

Install Wavefront Sensor

Inztalls the application software to operate the WFE series
Wavefront Sensorz, the Wavefront Sensor Instrument Driver
and the Sensor USH drivers needed 1o operate the WFS series,

Browse Manuals
Showes the manuals directory of this Installstion CO.

Pt 10009-590-412 - Copyright@ 2007-2011 Thadabs, &l rghts reserved, WL, THIORLABS SO0

There is only one software components selectable.

Install Installs the application software to operate a WFS series
Wavefront |Wavefront Sensors as well as the required camera USB
Sensor drivers. In addition, this software installs the Wavefront

Sensor instrument drivers for usage with C, LabView or
other compilers.

Browse Opens an explorer window and shows the provided
Manuals |Wavefront Sensor manual.

Note: An Adobe Acrobat® viewer is required to view the
PDF file.

It is recommended to close all other programs on your computer prior to start the

© 2007-2012 Thorlabs GmbH



Installation 1

installation process.
Installing the Wavefront Sensor Application Software

Click on'Install Wavefront Sensor Application Software' to start the installation
procedure. First of all, an update of the Windows® installer may be required. Follow

the instructions on the screen.
The Wavefront Sensor software installation starts with the following opening screen:

¥ Thorlabs Wavefront Sensor

Thorlabs Wavefront Sensor Installation

It iz gtrongly recommended that wou exit all programs before running this ) |

installer. Applications that i in the backaground, such a3 vins-scanning | |

utilities, might cause the installer to take longer than average to complete™ |
|

Flease wait while the installer initializes.

¥ Thorlabs Wavefront Sensor

Destination Directory . - 1%

Select the primary inztallation directon.

All zoftware will be installed in the following location(z]. To install software into a
different location(s], click the Broweze button and zelect another directary.

Target directory for application
|C:\F'rc-glam Files\Thorlabs W avefront Senzor' | [ Browse. .

Target directary for Mational [nstiuments software

|C:\F'rogram Filez\M ational Inztrurents' | l Browsze. ..

<< Back “ Mewt > | [ Cancel

© 2007-2012 Thorlabs GmbH
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You may change the target installation folders but it is recommended to leave the

default path names.
Click 'Next' to proceed.

¥ Thorlabs Wavefront Sensor

License Agreement . - 1MBS
- - -
You must accept the license(s] displayed below to proceed.

END-USER LICENSE AGREEMENT
NOTICE TO USER:

THIS 15 A CONTRACT. BY INDICATING YOUR ACCEFTANCE BELOWY YOU ACCEPT ALL THE
TERMS AMD COMDITIONS OF THIS AGREEMEMT.

This Thaorlahs End-user License Agreement accompanies a Thorlabhs software product and any
related written materials ("Sofhware™. The term "Software” shall alsa include any upgrades,
muodified versions or updates of the Software provided to you by Thorlabs. This copy of the
Software is licensed to you as the End-uzer. You must read this Agreement carefully befare
indicating acceptance at the end of the text of this Agreement. Ifyou do not agree with the terms
and conditions of this Agreement, decline where instructed, and yvou will not he ahle to use the
Software. Tharlabs grants to you a non-exclusive license to use the Software, provided that yau
agree to the following.

(®)] accept the License Agreement

()| do not accept the Licehse Agreement.

l <¢ Back “ Hest z ] [ LCancel

)

Read the License Agreement carefully. Mark 'l accept the License Agreement' and

click 'Next' to proceed.

¥ Thorlabs Wavefront Sensor

License Agreement . - 1
o mugt accept the licenze(z] displayed below to proceed.

NATIONAL INSTRUMENTS SOFTWARE LICENSE AGREEMENT

INSTALLATION MOTICE: THIS 15 A CONTRACT. BEFORE YOU DOWNLOAD THE SOFTWARE
AMDOR COMPLETE THE INSTALLATION PROCESS, CAREFULLY READ THIS AGREEMENT. BY
DOWPMNLOADING THE SOFTWARE AMNDIOR CLICKING THE APPLICABLE BUTTOM TO
COMPLETE THE INSTALLATION PROCESS, YOU COMSEMT TO THE TERMS OF THIS
AGREEMEMT AMD ¥OU AGREE TO BE BOUMND BY THIS AGREEMENT. IF ¥OU DO NOTWISH TO
BECOME A PARTY TO THIS AGREEMENT ANMD BE BOUND BY ALL OF ITS TERMS AND

DO MOT INSTALL OR USE THE 30FTWARE, AMD RETURMN THE SOFTWARE WITHIMN THIRTY
{30y DAYS OF RECEIPT OF THE SOFTWARE (INCLUDING ALL ACCOMPANYING WRITTEM
MATERIALS, ALOMNG WWITH THEIR COMTAIMERS) TO THE PLACE YOU OBTAINED THEM. ALL
RETURMS SHALL BE SUBJECT TO NI'S THEN CURRENT RETURM POLICY.

1. Definitions. As used in this Agreement, the following terms have the followind meanings:

(*)i accept the Licenze Aqreement

()| do not accept the Licehse Agreement.

COMNDITIOMS, CLICK. THE APPROFRIATE BUTTOM TO CAMCEL THE INSTALLATION PROCESS,

A

[ <¢ Back “ MHext »> ] [ LCancel

)

Read also this Nl License Agreement carefully. Mark 'l accept the License

Agreement' and click 'Next' to proceed.

© 2007-2012 Thorlabs GmbH
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¥ Thorlabs Wavefront Sensor |Z||:|E|

Start Installation . -1 L=
Review the following summary before continuing.

Adding or Changing
+ Thorlabs W avefront Senzor Files

Click the Mest button to beqin installation. Click the Back button to change the installation settings.

[§ave File... l [ << Back ]l Mestss> | [ Cancel ]

You will be informed about items that are going to be installed. Click 'Next' to
proceed.

¥ Thorlabs Wavefront Sensor IZII:.FXI

Owerall Progress
i ]

Currently inztalling NI Uninstaller. Part 1 of 8.

Registering product...

[IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII ]

<< Back Mext > Cancel

The installation process will take a minute.

After completion of this installation process the Readme.rtf file coming with each
software release appears. It informs you about newly added features or removed
bugs.

© 2007-2012 Thorlabs GmbH



14 WFS Series

¥ Thorlabs Wavefront Sensor

Installation Complete . - 1MB\S

Thorlabs Wavefront Sensor - Readime
Usze this software to operate the Thorlabs WFS Wavefront Sensors.

|>

Mote:
This software comes with additional software packages:
- LAWY runtime engine dhttpoihinanie, nicormici)

License:
This software is copyright @ 2007-2010, Tharlahs GmbH. For license details please see file
Licensea H

Supported platforms:

This software was verified with the following platfarms:
- Windows P (32-bit wversion)
- Windows Yista (32-hit wversiom)
- Windows Vista x84 Edition (84-bit version)
-Windows 7 (32-bit version)

£

Click 'Next' to proceed.
Now, a command prompt window opens temporarily which is required to install the
camera USB drivers on the operating system.

AWINDOWS\system32\cmd. exe

Ins

- Tharlal
- Tharla

ront Sensar:

The following warning may appear:

© 2007-2012 Thorlabs GmbH
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Software Installation

L | "_l., The zaftvware you are instaling has nat pazsed Windows Logo
- testing ta werify itz compatibilite with Windows =P, [Tell me why
thiz besting i importart. |

Continuing your installation of thiz software may impair
or destabilize the correct operation of your system
either immediately or in the future. Microsoft strongly
recommends that you stop this installation now and
contact the software vendor for software that has
pazsed Windows Logo testing.

[ Continue Arnyway ] EéTDPInstallatinn |

Please ignore this warning '...has not passed Windows Logo testing..." and click on
'‘Continue Anyway'.

Thorlabs Wavefront Sensor. |§|

| “Y'ou must regtart yaur computer bo complete thiz operation.

[f you nieed ta install hardware now, shut down the computer. IF pou
choosze to restart later, restart pour computer before running any of this
zoftware.,

| ﬂestart | [ Shut Dovan ] [ Restart Later ]

Depending on your operating system it may be required to restart your computer.
Click 'Restart' to reboot your system.

© 2007-2012 Thorlabs GmbH
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241

Included Wavefront Sensor Instrument Drivers

When installing software from CD, at the same time the Wavefront Sensor Instrument
Driver was installed to your computer. This Instrument Driver package contains the
following files for operating the WFS series instrument under control of LabView, C
or DotNet.

[Program Files]\Microsoft. NE T\Primary Interop Assemblies

Thorlabs. WFS.dll - DotNet DLL

Thorlabs. WFS. XML - DotNet help file

[System]

WFS_Drv.dll - driver dynamic link library
[LabVIEW]\user.lib\WFS_Drv

WFS.IIb - LabVIEW WFS Library and Example file
dirmnu - LabVIEW menu file

dir - Action Status Functions.mnu - LabVIEW menu file

dir - Calibration Functions.mnu - LabVIEW menu file

dir - ConfigFunctions.mnu - LabVIEW menu file

dir - Data Functions.mnu - LabVIEW menu file

dir - Utility Functions.mnu - LabVIEW menu file

[VXI PnP OS]\bin
WFS_Drv.dll - driver dynamic link library

[VXI PnP OS]\include
WFS_Drv.h - driver include file

[VXI PnP OS]\lib\msc

WFS_Drv.lib - library import file for Microsoft compiler
[VXI PnP OS]\Thorlabs WFS

Readme.rtf - this file

WFS_Drv.fp - LabWindows/CVI function panel file
WFS_Drv.lib - library import file

[VXI PnP OS]\Thorlabs WFS\Examples\C

sample.exe - Command line sample application
sample.c - Source code of sample application

[VXI PnP OS]\Thorlabs WFS\License
License.rtf - License file

[VXI PnP OS]\Thorlabs WFS\Manual

WFS_Drv.txt - programmers reference file
WFS_Drv.html - driver online help

[VXI PnP OS]\Thorlabs WFS\Typelib

WFS_Drv.def - Export definition file
WFS_Drv.odl - Interface definition language file
NOTE

LabView driver files are copied to a location which is pre-defined by previous
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2.5

installations of National Instruments LabView software, for instance:
C:\Program Files\National Instruments\LabVIEW\user.lib\WFS_Drv.
Other compiler support and help files can be found here:
C:\Program Files\IVl Foundation\VISA\WinNT\Thorlabs WFS

Please note that there are short sample application files with supplied source
code for C and LabView which should help you to understand the driver usage.
For a full documentation of the driver functions open WFS_Drv.html file or see text
file WFS_Drv.txt.

Connection to the PC

Connect the Wavefront Sensor to a USB 2.0 high speed port of your computer.
Use only the cable that comes with the Wavefront Sensor or a cable qualified
for high speed USB2.0 standard.

The Wavefront Sensor will not work on a full speed USB1.1 port!
Be sure to connect it to a high speed USB2.0 port.

Do not use cables which are not explicitly suited for

high speed USB data transfer, this can cause

transmission errors and improper instrument operation!

After connection of the instrument Microsoft Windows® will load the appropriate
drivers for the Wavefront Sensor.

Models WFS150* and WFS300*
For models WFS150* and WFS300*, the Wavefront Sensor represents a modified
Thorlabs DCU camera, the driver software is basically the same for both

instruments. Below are some comments and screenshots if the connected wavefront
sensor is of WFS150-5C, WFS150-7AR or WFS300-7AR type.

Don't worry about that a "Thorlabs DCU camera' is displayed in the device
manager. This is because the Thorlabs Wavefront Sensor consists basically of
a Thorlabs DCU camera which is also available separately from Thorlabs.
Since both instruments, the DCU camera and the Wavefront Sensor use the
same driver software, they are not distinguishable in the device manager, both
instruments are displayed as "Thorlabs DCU camera'.

A differentiation takes place only inside the Wavefront Sensor

application program wfs.exe that accepts only WFS150-5C,

WFS150-7AR and WFS300-14AR devices for operation.

Depending on your Microsoft Windows® settings the 'Found new Hardware Wizard'
aEEears optionally. It will lead you through this process.

You may also be prompted to confirm the driver installation.
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Found Mew Hardware Wizard

Welcome to the Found New
Hardware Wizard

YWindaws will zearch far current and updated saftware by
[oaking an your computer, on the hardware installation CO, or on
the Windows Update Web site [with your permizsion).

B ead our privacy policy

Can "Windows connect to “Windows pdate to zearch for
sofbware?

ez, this time only

Click Mest to continue.

[ Mest > ][ Cancel

Mark 'No, not at this time' and proceed with 'Next'.

Found Mew Hardware Wizard

Thiz wizard helpz you install software for:

Thorlabs DCx camera series

\'\J If your hardware came with an installation CD
=2 or floppy disk, insert it now.

YWhat do you want the wizard to do?

(®install the sofbware automatically R ecaormmended

) Inztall from a list or gpecific location [Advanced)

Click Mest to continue.

[ ¢ Back ” Mewt > l[ Cancel ]

Mark 'Install the software automatically (Recommended)' option and click 'Next'.
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Found Mew Hardware Wizard

Please wait while the wizard installzs the software. .

% Thorlabg DCx camera series

w480, dll
To C:NWIHDOWS \epstem 32

Files are being copied and a warning will appear:

Hardware Installation

L | "_\ The zoftware pou are installing for this hardware:
L

Thorlabz DCx camera seres

has not passed "Windows Logo testing to werfy itz compatibility
with YWindows %P, [Tell me why thiz testing iz important. ]

Continuing your installation of thiz software may impair
or destabilize the comect operation of your system
either immediately or in the future. Microsoft strongly
recommends that you stop this inztallation now and
contact the hardware vendor for zoftware that has
pazsed Windows Logo testing.

[ Continue Aryweay ] EéTDPInstallatinn |

Please ignore this warning '...has not passed Windows Logo testing..." and click on
'Continue Anyway'.
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Found Mew Hardware Wizard

Completing the Found New
Hardware Wizard

The wizard has finizhed instaling the software far:

% Thorlabs DCx camera seres

Click Finizh to cloze the wizard.

Finizh

This above procedure repeats for a second time, please answer the questions the
same way.

The USB driver for the Wavefront Sensor hardware is now properly
assigned. Click 'Finish' to complete this process.

Windows will inform you that the hardware is correctly installed and ready to
use:

er Found Hew Hardware IE

Y'our new hardware iz installed and ready to uze.

For verification purposes you might check the existence of this instrument in the
Device Manager of your computer.

From the Start button select Control Panel > System - Hardware - Device
Manager. The following entry under the USB Serial Bus controllers group indicates
that the Wavefront Sensor device is properly installed.

= E‘&P Iniversal Serial Bus controllers
Inkelir) 8237 1AB/EE PCI ko USE Universal Host Conkraller
Standard Enhanced PCI ko 1JSE Host Controller

Thorlabs DCU ced, 12801024, ps, 1/2 cameras

As long as the driver installation is not completed or failed, the instrument will be
displayed as 'uc480 boot' or unknown 'USB device'.
= E%P Universal Serial Bus controllers = EEP Universal Serial Bus controllers

ﬁ?!\ uc4E0 boak 'i‘l"?!“ IISE Device
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Wait a few seconds to let the driver communicate with the instrument. If you still
cannot see the entry "Thorlabs DCU camera' please check the troubleshooti ngh
chapter.

WFS10* models
In case that the connected wavefront sensor was the highspeed capable version
WFS107*, the Found New Hardware Wizard recognizes a WFS10 Wavefront Sensor:

Found New Hardware Wizard

Welcome to the Found New
Hardware Wizard

Thiz wizard helps you install zoftware for:

WEST0 Wavefront Sensar

:;_.'jl If your hardware came with an installation CD
= or floppy dizk, inzert it now.

YWhat do you want the wizard to do?

{#) Install the software automatically [Fecommended)
) Install fram a list or specific location [Advanced)

Click Mest to continue,

M emt > ][ Cancel
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Found Mew Hardware Wizard

Completing the Found New
Hardware Wizard

The wizard has finizhed instaling the software far:

WES10 Wavefront Sensar

o

Click Finizh to cloze the wizard.

Finizh h

This above procedure repeats for a second time, please answer the questions the
same way, and the WFS10* now is ready for use.

A successful installation is also indicated by the LED at the back side of the
wavefront sensor. It lights up red immediately after connection to the USB bus and
goes to green as soon as the driver software has completed the initialization
process and the instrument becomes ready to use by the application program.

2.6 Start the Application

Access the Application Programs from the START button. Find the
"Programs" - "Thorlabs" - "Wavefront Sensor" - "Wavefront Sensor"
entry, or simply click on the icon on your desktop.

i@ Thorlabs M@ ‘Wavefront Sensor I WFS Instrument Driver r

License Agreement

ser Manual

e WWavefront Sensor

E_ Wavefront Sensor Receiver

Do not forget to remove the dust cover from the Wavefront Sensor.
Refer for Start the GUIl40 chapter for detailed description.
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3 Description
Thorlabs Shack-Hartmann Wavefront Sensor

The Thorlabs Shack-Hartmann Wavefront sensor is an indispensable tool for
detection and optimization of wavefront distortions that would otherwise impact the
beam's focusability and the image definition within an imaging system. Itis an
economically priced instrument designed for general lab use and production floor
testing.

The WFS series of Shack-Hartmann wavefront sensors provide accurate, high-
speed measurements of the wavefront shape and intensity distribution of beams.
This is done by analyzing the location and intensity of spots (spotfield) formed by
imaging a beam of light onto a CCD/CMOS array with a microlens array as shown in
the figure below. With Thorlabs' Shack-Hartmann wavefront sensor it is possible to
optimize dynamically the wavefronts of laser sources, characterize the wavefront
distortion caused by optical components, and provide real-time feedback for the

control of adaptive optics.
Computer / Laptop
running VWS
application software

Incident WFS Series Instrument
WWavefront Microlens
array
High-speed
USE 2.0 interface
Camera
electronics
cch
Sensar

Mounting plate

The sensor operation confirms to International Standard ISO 15367:
"Laser and laser-related equipment - Test methods
for determination of the shape of a laser beam wavefront"
Part 2: "Shack-Hartmann sensors"

The Shack-Hartmann Wavefront Sensor consists of a high resolution (1.3
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Megapixels) USB 2.0 CCD camera (WFS) or a lower resolution but faster CMOS
camera (WFS10) with a microlens array mounted in front of it and a software
package for evaluation of the generated spot field. The full featured control and
analysis software has a user friendly graphical interface with menu driven tools for
camera settings, calibration, analysis, and display options. The C-Mount threading
on the face of the camera allows with the help of an adapter (Thorlabs SM1A9) for
the convenient mounting of ND filters, to help prevent the saturation of camera pixels,
and lens tubes to reduce scattered light and to allow for the mounting of additional
optical components.

{5 Thorlabs Shack-Hartmann Wavefront Sensor WES150-5C (MLA150M-5C)

File Setup Measurement Calibration Display Help

B &iroHe e

Bean datasmm 4

Ctr = 0.oo0
Ctr v —0.009
Dia = 4.097
Dia v 4143
Tavefront-pm
(Internal Reference)
(entire area)
PV 9.986
RMS 2.3058
wRMS 2.308
Fourier

bl 4.379
Jo -0.025%
J45 0.012
Optomstric
Sphere 4.410
Cyl. -0.0el

Axis 71 886"
RoC 513.Blmm

RUS Variations/pm
- 1

RHS(n 655

EHS{n - 1} 1.522

EMS({n = 2} 0632

RHS(n = 3) 0001

RHS(n = 4) 0002

Zerniks Modes-pn

Z 1(0/ 0) 1,655

Z 2{1/-1) 0,436

Z 3{1s 1) —1.458

Z 4(2/-2) -0.004

Z 5(2s 0) —0.632

Z 6(2 2) 0005

Z 7{3/-3) —0.000

Z 8({3/-1) 0,001

Z 9({3 1) —0.000

Z10(3/ 3) -0.000

Z11(d--4) 0.000 T Llineview Beam View Wavefiont Zeiike Coefficients

Z13(4r-2) 0000 ol I

Hihs 2 oo ‘m —
e = s

315(4 4) ] UUIJJ -

Example screen shot showing the spotfield and the pupil border

The camera image is transferred via USB 2.0 interface to a computer or laptop that
is running the Thorlabs Wavefront Sensor application software. Special algorithms
within the software calculate the centroid positions of all detectable spots and the
corresponding deviations compared to the appropriate reference positions. A 2-
dimensional integration give the wavefront graph displayed in the Graphical User
interface (GUI) and a least-squared fit calculates Zernike coefficients that describe
the wavefront shape and the amplitude of its deformation.

The visualization of the measured results can widely be influenced by the user. There
are calculated numerical parameters and graphical displays for visualization from
the raw camera image to the 3D wavefront graph.

The update rate of all numerical results and graphs is bound to the measurement
speed of the camera and the selected average mode.
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Data flow chart
The following chart will give an overview that shows the data flow within the
Wavefront Sensor software and also point out user defined inputs and data outputs.

| Key operations | | Data input | | Data output |

Image captured
by CCD/CMOS

™ Setup data
> camera

Brightness
control

Y | Image Analysis BEeam diameter Intensity

™ and position [ | Display

Cancel average
Y wavefront tilt? [*]

Nominal Calibrated Detection of
positions positions spot centroids .
User pupil .
definition
k4
k4 k4 M d L 4 L
Internal & User feasure . _—
Reference switch » deviation fo ref. g Pupil definition
spot positions

Zemike fit to Mumber of

deviations  [* modes  [¥
k
Bar graph and | Zemike
numerical display [~ coefficients
k4
Reconstructed Mode
spot deviations [ selection [*7]
¥ ¥
Measured / Reconstructed / Diff |

Wavefront Select Switch

: Integration of isti
D Dicol ) . Statistic
Isplay -+ Wavefront | PV, RMS, ...

The brightness of the camera image is controlled within a loop to ensure an optimal
saturation level. Diameter and position of the beam is detected and these data are
used optionally for defining the instruments pupil area. Otherwise pupil data can be
defined by the user.
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3.1

The image is scanned for detectable spots generated by the microlenses and their
positions are compared to reference positions. The user select an internal or an user
reference table of spot positions.

Spot deviations are calculated and afterwards integrated in order to get a wavefront
array which is displayed in a 3D diagram. All valid spot deviations within the defined
pupil region and the desired number of Zernike orders / modes are input data to the
Zernike fit that fits the measured wavefront using well-known Zernike functions.
Output data are Zernike coefficients which are displayed numerically and within a
bar graph panel. All or a few selected Zernike modes are used for the wavefront
reconstruction. Also the difference between measured and fitted wavefront data is
available.

Shack-Hartmann Functional Principle

The WFS series Wavefront Sensor consists basically of a CCD/CMOS camera with
a microlens array mounted in a defined distance in front of its sensor chip. Each
microlens generates a spot onto the sensor whereas the spot centroid position
depends on the wavefront gradient in front of the lens area.

Planar Wavefront Distorted Wavefront .
Displaced
-+ | | Dot
1T : B | »~ “Missing
CCD Sensor CCD Sensor Dot

Each microlens of the lenslet array collects the light falling onto its aperture and
generates a single spot on the detector plane (CCD/CMOS camera) that is situated
a focal length behind the lenslets. The spot positions are straight behind the lenses
only in case the launched wavefront is plane and parallel to the plane of the lenslets.
We call these the Reference Spot Positions or reference spotffield.

In the common case however, the current spot positions will be deviated in X and Y
direction, that is, every spot lies away from the optical axis z of its associated
microlens, separated by an angle a.
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Feference Wavefront Current Spaot Position

Microlens
AT

Ay &

A

Feference Spot Position

oL f

L J

fl‘u‘lL
(] -

o0

Incoming Wavefront CCD Detectar

It can be easily shown that this is caused by an incoming wavefront with the same
average angle o compared to the reference wavefront.

tan & =—= i
by fm

When W(x,y) describes the shape of the wavefront so its partial derivation relative to
x and y are determined by the spot shift 6x and dy, respectively as well as by the
distance between microlens end detector which is usually the focal length of the
microlens f, .

A & A %
— Wiz, ¥ = — — Wiz, y) = ——
: x, ) 7 x.) 7

Spot deviations dx and dy are determined by calculating the centroid coordinates of
all detectable spots and subtracting the corresponding reference coordinates
afterwards. These spot deviations are integrated within a 2-dimensional integration
process that gives the wavefront W(x,y).
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3.2

Exchanging the Microlens Arrays

Thorlabs Wavefront Sensors WFS150-5C, WFS150-7AR, WFS300-14AR and
WFS10-5C, WFS10-7AR, WFS10-14AR are equipped with exchangeable
microlens arrays MLA150M-5C, MLA150M-7AR and MLA300M-14AR, respectively.
Due to its precision patent pending magnetic holder it is very easy to switch between
different mounted MLAs. See chapter Parts List[ ¢ for details.

This Pickup-Tool is automatically supplied with your WFS instrument when you
have ordered it with more than one calibrated MLA or when you returned your WFS
instrument for adding calibration data for a second MLA.

Follow these steps to exchange an installed MLA1 with MLAZ2:

e Screw the Pickup-tool into the MLA1 currently mounted within the WFS instrument

e Pull MLA1 out of the instrument along its optical axis

e Unscrew and remove the pickup-tool from MLA1

e Pack MLA1 into a dust-proof storage box

e Unpack MLA2 and screw the pickup-tool into it

e Clean MLA2 using compressed air, keep a safety distance of at least 4
inches (10 cm)!

¢ Insert MLAZ2 along the optical axis into the WFS instrument, whereas the pickup-
whole is up

¢ Tell the WFS software that the MLA was changed

It is essential for the wavefront measurement to set the name of the currently installed
MLA within the WFS software!

On startup of the WFS software use this dialog to define one of the selected MLA
your WFS instrument is calibrated for. See Start the GUI[+0) for details.

= WES - Select one available MLA E]

kLA Mame —|

b L1 50R-EC
b LA300M-1445

Be zure to have the selected MLA inztalled on your WESI

Select

During WFS operation, go to the Wavefront Setupl7s1and select the actual
mounted MLA from the pull down list.
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kicrolens Aray Selection
2 MLAT5OM 5C
v L&A1 50M-5C ‘
MLA300M-144R

Be sure to have the selected MLA physically installed in front of your Wavefront
Sensor!

Otherwise, all measurement data become invalid because wrong calibration
data!
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4 Operating Instruction

This section gives a more detailed description for operating the WFS series
Wavefront Sensors.

41 Measurement with the Wavefront Sensor

Do not stick something into the aperture at the Wavefront Sensor front!
You may damage the microlens array because there is no covering glass in
front of it.

Be very careful in handling high power optical beams, especially if they are
focussed!
Avoid skin irradiation and use laser protection glasses the protect your eyes!

Measurement results of the Wavefront Sensor are influenced by the user's setting
such as the pupil size and other setup parameters of the instrument. It is
recommended to study the Shack-Hartmann Functional Pri nciplel261as well as the
setup options (see Wavefront Sensor Setup Panellesl) in order to perform reliable
wavefront measurements.

Mounting options

A mounting adapter (see Mounting Adapter@) is added to the camera housing of
the Wavefront Sensor in order to supply standard threads M4 and UNC8-32 which
are compatible to the palette of Thorlabs' mounts and posts holders. Mount this
adapter plate on the bottom side of the Wavefront Sensor using the 4 screws M3x6
(WFS) and 2x M3x6 + 1x M2x6 (WFS10) if you want to use one of the mounting
threads M4 or UNC8-32. Otherwise, this adapter can be omitted.

The C-Mount threading on the face of the CCD or CMOS camera allows with the
help of an adapter (Thorlabs SM1A9) for the convenient mounting of ND filters, to
help prevent the saturation of CCD pixel, and lens tubes to reduce scattered light
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and to allow for the mounting of additional optical components.

Beam Size

The active area on the CCD / CMOS camera chip can be selected (see Camera
Settings Setup@) in order to adapt it to the actual beam size. Otherwise, a beam
much smaller than the sensor area will illuminate only the microlenses at the center
and no wavefront data can be retrieved from the ambient area. Also the
measurement speed is increased when the camera image size is reduced to fit the
real beam diameter.

A beam size larger than the available aperture (5,95 x 4,76 mm for WFS and 6,33 x
4,75 mm for WFS10) can be adapted using beam expanders (Thorlabs BEO1 -
BEZ20 series).

Beam Alignment

Align the Wavefront Sensor so that the beam to be analyzed launches the instrument
perpendicular to its front face. In some cases a small tilt angle out of that position
can be helpful to prevent unwanted back reflection into the measurement setup.

Direct the beam to be analyzed into the center of the entrance aperture of the
Wavefront Sensor. Although an off-center beam can also be measured as long as it
is not truncated by the active sensor area it is recommended to adjust the beam to
be measured so that it hits the center of the Wavefront Sensor. Verify this adjustment
by checking the power density distribution displayed within the Beam View Panel
[56). Enable the Beam View options 'Show Image Axes' and 'Show Beam
Diameter' in order to visualize the beam position and size with respect to the
analyzed sensor area.

y /mm

1% Beamview Configuration @

(e |nterpolate Spot Areas
(@ Show Image Ares

/@ Show Beam Diameter
¢ Show Pupil

Cancel

Linevie

Alternatively, you can check the correct beam position also using the Spotfield
Panells2). Enable the diagram options 'Show Image Axes' and 'Show Pupil'.
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[ Spotfield Configuration

']

Show Image Axes

tdark Center Spot

Shova Spot Shiftz

Shove Spot Windows [Highspeed Mode]
Shaw Pupil

Y T

]

Lineview SpotFieid | Beam View | Wavefont J Zemike Coefficients J

Be sure you have enabled the 'Use Beam Centroid' option within the Pupil
Definitions Setupl7s] panel in order to couple the displayed pupil position to the
measured beam centroid position.

[ Setup Wavefront Sensor, @

Camera Settings } Pupil Definition ] MLA A ' avefront ] Zermike Fit ] Miscellaneous ]
Hardware Trigger Camera Image Size Image Averages
% disabled S TEBTED = 3.57%3.57mm = 1
Auto Moize Cut Level Auto Exposure [ms)
(a an " 0.07wA

Centroid Detection Mode
Highspeed futa Black Lewel [au) W aster Gain

Marmal a 3 0 1.37
{& Adapt Centroids

Cancel ]

Optical Power

Due to the implemented automatic shutter control of the CCD camera the Wavefront
Sensor can handle optical power in a wide dynamic range. Note that the sensitivity is
strongly wavelength dependent, see Typical Wavelength Curves]rzs. Especially at the
edges of the sensitive wavelength range (300 - 1100 nm for WFS150-5C and
WFS10-5C) there is a drastically reduced sensitivity which allows measurement of
higher power sources directly. On the other hand, the Wavefront Sensor can get

© 2007-2012 Thorlabs GmbH



Operating Instruction 33

saturated for small beams at the lower m\W levels. Use an external attenuator in that
case.

During operation keep in view the on the error window at the bottom. Care about the
'Power too low', 'Power too high' and also 'High Ambient light level' error and find a

way to correct the power level accordingly. See Measurement Warnings and Errors
[o1] chapter for details.

Example Measurements

The following picture illustrates a very simple example measurement that should

establish understanding of what a wavefront is and how it can be influenced.

a) A collimation lens (e.g. bi-convex) positioned at the distance f (its focal length)
from a single-mode fiber end face will generate an exactly parallel beam with a
plane wavefront.

WES Series

, , Wavefront Sensar
Collimation Lens Flane

a) Wiavefront

Single-mode
Fiber

Farallel BEeam

Spherical
Wiavefront

Divergent BEeam

. : Spherical
c) Wavefront

Convergent Beam

b) A movement of the lens towards the fiber end (or even removing the lens)
generates a slightly divergent beam which increases in diameter on the way to
the Wavefront Sensor. Since the speed of light is the same for all rays within a
beam, the wavefront at the outer area falls back behind the center rays. The
wavefront is displayed spherical convex, the appropriate Zernike term 'Defocus'
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is indicating the spherical wavefront.

c) A movement of the lens towards the light source will generate a converging beam
decreasing its diameter on the way to the Wavefront Sensor. When the
Wavefront Sensor would be replaced by a canvas, a focal point would be seen
somewhere behind the sensor position. This makes clear that the wavefront
before was also spherical but is now displayed spherical concave.

Such an example setup can be used to check the quality of optical fiber collimators.
During manufacturing the correct position of the collimation lens is adjusted until the
measured wavefront becomes flat and the calculated Zernike coefficient Z,

describing 'Defocus’ becomes zero (Z, = 0). This procedure is faster and much

more precise than the conventional method using a Beam Profiler which is moved
back and forth in order to ensure a constant beam diameter.

411  WFS10 Highspeed Mode

Fast Wavefront Sensor instruments (WFS10) are based on a much faster CMOS
camera compared to the WFS instruments which are based ona CCD camera.
Besides the higher achievable frame rate in Normal Mode an even higher
measurement speed is available in Highspeed Mode.

Please note, that a CMOS sensor may have more "hot pixels" (pixels showing a
certain intensity even with camera darkened) than CCD sensors. See chapter Hot
Pixelhi20l for details.

What is Highspeed Mode?

Normally, the complete spotfield image is transmitted from the camera to the
computer and interrogated there. This method is speed limited because of the
available USB 2.0 bandwith and the calculation speed of the PC.

Compared to Normal Mode there are a number of differences in Highspeed
Mode:
e The spotfield image is captured inside the camera but not transmitted via USB.
¢ Instead, the camera's DSP is calculating the spot centroid coordinates. Due to
this internal calculations, the pupil center may shift slightly, when switching from
normal to high speed mode.
¢ Only the calculated centroid positions are transmitted via USB.
e Much lower volume of transmitted data increases maximum measurement rate.
¢ On the other side, the PC is freed from time-consuming centroid calculations so
that further calculations (wavefront, Zernike fit) speed up.

That is, entering Highspeed Mode enables one important advantage:
¢ higher measurement speed, especially at large camera resolutions

but also brings along some restrictions and disadvantages:
¢ Centroid calculation windows are no more dynamically positioned but are
placed on a semi-rigid grid.
e This calculation grid will be configured each time you enter Highspeed Mode
and is fixed afterwards.
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e The max. wavefront dynamic range is considerably lower because spot shifts
are limited to the fixed calculation windows.

e Therefore, there is an increased risk of mismeasurement due to camera
saturation!

¢ Besides that, centroid position results become extremely sensitive to the
cameras black level and ambient light because all pixel intensities within the
entire spot window (width x height pixels) contribute to the final centroid resullt.
Also low black level intensities will shift the result towards the window center.

In order to assure correct measurements in Highspeed Mode you need to take care
especially for the following setup parameters:

e Exposure Time and Master Gain

e Black level of the camera

¢ Noise cut level for centroid interrogation

Please refer to chapter Camera Settings Setupgﬂ for a detailed explanation of
these settings.

NOTE

Measurement speed is limited by the camera's exposure time. You need to apply a
sufficient high power level so that exposure time can be set much shorter than 1/
required speed in fps!

Keep an eye on the status window!

Because the camera saturation remains unknown in Highseed Mode in case the
auto exposure option is disabled the camera image may suffer from over- or under
exposure which is leading to wavefront mismeasurement.

+ {Highzpeed Mode, restricted detection of passible instrument erarsl |

In order to reach the highest possible measurement speed, all 'power too high' or
'power too low' warnings are disabled in Highspeed Mode when the auto exposure
feature is also disabled. As a consequence, Highspeed Mode with disabled auto
exposure feature is only applicable when working at a quite constant power level.
But, a measurement error due to violation of the spot windows by the detected
centroids can be displayed.

‘& {Spot centraids mismatched to highspeed calculation windows!:

NOTE
If this warning occurs, the wavefront measurement is most likely disturbed by spots
which are truncated by its detection window.

Achivable Speed
The following table shows the speed enhancement in Highspeed Mode for a typical

© 2007-2012 Thorlabs GmbH



36

WFS Series

PC (Intel® Xenon®© Dual Core, 2.5 GHz).

WFS10-5C, WFS10-7AR (150um pitch) Speed in fps Enhancement

Resolution Spots Spot count Mormal Highspeed %o

540 x 480 41x 29 1139 57 175 207

480 = 480 29 x 29 841 73 175 140

360 % 360 21x 2 441 113 233 106

260 % 260 16 x 15 225 159 320 69

180 x 180 9x9 81 450 458 2
WFS10-14AR (300um pitch) Speed in fps Enhancement

Resolution Spots Spot count Mormal Highspeed %o

540 x 480 19 %13 247 73 175 140

480 x 480 13x13 169 105 175 67

360 % 360 9x9 81 159 233 23

260 x 260 77 49 332 320 4

180 x 180 I3 9 487 458 -5

Measurement Conditions: 33 ps exposure time, 5th order Zernike fit (21 modes),
auto exposure off, disabled graphics and DataSocket

Because the number of spots to be calculated is different for WFS10 instruments
with 150 or 300 micron lenslet pitch, the resulting speed in Normal Mode is be
different. As seen, the speed enhancement is especially distinct for large camera
resolutions and high spot count.

NOTE
Reduce the camera resolution as much as possible in order to get the highest
measurement speed.

How to get the highest speed?

Besides the limitation due to the Wavefront Sensor and the interrogation software
there is another speed limit by the GUI software, because displaying the results
numerical and graphical requires more time than available. Therefore, the GUI
cannot display results at the max. speed.

For checking the speed performance of the WFS10 sensor and the WFS instrument
driver go to Setup Wavefront Sensor - Miscellaneous and mark options 'Disable
Graphics' and 'Disable Extra Data Calculation'.
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= Setup Wavefront Sensor @

Camera Settings ] Pupil Drefinition ] kAL /W aveefront ] Zermike Fit

Increasze Data Acquizition Rate by

{8 [izable Extra Data Caloulation

| ntenzity [digits)

Spot Diameter [pixel]

Mizcelanesous

ki 35 kin 16.85
S 249 b ax il bl
Dvit 214 M ean 1725
Mean ] 111.28
RS SR
Sample Rate [fps]
Cancel K

When the auto exposure feature is enabled in Highspeed Mode the max. achievable

speed will drop from 175 to about 150 fps because the camera needs to calculate
the actual saturation level for each frame.

The displayed 'Sample Rate' is the max. available measurement speed with the
current settings but without graphical display. This speed is available to you when
writing your own applicationin C or LabView using the WFS instrument driver

functions.
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41.2 Coordinate Definitions

The WFS series Wavefront Sensors is using a orthogonal right-hand coordinate
system (x,y,z) that is defined as follows:

Incoming Beam

WFS series
hack side

Imagine you are within the Wavefront Sensor and are looking towards the light
source. Then the x-direction points towards right and the y-direction points up
whereas the optical beam to be analyzed is propagating in z direction towards the
entrance aperture of the Wavefront Sensor.

The graphs within the Wavefront Sensor GUI (Spotfield, Beamview) are defined the
same way, that is the positive x axis points rightwards and the y axis points
upwards.
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'Spotfielid G'rapﬁ ' Beamview Graph

Within the 3D wavefront graph the beam's cross section lies within the x-y-plane that
is perspectively drawn at the bottom whereas the z-axis points upwards. Imagine the
beam is coming from beneath, so the displayed 3D curve will represent the
wavefront at the top of the beam.
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4.2 The Graphics User Interface (GUI)
421 Start the GUI

The Graphics User Interface (GUI) is started by running the program wfs.exe
in the 'Program Files \ Thorlabs Wavefront Sensor' folder by using either the
Wavefront sensor icon on the desktop or from the START menu selecting
the "All Programs" - "Thorlabs Wavefront Sensor" - "Thorlabs Wavefront
Sensor" entry.

'Ih Thorlabs rﬁ Wavefront Sensor uﬂ WFS Instrument Driver »

License Agreement

User Manual

e Wavefronk Sensor

E_ Wavefront Sensor Receiver

"Thorlabs WFS_Receiver' is a demo program to show the transfer of
measurement data to a customer's application that will receive the live data
stream.

'License Agreement' will display the License Agreement and 'User Manual'
will open the Wavefront Sensor Operating manual using the Adobe
Acrobat® Reader.

"Thorlabs Wavefront Sensor' is the application program, click on this entry
and the Wavefront Sensor software will start with the following dialog box.

« Wawvefront Sensor - Select Instrument §|

[mztrurment Serial Mumber A
== WFS150-5C M00Z2 24955 :

Refrezh Cancel Select

If there is no entry to be seen, click on 'Refresh’ to update the list of available
Wavefront Sensor instruments. If there is still no instrument displayed please refer to
the Troubleshooti ngm chapter.

You can also operate two or more Thorlabs Wavefront Sensors at the same time on
the same computer by starting the application software again. In this case, mark the
desired instrument in the list and press 'Select' or just double-click the entry.

An instrument which is already in use is marked correspondingly and cannot be
opened as long as the appropriate application was not finished.
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+ Wavefront Sensor - Select Instrument rz|

[mztrument Serial Mumber Al

2= Instrument in use

Befrezh | Cancel Select

In case your WFS instrument contains calibration data for more than one Microlens
Array (MLA) you need to select one of the available MLAs.

Mark the MLA entry you want to work with and click 'Select' or just double-click on the
MLA entry.

& WFS - Select one available MLA X

kLA Hame ]
b4 L2 1 BOK-EC

MLAZ00M-144F
il

Be zure to have the selected MLA installed on vour WES!

Select

Be sure to have the selected MLA physically installed in front of your Wavefront
Sensor!

Otherwise, all measurement data become invalid because wrong calibration
data!

The selected Wavefront Sensor starts to work and the Graphical User Interface (GUI)
displays the measured data. You need to verify that the correct MLA name appears
in the title bar of the application window (see red rectangle).

The GUI looks like this:
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422

[ Thorlabs Shack-Ha nn Wavefront Sensor WFS150-5C (MLA150M-5C)

Flle Setup Measurement Calibration Display Help

H & & rolWe e

al

Beam data-mm

Ctr = 0.oon
Ctr v —0.009
Dia = 4.097
Dia v 4.143

Wavetront-pm
{Internal Reference)
{entire area)

BV 9.986
RHS Z2.3058
wRHMS Z2.308
Fourier
4.379
Ja -0.025
J45 0.01s
QOptometric
Sphere 4.410
Cwl. —0.061
Axis 71.886°
RoC 513.81mm
RMS Variations-pm
EMS({n = 0} 1.655
EMS({n = 1) 1.522
EMS(n = 2} 0.632
EMS({n = 3} 0.001
EMS(n = 4} 0.ooz2
Zernilke Modes-pm
Z 1{0-s 0} 1.655
Z 2{1--1} 0.435%
Z 31 13 -1.45%8
Z4{2.-2) —0.004
Z 52 ) —-0.632
Z B2 ) 0.005
Z 733 —0.oon
Z 8{3-1) 0.o01
Z9(3 1) —0.oon
Z10({3- 3 —-0.ooo 4
Z11{4--4) 0.000 Lineview Spot Field Beam View WWhavefront Zemike Coefficients
Z12{4--2) —0.oon _—
Z13{4- 0 —0.o0z2 : ¢
714 E 4s 23 0.001 +/" Mo instrument ermors; -
Z15({4- 4 -0.oo01 .

The Wavefront Sensor model is displayed in the title bar of the panel. The software
starts displaying the actual camera image which is called the 'Spot Field'.

Change the program window size according to your preferences. The actual setting
is stored and is applied when the Wavefront Sensor application software is started
again.

At first program start all Wavefront Sensor settings and GUI configurations are set to
default values. Read the Wavefront Sensor Setup Panellss) chapter carefully and
configure the Wavefront Sensor software according to the beam properties and your
specifications.

Operating the Wavefront Sensor Software

Now let's get familiar with the Wavefront Sensor GUI.

You can either use the menu or just click a symbol on the tool bar to operate the
Wavefront Sensor application software.
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4.2.21 Menu and Toolbar

The toolbar allows access to the most common menu functions by simply clicking on
the appropriate symbol.

% Thorlabs Shack-Hartmann Wavefront Sensor WFES5150-5C
File Setup Measurement Calibration  Display  Help

EIE ARl 1)

Toolbar symbols = |§ | ] | L0 |H°H @ | D are standing for:

Save Measurement Data

Print Window

Setup Wavefront Sensor

Start Measurement

Stop Measurement

Calibrate with Plane Wavefront
Calibrate with Spherical Wavefront
Show Help File

egvabO

CdE

The following list contains all menu entries and also lists the appropriate short cut
keys and toolbar symbols

File

Open Setup ... (Ctrl + O)
Save Setup As ... (Ctrl + A)

Measurement File Preferences ...

Save Measurement Data ... (Ctrl + S) &
Save Centroid Data ... (Ctrl + C)
Save Power Distribution Data ... (Ctrl + D)

Print Window ... (Ctrl + P) &
Print Graph Only ...

Exit Program

Setup
Wavefront Sensor ... fil

Configure Lineview
Configure Spotffield
Configure Beamview
Configure Wavefront Graph
Configure Zernike Bar Graph

DataSocket ...
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Measurement

Start Measurement F2 #
Stop Measurement F3 &

Calibration

Plane Wavefront ... Hi
Spherical Wavefront ... &

Save Spotfield Reference
Load Spotffield Reference

Display

Help

Lineview

Spotffield

Beamview
Wavefront

Zernike Coefficients

Contents ... F1 &@

Visit the Thorlabs Website
View License Agreement

About ...
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Explanation of the menu items

1. File

The following pull down menu occurs:
Open Setup ... Chrl+O
Save Setup As ... Chrl+a
Measurement File Preferences |,
Save Measurement Data ... Chrl+5
Save Centroid Data ... Chrl4HC
Save Power Distribution Data ... Chel+D
Print Mindow ... Ckrl+P

Print Graph Only ...

Exit Prograrm

¢ Open Setup ...

Opens a Wavefront Sensor configurations file (*.cfg) stored with this application (see
below). This configuration file contains instrument settings (camera, pupil, wavefront)
as well as display and graphical settings. You can easily switch between different
configurations by loading alternative files.

e Save Setup As ...

Stores a Wavefront Sensor configurations file (*.cfg) containing all instrument
settings (camera, pupil, wavefront) as well as display and graphical settings. You
may save different configurations into files with different names.

e Measurement File Preferences
The following popup window occurs, it enables you to set the attributes of the
measurement data file:

# Measurement File Preferences E]

S eparation character ||:-:|mma -

Decimal character puaint -

Omit Header Data i

Cancel

You can choose a 'Separation character' that separates two successive data values
within a text line out of the following:
¥ Comma
germnicolon
tabulator
space
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For 'Decimal character' which is whether decimal point or comma you have the
choice between the following:

CaMma
¥ paint

If the option 'Omit Header Data’ is enabled the entire header including the listing of
single wavefront and Zernike fit results is omitted and only the pure data array is
saved. This option is helpful when you want to process the measured wavefront data
for yourself using programs like Microsoft Excel®.

e Save Measurement Data (Ctrl + S)

Wavefront Sensor - Save Measurement Data x|

Directony
Histany:

IE:\Program Filez\Tharlabs W avefrant Senzor j

Save jn: Ilﬂ Thorlabs wWavefront Sensor j = |‘j< v

\ihelp

| licons
\imanual
\"iwifs_receiver
[Z] laser_01.csv
[Z] laser_02.csv

File name: IIaser_DS.csv j Save I
Save as bype: ISeparated values [*.cav] j Cancel |

Choose drive and path for storing data within and type in a name for your Wavefront
Sensor data file and click 'Save'. The content and format is defined in the
'Measurement File Preferences' panel, see above.

e Save Centroid Data (Ctrl + C)

Choose drive and path for storing data within and type in a name for your Centroid
data file and click 'Save'. The content and format is defined in the 'Measurement File
Preferences' panel, see above.

e Save Power Distribution Data (Ctrl + D)

Choose drive and path for storing data within and type in a name for your Power
Distribution data file and click 'Save'. The content and format is defined in the
'Measurement File Preferences' panel, see above.

¢ Print Window (Ctrl + P)

¢ Print Graph Only

The Wavefront Sensor software enables the user to print out a screen shot of
whether
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- the entire panel or

- the graph only (the right hand panel with changing content)
on a printer installed under Microsoft Windows®. Refer to the Printi ngm chapter for
a detailed description of the available features.

¢ Exit Program
You will be asked if you are sure.

< Wavefront Sensor - Message E|

Do o really wank ko exit?

L ies { [ Mo ]

Hit 'Enter' or click 'Yes' for leaving the Wavefront sensor GUI or 'No' for continued
operation.

2. Setup
The following pull down menu occurs:

\Wavefront Sensor ..,

| Configure Graph P Lineview ...
Datasocket ... Spotfisld ...
Bearmview ...
Weavefronk ..,
Zernike ...

e Wavefront Sensor

Opens the Setup panel of the Wavefront Sensor that will give you the ability to
change important setup parameters for the actual wavefront measurement like active
camera area, pupil definitions or settings for the Zernike fit.
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= Setup Wavefront Sensor @

Camera Settings l Pupil Definition ] ML /W avefront ] Zernike Fit ] Mizcellaneous ]
Hardware Trigger Camera Image Size Image Averages
7 disabled T TEBA7ES = 35743.57mm = 1
Auto Moize Cut Level Auta Exposure [mz]
. an s n.oya

Centroid Detection Mode

Highspeed Autn Black Lewvel [2.u] Maszter Gain
’7 Normal a 3 0 137

{& Adapt Centroidz

Cancel 0k,

See the Wavefront Sensor Setup Panelles] chapter for a detailed description of all
setup controls.

e Configure Graph - Lineview / Spotfield / Beamview / Wavefront / Zernike
Opens a configuration panel to the appropriate graphical display. A more direct way
to open these configuration panels is to double-click onto the graphical panel
you like to configure.

e DataSocket
Will display a dialog panel for enabling and configuring the live transfer of
measurement data via DataSocket to another application. See DataSocket for live

data transferlod for details.

3. Measurement

The following pull down menu occurs:
Skart Fz
Skap F3

e Measurement Start
Starts continuous Wavefront Sensor measurements and displays the results on the
screen.

e Measurement Stop

Stops the Wavefront Sensor measurement immediately and terminates the screen
updates to keep the actual displayed graphical plots and numerical values to survey
and/or save these data.
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NOTE

On occurrence of serious Wavefront Sensor errors the continuous measurement will
stop automatically and you will be asked to change settings and to re-start the
continuous measurement again.

4. Calibration
The following pull down menu occurs:
Flane Wavefront ...
Spherical Wavefrank ... ‘
There are two different ways to perform a User Calibration of the Wavefront Sensor.
See chapter User Calibrationles | for a detailed description.

5. Display
Linewview
Spotfield
Beammview
v Wy avefront
Zernike Coefficients

See the following chapters for a detailed description of the interchangeable
graphical displays. Alternatively click on the tabs below the graphics to see the

desired one.
I
Linewiew Spot Field | Beam iew ] W avefrant ] Zemike Coefficients ]
6. Help
The following pull down menu occurs:
Conkents ... F1

Wizit the Thorlabs Web Site
View License Agreement

About ..

e Contents
This opens the Wavefront Sensor help file. It contains the same information as the
manual but enables the advantage to search for key words.

¢ Visit the Thorlabs Website
You were directed to the Thorlabs website at www.thorlabs.com that contains
information about new software releases or related products.

¢ View License Agreement
The Thorlabs End-User License Agreement you agreed with is displayed.

e About
Shows you the actual software release versions, the Instrument Name and Serial
Number of the used device.
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[ About

Wavefront Sensor
Program Yersion 3.2

Carera Driver Wersion 38016
[nztrurment M ame WFS150-5C

Selected MLA Hame kLA 50M-5C
WFS Serial Mumber k0224355
Carm Sernial Murnber 4002718538

Copyright® 2011, Thorlabs GrbH

4.2.2.2 Lineview Panel

This graph displays the horizontal intensity distribution of the CCD/CMOS camera.
Each point on the horizontal axis of the diagram correspond to one column of the
CCD/CMOQOS array and displays both the minimum (gray, at the bottom) and the
maximum intensity level (white) of the entire pixel column. The peaks are due to the
focusing ability of the lenslet array that concentrate the intensity within small spots.

224

192-

Intenzity [AD count)

;;;;
:i: I

32 ‘

HL \"lu fL" |- »l H'rrr'J'u‘ N" lvﬂ '

D— e u o ‘ o in B s ) kb i ¥ ‘u

D 48 98 144 192 240 288 338 384 431 4?9 52? 5?5 823 8?1 ?19 ?B?
Horizontal pixel number

Lineview | Spot Field ] Bearn iew ] W avefront ] Zemike Coefficients ]

This graph is useful to check the power level of the analysed beam, especially when
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the automatic brightness control is disabled. Improperly manual camera settings will
lead to low or saturated peak intensities or saturation. Prevent both by proper
adjustments of the exposure time and master gain (see chapter Camera Settings/e7]

Also the 'Black Level' camera setting adjusts an offset brightness level for all
illuminated pixels and should be adjusted so that the minimum line visible within this
panel is to be seen above zero. See chapter Camera Settlngsmfor a detailed
description.

Furthermore, the effect of choosing a manual 'Noise cut level' that defines a
brightness level in digits which needs to be exceeded by the spots in order to be
recognized, can be observed in this Lineview panel. For instance, an increased
ambient light level that will influence the determination of spot centroids, can be
rejected by setting the 'Noise cut level' to a value higher than the valleys in the

.

u,;.wuu,& 'l’
e e i U A T Py

I — — — — O-S D I [ S i [ ]

u 45 S5 144 182 200 208 336 394 43 419 5 505 623 611 719 767 D 43 % 144 132 240 289 39 I 4 479 S5 575 623 61 M9 7EY

Hurizantal pivel number Harizantal pivel number

The example illustrates the effect when the 'Noise cut level' is changed from 0 (left) to
50 (right).
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Double click on the graph to see the 'Lineview Configuration' panel.

[ Lineview Configuration

? Show Mindtax Lines

100 Selected Line

The option 'Show Min/Max Lines' is enabled by default and will display a graph
with two curves. Each point of the upper curve (white) displays the maximum and
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each point of the lower curve (gray) displays the minimum intensity of the appropriate
CCD column.

*3 Show Minddas Lines

Show Single Line
¥ Show kintax Lines

Switch to 'Show Single Line' in order to enable selection of a single line out of the
CCD array. Enter the line number into the control 'Selected Line' to see the
intensity distribution of the appropriate CCD row. The line number ranges from 0
(bottom) to the number of vertical pixels - 1. The selected line is marked within the
Spotfield Panells?).

NOTE
This panel display is not available for WFS10 instruments in Highspeed Mode.

4.2.2.3 Spotfield Panel

The Spotffield panel allows a direct view of the image taken by the CCD/CMOS
camera. Intensity levels are displayed as gray scale from 0 = black to 254 digits =
white and saturation is indicated by red colored pixels.
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Lineview S hot Fisid | Beam View ] Wi avefront ] Zernike Coefficients ]

Select the camera resolution and therewith the number of spots in horizontal and
vertical direction using the Camera Settings@ panel. It is recommended to select
the camera resolution and therewith the active sensor area to be a bit larger than the
analyzed beam. A too large area will contain lots of undetectable spots that cannot
be converted to wavefront data and also will decrease measurement speed.

In addition a few more graphical elements can be superimposed to the image.

Double click on the graph to see the 'Spotfield Configuration' panel.
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[ Spotfield Configuration

4y

Show [mage Axes

" Mark Center Spot
£ Show Spat Shifts
& Show Spat Windows [Highspeed Mode]
f  Show Pupil
L Cancel oK

Enable the appropriate option to visualize the graphical items:

'Show Image Axes' displays the center axis in horizontal and vertical direction.
'Mark Center Spot' marks the spot at the image center from that acts as a starting
point for the centroid determination algorithm.

'Show Spot Shifts' displays a short gray line between the actual spot position and
its corresponding reference position.
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'Show Spot Windows' is an option only available for WFS10 instruments in
Highspeed Mode (see WFES10 Highspeed Mode@).

In contrast to Normal Mode in which the spots are visible within the real camera
image (left), each detected spot is displayed by a white cross in High Speed Mode.
The user is able to check if the detected spots are well within the detection windows
(green).

'Show Pupil' displays a circle or an ellipse (magenta) that illustrates the actual pupil
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4.2.2.4

size and position.

Use this panel with activated option 'Show Pupil' for interactive beam alignment to
the Wavefront Sensor. Only the spots detected within the pupil will contribute to the
calculation of the Zernike fit.

NOTE

The 'Use Beam Centroid' option needs to be activated in the Pupil Definitions
Setugrmﬁ panel to show the actual beam centroid.

Align the beam so that the center cross of the pupil coincides with the center image
axis.

Beam View Panel

The Beam View panel gives you an overview about the intensity distribution within
the active camera sensor area. This display is comparable to that of a camera
based Beam Profiler, but with the constraint of very poor resolution.

The lateral resolution is not determined by the camera pixel size like in case of a real
Beam Profiler, but rather given by the pitch of the lenslet array. One point of the
displayed intensity array is derived from the calculated mean intensity of the
corresponding spot.
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Linewiew | Spot Field Bear Vi | W avelront | Zemike Coefficients

Double click on the graph to see the '‘Beamview Configuration' panel.

< Beamview Configuration

& |nterpolate Spaot Areas
f& Show lmage Axes

€ Show Bearn Diameter
‘@ Show Pupil

‘Interpolate Spot Areas' will do an interpolation between the coarse array of
measured intensity points. If switched off, the real lateral resolution becomes visible.
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4.2.2.5

'Show Image Axes' displays the center axis in horizontal and vertical direction.
'Show Beam Diameter' displays a circle or an ellipse (light gray) that illustrates the
actual beam diameter and position.

'Show Pupil' displays a circle or an ellipse (magenta) that illustrates the actual pupil
size and position.

NOTE

Usually, there is a difference between the actual beam size and position and the
actual pupil size and position. Only in case you marked 'Use Beam Width' and 'Use
Beam Centroid' options within the Pupil Definitions Setupl(7s] panel both
parameters coincide.

This display is also available for WFS10 instruments in Highspeed Mode with the
only difference, that the appropriate intensities are calculated within the camera's
DSP.

Wavefront Panel

The Wavefront panel contains a 3D diagram that displays the measured wavefront.
The wavefront data array is retrieved from the spot shifts which are directly
proportional to the local derivatives of the wavefront. A two-dimensional integration
process, starting at the center spot, leads to the wavefront data.
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| | |
teasured Reconstructed Difference

Linewiew ] Spot Field ] Beam View ‘W avehiont | Zemike Coefficients ]

The wavefront deformation is displayed in direction of the z-axis and the base

surface, defined by the x and y axis, is parallel to the beams cross section. You can
choose the wavefront unit to microns (um) or waves. Refer to the Wavefront Sensor
Setup Panelles).

The surface is displayed in a color spectrum whereas the assignment between color
and curve height is always the same:

black, magenta lowest wavefront parts
green medium
red, white highest wavefront parts

When the option 'Limit wavefront calculation and display to pupil interior' is
enabled within the Pupil Definitions Setuoﬁ"l, only measured wavefront data within
the defined pupil are displayed. This can be advantageous in case the wavefront
measurement outside the pupil is affected by low light intensity which leads to a
noisy behavior.
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Wavefront Select Switch
The switch below the graph determines the wavefront type that is displayed.

1 1 1
bl eazured Reconstructed Difference

'Measured' shows the wavefront which is directly calculated from the measured spot
deviations using a 2-dimensional integration.

'Reconstructed' will display a wavefront that is reconstructed using all or only a

selected set of the determined Zernike coefficients. The advantages of this display

is:

¢ The wavefront surface is smoothed because noise is canceled out when only a few
low order Zernike modes are selected for reconstruction.

¢ Lowest order Zernike terms which are always present but are of less interest (for
instance piston, tip, tilt) can be canceled in order to see only the higher order
modes of interest.

¢ Only particular Zernike modes that are enabled within the Zernike Fit Setupls3]
panel can be displayed and analyzed separately.

'Difference’ displays the difference between the measured and reconstructed
wavefront and is therefore an indicator of the fit error.

The actual switch setting is also important to the calculated wavefront statistics PV,
RMS and wRMS (see Measurement Results@) because the displayed values refer
to the selected wavefront (Measured, Reconstructed or Difference).

Direct rotation, zoom and shifting of the 3D graph

You can zoom and shift the displayed 3D beam profile using the mouse and modifier
key Alt and Shift:

To rotate the graph about both longitude and latitude angles just click and hold the
left mouse button on the graph and drag it.

To zoom press and hold Alt key, then click and hold the left mouse button while
moving the mouse.

Shifting the graph within the drawing area is done with pressing the Shift key and
holding the left mouse button while dragging the mouse.

Double click on the graph to see the 'Wavefront Graph Configuration' panel.
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= Wavefront Graph Configuration

Rotate Drag left mouze buttan
Zoom ALT + left mouse button

Shift SHIFT + left mouse button
Double click on 30 araph to open thiz window

¢ Gray scale Lungitudeﬁ B0.0 deg
i@ Contour

Latitude E0.0
§~ Hide z auis ﬁ deg
¢~ 2D Projection Zoom ﬁ 1.0

Defaulk 30 YWiews Default Top View |
& Autoscale 150 Min 0.00 Max
Cancel

There are two predefined view adjustments, 'Default 3D view' and 'Default top view'.

'‘Default 3D view' arranged the view angles so that all three axis are to be seen
and the wavefront can be viewed as a 3D curve.

'Default top view' sets the 'Latitude’ view angle to zero and allows a view parallel
to the z-axis towards the x-y plane. The x-y-plane becomes rectangular and the
wavefront height is only indicated by its color.

—
~

The following options define the look of the 3D graph

e
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'Gray scale' switched between a color spectrum and a graduated gray color
palette

‘Contour’ inserts contour lines into the graph indicating lines of equal
wavefront height

'Hide z axis' hides the z-axis and the corresponding grid and caption

'2D Projection’ let the 3D graph collapse to the base x-y plane

The following items define the view of the 3D graph

‘Longitude’ determines the rotation angle about the z axis
‘Latitude’ determines the view angle to the graph
‘Zoom' changes the graph size (range 1...10)

Clicking Default 3D View adjusts all controls to the default 3D view whereas
Default Top View rotated the graph to achieve a top view of the profile. The default
top view zoom level of 2 is to visualize the entire active sensor area without its
caption.

Autoscale

By default, the graph's z-axis is auto scaled to utilize the full diagram heights,
independent of the wavefront dynamic.

Switch the 'Autoscale’ option off to enter manually defined values for the displayed
range of the z-axis.

¢ {Butoscale: £ 480 Min 2 0.00 Max

The absolute position of the wavefront surface with respect to the z-axis is
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4.2.2.6

determined by the wavefront center that is always set to zero.
Wavefront areas that are not defined because the appropriate spot was not
detectable will not be displayed at all.

Click Cancel or ESC to discard all changes or click OK or close the panel if you

want to take over the changes.

Zernike Coefficients Panel

This panel displays a bar graph whereas the vertical bars indicate the Zernike

coefficients which are the results of the Zernike fit.

0.300-

Coefficient #pm
[
[}
[}
T

001 2 3 4 85 & 7 & 3 10 11 12 13 14
Zemike Maode

—_
n

Linewiew ] Spot Field ] Beam Yiew ] Wi avefront Pemile Cocliccms

The Zernike coefficients can be positive or negative and indicate that the measured

wavefront does contain particular Zernike modes weighted with its coefficient

standing for its amplitude.
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Double click on the graph to see the 'Zernike Bar Graph Configuration' panel.

= ITernike Bar Graph Configuration E]
bir b 2
T -03m S 0300
& Autoscale

& Omit Pigton + Tip + Tilt

" Show BMS wavefrant wariations in Zemike orders

By default, the graph's vertical axis is scaled automatically. In case some of the
displayed Zemike coefficients are huge compared to other distortions you like to
focus on it is advantageous to switch 'Autoscale’ off. Also in case of fluctuating
Zernike coefficients that cause a permanently changing vertical scale, itis
advantageous to disable 'Autoscale’ and to define a fixed range by entering Min. and
Max. values manually.

'Omit Piston + Tip + Tilt' is normally switched off and all calculated Zernike Modes
are displayed. But generally, the lowest order modes Piston and the wavefront's Tip
and Tilt are of less interest. Since these lowest order modes may have a
considerable higher amplitude than the higher order modes they are disturbing and
are dispensable. Enable this option to see only Zernike modes with index 4 and
higher.

The option 'Show RMS wavefront variations in Zernike orders' will change the
displayed data content. Not a single Zernike mode is associated to a graphical bar
but a summation of all Zernike modes of a particular order.
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Use the 'Omit Piston + Tip + Tilt' option to suppress the display of Zernike orders 1

and 2 if they are of less interest.

423 Wavefront Sensor Setup Panel

The Wavefront Sensor GUI automatically starts measuring the applied wavefront
using favorable default parameters. Using these default settings the instrument is
able to do first measurements. Nevertheless, it is highly recommended to verify all

the applied settings.

To open the setup panel you can use the Menu > Setup > Wavefront Sensor
entry or simply click right on one of the graphs on the right hand side of the main

panel.
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= Setup Wavefront Sensor @

Camera Settings l Pupil Definition ] ML /W avefront ] Zernike Fit ] Mizcellaneous ]
Hardware Trigger Camera Image Size Image Averages
7 disabled T TEBA7ES = 35743.57mm = 1
Auto Moize Cut Level Auta Exposure [mz]
. an s n.oya

Centroid Detection Mode

Highspeed Autn Black Lewvel [2.u] Maszter Gain
’7 Normal a 3 0 137

{& Adapt Centroidz

Cancel 0k,

Changing a setup control has immediate influence to the instrument operation or
data display. After finalizing changes click 'OK" to save the actual settings. Also
closing the panel will automatically save the settings of all setup controls. By clicking
on 'Cancel' all the changes since opening the panel get lost and the instrument will
go back to the state before opening the panel by restoring the previous settings.

The Setup Panel is divided into five sub panels, accessible by clicking on the
corresponding tabs.

e Camera Settings

e Pupil Definitions

e Wavefront

e Zernike Fit

¢ Miscellaneous

Important Note

Please be aware of the fact, that settings for Camera Image Size, Pupil Definition
and Zernike Fit (Zernike order number) depend each on the other and further, impact
on measurement speed.

¢ With a large image size, you can choose a large pupil diameter, and itis
possible to allow a high Zernike resolution (Zernike order). The downside is an
increase of the transferred data volume and this way the measurement speed
decreases.

¢ The smaller the image size, the less spots can be used for calculation and
thus, the maximal achievable Zernike order decreases. On the other hand,
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measurement speed increases.

If these setting are made critically or contradictory, warnings or error messages will
appear in the instrument status box, see section Measurement Warnings and Errors
91]and Minimal Beam and Pupil Diameterfi27.

4.2.31 Camera Settings Setup

'‘Camera Settings' handle adjustments concerning the image capturing of the CCD
camera.

To open the setup panel you can use the Menu > Setup - Wavefront Sensor
entry or simply click right on one of the graphs on the right hand side of the main
panel. Select the tab 'Camera Settings'.

= Setup Wavefront 5ensor @

Camera Settings l Pupil D efirition ] PLA /' avefront ] Zermike Fit ] Mizcellaneous ]
Hardware Trigger Camera Image Size Image Awverages
3 disabled T 7EBATES = 35743.57mm = 1
Auto Moize Cut Level Auto  Exposure [ms)
. an s noya

Centroid Detection Mode

Highspeed #utn Black Level [au] M aster Gain
’7 Normal £ 3 0 137

& Adapt Centroids

Cancel ()4

Hardware Trigger enables synchronization to an external trigger signal which may
be a pulsed laser source or an electrical function generator. See chapter Trigger
Inputitsol for a detailed specification of this input.

The following trigger options can be selected:
Hardware Trigger
3 disabled
¥ dizabled
Slape H-»L
Slope L-»H

As soon as a trigger slope is selected, the WFS waits for the trigger event at the
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electrical input and no wavefront measurement and screen update take place. This
state is indicated by the 'Awaiting hardware trigger...' message within the Status/
Error window at the bottom.

& itwaiting hardware bigger...

In addition, a trigger delay can be programmed in the range 15 psto 4 s.
Halrdware Trigger
j Slope H-3L

Trigger Delay [pz]
- 1000

After the trigger edge was detected by the WFS camera it waits the specified time
interval until it starts exposure of the next image.

Camera Image Size defines the active area of the camera used for measuring the
wavefront. This setting should be adapted to the beam size applied to the
instrument. Limiting the used camera size will reduce the unused sensor area and
increases measurement speed because of saving time for evaluating the spotffield
images.

The following area sizes can be selected for WFS (left) and WFS10 (right),

respectively:
12801024 = 5.95w4. 76mm E40=420 = B.34x4. 7amm
10241024 = 4. 76w4. 7Bmm 430=420 = 4.75:4. 79mm
|+ 7BSx768 = 3.57%3.57mm | [+ 360x380 = 3.56x3.56mm
B12x512 = 2.38+2.38mm 2B0=260 = 2.57%2.57mm
320x320 =1.49%1.49mm 180180 = 1.78x1.78mm

The WFS CCD camera offers a maximum of 1280 x 1024 pixel = 1.3 MegaPixel on
a rectangular area 5.95 x4.76 mm while the WFS10 CMOS camera offers a
maximum of 640 x 480 pixel = 0.3 MegaPixel on a rectangular area 6.34 x4.75 mm.
For beams that have a larger diameter than 4.7 mm, only a fraction of the beam
cross section can be analyzed by the instrument. The Wavefront Sensor is 'over
filled' regarding the entrance aperture but can still yield correct results. In this case
special care must be taken to the pupil parameters (see Pupil Definitions Setup@).

The following graph illustrates the selectable image sizes for WFS and WFS10
instruments.
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WFS150x f WFS300x instruments

1.49 % 1.49 mm

320 x 320 pixel

912 %512 pixel 238 x2.38 mm

768 x 765 pixel 3.57 % 3.57 mm
1024 x 1024 pixel 476 %476 mm
1280 x 1024 pixel 595x4.76 mm

WF S$10x instruments

1.78 x1.78 mm

180 x 180 pixel

260 x 260 pixel 2.57 x2.57 mm

360 x 360 pixel 3.56 % 3.536 mm
480 x 480 pixel 475 x4.75 mm
640 x 480 pixel 6.34 x4.73 mm
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Note: Changing the camera resolution will also change the number of detectable
spots. In case you are working with a 'User Calibrated Reference' a new User
Calibration[es) may be required.

Depending on the selected camera resolution in pixels the resolution of the
Wavefront Sensor, that is the number of the calculated microlens spots is also
defined thereby. The number of microlens spots in x and y direction are as follows:

WFS Camera Wavefront resolution Wavefront points
resolution in pixel | WFS150x WFS300x WFS150x WFS300x
320 x 320 7x7 3x3 49 9
512 x512 13x13 5x5 169 25
768 x 768 21 x21 9x9 441 81
1024 x 1024 29 x29 13 x13 841 169
1280 x 1024 37 x29 17 x13 1073 221
WFS10 Camera Wavefront resolution Wavefront points
resolution in pixel WFS10-5C | WFS10-14AR| WFS10-5C | WFS10-14AR
WFS10-7AR WFS10-7AR
(150 pm pitch) |(300 pm pitch)| (150 pm pitch) |(300 pm pitch)
180 x 180 9x9 3x3 81 9
260 x 260 15x15 7x7 225 49
360 x 360 21 x21 9x9 441 81
480 x 480 29 x29 13 x13 841 169
640 x 480 41 x29 19x13 1189 247

The wavefront resolution is by the factor microlens pitch / pixel size lower than the
camera resolution. This means about 32x32 CCD pixels are mapped to one single
microlens (WFS150x). For WFS10 instruments with 150 pym lenslet pitch only about
15x15 CMOS pixels are mapped to one microlens.

Image Averages

Averages will reduce measurement noise which can be advantageous in case a low-
level light source has to be analyzed. An average setting higher than 1 will take
multiple images from the camera, average the pixel intensity pixel by pixel and output
an averaged image to the following evaluating routines. Due to reduced intensity
noise the accuracy of detected spot centroids is increased.

The available average settings are
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Image Average

3ol
10 roll
30 roll
100 rall
100

an

10

3

whereas 3, 10, 30, 100 indicate normal averages where the average is takenin the
background and only after reaching the selected number of averaged images the
instrument will continue operation and start data evaluation and display. This type of
averaging also reduces the update rate of numerical and graphical data on the main
panel. This may be a beneficial effect for better reading the numerics.

Settings 3 roll, 10 roll, 30 roll, 100 roll indicate pseudo rolling averages. Here, the
average of successive captured camera images is calculated every time a new
image is retrieved. A new image is added to a buffer that already contains the
averaged image and the summarized image is divided by the number of averages.
This way a pseudo rolling average across the last 3, 10, 30 or 100 images is
retrieved. This type of averaging does not slow down the update rate on the screen.

Exposure time and Gain

For normal operation it is highly recommended to select the 'Auto’ setting. In this
case the Wavefront Sensor application program analyzes automatically the
maximum image intensity and adapts the control parameter 'Exposure time (ms)'
and 'Master Gain' correspondingly in order to reach a maximum image intensity
close to the maximum of 255 digits.

At Exposure [mz)
ia 0077

M azter Gain
1.00

In rare cases of fluctuating light source intensity it may be helpful to deactivate the
'‘Auto’ feature and allow manual adjustments.

For WES instruments the 'Exposure’ time can be set to values between 0,077 ms
and 66.501 ms in steps of 0.055 ms while for WFS10 instruments the values are
between 0,033 ms and 500 ms in steps of 0.011 ms.

'Master Gain' indicates the analogue amplification factor of the CCD/CMOS sensor
signal, it can be set to values between 1.0 and 5.0 (WFS) and 1.5 to 5.0 (WFS10,
Gain =1 is disabled because of insufficient image saturation in some cases).

It is advantageous to do the main brightness control using the exposure time and use
low Master gain amplification factors only if the exposure control adjustment works
too coarse. Otherwise the image noise will be increased needlessly.
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Itis recommended to check the actual saturation degree of the camera's AD
converter by verification on the LineView panel.

Manual settings of 'Exposure time' and 'Master gain' must not lead
neither to image saturations (pixel intensity = 255 digits) nor to
low image brightness (max. intensity < half range 128 digits).
Otherwise, measurement errors and noise will increase.

Noise Cut Level

'Noise cut level' defines a brightness level in digits which needs to be exceeded by
the spots. Ambient light and noise terms below this limit will be set to zero intensity.
See the result in the Lineview panel. Since defining such a fix level is problematic for
changing beam intensities and ambient light situations, the 'Auto’ setting is highly
recommended which enables dynamic adaption to the different intensity levels for
each spot area and yields best results for centroid calculation.

Auto Muoize cut level
] 30

For a manual definition of the noise cut level, values between 0 and 255 digits may
be applied.

Improper settings of manual 'Noise Cut Level'
may lead to increased measurement errors.

Black Level
'Black Level' is a camera setting that adjusts the offset brightness level for all
illuminated pixels and should be adjusted so that the minimum line in the Lineview
panel is to be seen above zero. In case of very high noise level reduce the setting.
Auto Black Lewvel [a.u)
a = 0
"Arbitrary Unit" (a.u.) values range from 0 to 255.

Examples (WFS):

Black Level = 255 is too high, lowest intensity pixels (lower curve) showing high
offset.
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Black Level =0 is OK because lowest intensity pixels are below zero but the
highest intensity pixels between the spots are still above zero.

An automatic adjustment is not supported by all WFS cameras. Therefore, itis
suggested to check the correct setting.

Set Default

Click on'Set Default' to activate the factory default values:
e Cam Noise Level = Auto

e Exposure time and Master Gain = Auto

¢ Black Level =0 (WFS instruments)

¢ Black Level = 100 (WFS10 instruments)

¢ Disable Hardware Trigger

Settings for Camera Image Size and Averaging remain unchanged.

Highspeed Mode - For WFS10 instruments only
In case of a WFS10 Wavefront Sensor instrument, there is another switch for
defining the Centroid Detection Mode.

= Setup Wavefront Sensor,

Camera Settingz | Pupil Definition | MLA /A wavefront | Zemike Fit | Miscellaneous Ealibratinn]

Hardware Trigger Camera Image Size Image Awverages
T disabled T 480x480 = 4.75x4.75mm = 1
Auto Moize Cut Level Auto Exposure [ms)
C 30 » =
Centroid Detection Mode
Highspeed Auta Black Level [2.u.] Master G ain
’7 Marmal & g 100 g 1.50

i@ Adapt Centroidz

Set Default
Cancel R
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Please refer to chapter WFS10 Highspeed Mode[s41for a detailed description of
differences between Normal and Highspeed Mode.

Before entering Highspeed Mode, you need to take care the following setup
parameters:
e Exposure Time and Master Gain
Adjust both parameters to have sufficient image saturation but no over-
saturation. You may switch 'Auto’ exposure option on for that.
¢ Black level of the camera
Adjust this analogue black level so that the lower visible line (indicating the
lowest intensity within a pixel column) within the Lineview Panel is close or
below zero level.
¢ Noise cut level for centroid interrogation
In Highspeed Mode this level describes the amount of digits which will be
subtracted from each pixel of the detected camera image before spot
interrogation starts.

The spot centroid positions detected in Highspeed Mode become extremely
sensitive to the camera's black level.

That's why all pixel intensities within the entire spot window (width x height pixels)
contribute to the final centroid result. Also small black level intensities will shift the
result towards the windows center. To get rid of any increased black level you will
have two options a) or b):
a) Control the cameras analogue black level — it can be lowered so that the
pixels between the spots become zero.
Black Lewvel [a.u.]

F

= 100

b) An adjustable ‘Noise cut level ’ similar to the one in normal mode can be

set to the camera in Highspeed Mode.
Black Level [a.u.]

F

- 100

Disable the 'Auto’ option, it isn't available in Highspeed Mode, anyway. The
camera will subtract this level from each pixel before it starts the centroid
calculation.

For both options, please check the Lineview panel, it should look like this:
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Entering Highspeed Mode (WFS10)

The WFS10 instruments are always initialized in Normal Mode.

Because detection of beam centroid and diameter with sufficient accuracy isn't
feasible in Highspeed Mode you will be asked to define these parameters manually.

[ Wavefront Sensor - Error E

Highspeed Mode requires manually defined pupil parameters!

Please go ko SetupPanel - = Pupil Definition and swikch off options
'Use Beam Width' and 'Use Beam Centroid',

Be sure ko define valid pupil parameters!

Please go to the Wavefront Sensor Setup = Pupil Definition, switch off both options
and define the pupil diameter and position manually. Please consider hints givenin
chapter Pupil Definitions Setup|7s).

Adaption to previously measured spot centroids
If centroid adaption is off

¢~ Adapt Centroids

then the software defines a rigid grid of spot interrogation windows based on the
spot reference positions. Since the actual detected spot centroids are identical with
its reference positions only in case of exactly orthogonal incidence of a pure plane
wavefront, it is likely that some spots of an arbitrary measured wavefront doesn't falll
into the reference grid.

The following error occurs:
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_.5 Wavefront Sensor - Error

IInable ko adapt centroid calculation windows in Highspeed Mode ko all ackual measured centroids,
Cannot enter Highspeed Maode!

Therefore, itis highly recommended to enable option 'Adapt Centroids':

e Adapt Centroids

Here, the software checks if the spot centroid positions measured in Normal Mode
are suited to define a grid of calculation windows which is suited to capture all
spots. The grid is flexible with respect to window size and offset position in both x
and y direction.

This flexibility allows adaption of tilted and spherical wavefronts of moderate
amplitude.

In case the above error message occurs the input wavefront is excessively deformed
so that it cannot be measured in Highspeed Mode.

As soon as Highspeed Mode was entered it is displayed within the status window.

~ iHighzpeed Mode, restricted detection of possible instrument emars!

Because the camera saturation remains unknown in Highspeed Mode if the auto
exposure option is disabled the camera image may suffer from over- or under
exposure which is leading to wavefront mismeasurement. As a consequence,
Highspeed Mode with disabled auto exposure feature is only applicable when
working at a quite constant power level.

But, a measurement error due to violation of the spot windows by the detected
centroids can be displayed.

‘& iSpot centroids mismatched to highspeed calculation windows!

If this warning occurs, the wavefront measurement is most likely disturbed by spots
which are truncated by its detection window.

4.2.3.2 Pupil Definitions Setup

'Pupil Definitions' handle adjustments concerning the pupil which is the image area
which is used for wavefront calculations and Zernike fit definitions.

To open the setup panel you can use the Menu - Setup > Wavefront Sensor
entry or simply click right on one of the graphs on the right hand side of the main
panel. Select the tab 'Pupil Definitions'.
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= Setup Wavefront Sensor El

Camera Settings Fupil D efinition l Wi avefrant ] Zernike Fit ] Mizcelaneous ]

Pupil Ciameter [mm]

x% 3000 & Circular Pupi
v ﬂ 3,000 i~ Use Beam width
Pupil Center [mm]
= -0.005 i Uze Beam Centroid
iy 0.0 -x 0.0
¢ Limit wavefront calculation and digplay

to pupil intenor

Set Default

_Setefat |
Cancel

It is required to define a Zernike radius because the Zernike functions fitted to the
measured wavefront are normalized to a Unity Radius = 1. Calculated Zernike
coefficients refer to the here defined pupil radius (see Zernike Fit Setuplss)).

Pupil Diameter (mm)
The here defined Pupil Diameter is twice the normalized radius (= 1) of the Zernike
functions. This Pupil Diameter in mm can be set manually or automatically.

Pupil Diameter [mm]
w3 3000 & Circular Pupil
v ﬂ 3,000 £ Use Beam Width

If 'Use Beam Width' is enabled the pupil diameter is automatically adapted to the
measured beam width. The beam width is measured using the second moment

method and corresponds to the 1/e? diameter in case of a Gaussian beam shape.

The second moment method will calculate accurate beam widths only when ambient
light is shielded from the Wavefront Sensor and the 'Black Level' of the camera is
properly aligned (see Camera Settings Setup@). A positive offset to the beam's
intensity distribution will lead to beam diameters larger than real. A manual defined '
Noise Cut Level in the Camera Settings/e7 will help to reject an increased dark
level.

Let'Use Beam Width' unchecked to define the pupil size manually. You may define
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an elliptical pupil by entering different values for X and Y diameter. Here, the mean
diameter defines the Zernike circle.

NOTE

This option 'Use Beam Width' must be switched off when entering Highspeed Mode
of WFS10 instruments because the beam width cannot be measured with a
sufficient accuracy in Highspeed Mode.

NOTE

The pupil diameter cannot be defined larger than the active camera area defined
with Camera Image Size in the Camera Settings[e7). In this case the warning "Pupil
is larger than selected camera area" (see chapter Measurement Warnings and
Errors[e1]) will occur. This limitation prevents Zernike calculations with increased
uncertainties because the measurement points (spots of the lenslets) are no more
equally distributed across the pupil area.

See chapter Minimal Beam and Pupil Diameterf27 for the minimal pupil diameter
required for calculation of Zernike modes up to a desired order.

Itis recommended to use a 'Circular Pupil' by selecting the appropriate option.
Here, only the diameter in X needs to be entered and the Y diameter is set to the
same value.

Pupil Center (mm)
The pupil center in mm can also be set manually or automatically.

Pupil Center [mm]
by -0.006 @ Jze Beam Centroid

i 0.0 -~ [0 |

Itis recommended to enable 'Use Beam Centroid' in order to automatically adapt
the pupil center to the measured beam centroid coordinates. In case of fluctuations
of the beam position during the measurement, the Wavefront Sensor will
automatically follow the wandered spot. If you switch to manual input you can use the
' 0.0' button to set the pupil centroid to the center of the Wavefront Sensor.

Manual definition of the pupil center requires a careful and stable beam adjustment,
otherwise the measurement results will suffer from increasing errors.

It is recommended to review the pupil size and position using the appropriate
functions in the 'Spot Field' and 'Beam View' displays. The 'Show Pupil' option
must be enabled in the appropriate configuration panels.

NOTE

This option 'Use Beam Centroid' must be switched off when entering Highspeed
Mode of WFS10 instruments because the beam centroid cannot be measured with
a sufficient accuracy in Highspeed Mode.
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4.2.3.3

Limit to Pupil Interior

Enabling this option will limit the wavefront calculation and display of it to the pupil
interior. Points outside the pupil, that do not go into the Zernike calculation anyway,
will not be recognized for statistical wavefront analyses.

" Limit wavefront calculation and dizplay
to pupil interior

The 3D wavefront display on the Wavefront Panellss will show only the wavefront
data within the pupil when this option is enabled.

NOTE

In case the 'Measured Wavefront' is selected for display, this option influences the
total measured wavefront distortions (PV, RMS). Distortions only within the defined
pupil area are usually lower that the total measured distortions outside the pupil.

Set Default

Click on'Set Default' to activate the factory default values:
e Circular pupil

¢ Use Beam Width = disabled

e Manual Pupil Diameter =3 mm

¢ Use Beam Centroid = enabled

e Limit to Pupil Interior = disabled

Wavefront Setup

The 'Wavefront' setup panel contains essential items which determine wavefront
measurement and normalization of displayed data.

To open the setup panel you can use the Menu > Setup > Wavefront Sensor
entry or simply click right on one of the graphs on the right hand side of the main
panel. Select the tab 'Wavefront'.
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< Setup Wavefront Sensor E|

Camera Settings ] Pupil Definition  §  MLA S \Wavefront l Zermike Fit ] Mizcelaneous ]

Micralens Array Selection

2 MLATSOM5C

“'ou need to mount THIS array in front of the "W avefront Senzorl

W avefront Reference Wiavefrant Lnit

ﬂ Internal Reference MICIamnS WavEes

Lambda [rim]
" Cancel Average W avefrant Tilk £33.00

Cancel QE.

Microlens Array Selection

A Thorlabs WFS Wavefront Sensor can be operated with different Microlens Arrays
(MLAsS), see Parts List[ ¢ chapter. Each available MLA is factory calibrated. In order
to supply the correct calibration data to the WFS software you need to select the
physically installed MLA from the pull down list.

Micralens Amray Selection
2 MLA150M5C

v MLATS0M-5C
MLAZOOM-144R

You are reminded by the message below to switch the physically installed MLA if a
different MLA than before was chosen.

<« Wavefront Sensor - Message §|

The selecked Microlens Array has been changed.
You need ko replace the present MLA with MLAZ00M-144F.1

Be sure to have the selected MLA physically installed in front of your Wavefront
Sensor!

Otherwise, all measurement data become invalid because wrong calibration
data!
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Wavefront Reference

The Thorlabs WFS series Wavefront Sensors are factory calibrated and provide an
internal reference for the measured spotfield centroids. This internal reference is
based on the well known and highly accurate parameters

e pixel distance of the CCD sensor = 4.65 um (WFS)

¢ pixel distance of the CMOS sensor = 9.9 ym (WFS10)

¢ |enslet pitch of the microlens array = 150 or 300 pm, respectively

e calibrated out-of-center shifts in for a plane wavefront under vertical incidence

¢ negligible torsion between CCD chip end lenslet array

e correction parameters for lenslet astigmatism

This means, the centroid positions for all spots created by the lenslet array are
accurately known for a plane wavefront at vertical incidence and acts as an 'Internal
reference'.

Wt avefront Reference

1
:‘3 |ntermal Reference
-

It is recommended to use this internal reference unless a perfect plane or spherical
wavefront is available to perform a User Calibration. There is no default user
calibration delivered with t he instrument. Therefore, as soon as the 'User
Calibrated Reference' is activated, you will be informed that such a default
reference is created and saved to the application directory.

s Wavefront S5ensor, - Message @

Mo 'ser Calibration' reference file was found
for the selected image size.

& defaulk reference file is generated and saved
ko the application direckary.

This default user reference file is identical to the internal reference.
Perform a User Calibration[ss) using a plane or spherical wavefront to fill the default
file with reference data measured by the user.

In order to be distinctively the user reference file name is automatically composed
of the

¢ WFS serial number

e MLA name

e Camera resolution index
for instance WFS_M00224955 MLA150M-5C _2.ref. The file itself is stored into the
application directory.
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Do not change the content of these reference files, they would become unusable!

In case only an old file name with unspecified SN and MLA name saved by older
program versions < 2.0 can be found you will be asked how to proceed.

« Wavefront Sensor - Message El

Only an old 'User Calibration' reference file for an unspecified Microlens Array
was found For the actual camera image size,

Do wou wank to rename the old file wis_ref _1.ref to the new WES_MO0Z24955 MLALSOM-SC_1 ref
for the ackual Microlens Arrayw MLA1S0M-SCT
Otherwise, a default reference file is created.

Only click 'Yes' to rename this old file if you are sure that it was generated using the
same WFS instrument and MLA name.

Wavefront Unit and Wavelength
Define the desired wavefront unit using this control switch.

W avefrant it

microns WAVES

You can select either the absolute unit microns (um) or relate the wavefront
deformations to the operating wavelength yielding the unit waves. In the latter case
you are required to input the operating wavelength in nm.

Lambda [nrm]
= LD

Switch to 'waves' unit and then input the operating wavelength of your light source.
The accepted wavelength range is 300 to 1100 nm and corresponds to the
wavelength range of models WFS150-5C and WFS10-5C.

Cancel Average Wavefront Tilt

In practice, the direction of the input beam is not perfectly perpendicular aligned to
the sensor area. The measured wavefront is thereby mainly determined by tip and tilt
and the interesting but small wavefront deformations are not seen in the wavefront
panel. Since wavefront tip and tilt is often less interesting, this option allows you to
cancel the average tip and tilt contribution to be canceled prior to wavefront and
Zernike calculation.

i Cancel Average ‘Wavefront Tilt
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The average wavefront tip and tilt will not be removed completely. Small relicts are
still visible in terms of Zernike coefficients
Z, and Z,. Also note that Zernike terms Z, and Z, are not related to the original

wavefront but the tilt-corrected wavefront when the 'Cancel Average Wavefront Tilt'
optionis enabled.

Default Settings

At first program start, the following default settings become active:
¢ Wavefront Reference = Internal Reference

e Wavefront Unit = ym

¢ operating wavelength = 633 nm (red HeNe)

e Cancel Average Wavefront Tilt = off

4.2.3.4 Zernike Fit Setup

This setup panel contains definitions of the Zernike Fit that directly influence the
wavefront representation in terms of Zernike coefficients and wavefront
reconstruction.

To open the setup panel you can use the Menu - Setup - Wavefront Sensor
entry or simply click right on one of the graphs on the right hand side of the main
panel. Select the tab 'Zernike Fit'.

= Setup Wavefront Sensor E]
Camera Settings ] Pupil D efinition ] W avefront ............. Z EmlkEFlt Miscellaneous ]
Fit up to Zemike order kode zelection for wavefront reconzstuction
::J 4 [15 modes) " Auta | Id.:.-g._.l n | _f 1 Made name _Ii
Mild 0 0 |Pistan
W o2 1 1 | Tipy
Highest order used in Fourier W 3| 1 1 | Tilt =
and Optometric calculations W 4| 2 2 |Astigmatism +-45°
3 2 M & 2| 0 |Defocus
W B| 2 2 | Aszhgmatizm 0907
W 7| 3 3 | Trefaily
W 2] 3 -1 |Coma« —
W 9| 3 1 |Comay
W 101 3 3 Trefoil =
W11 4 -4 [ Tetrafail p L7
Select all | Select none |
Cancel ok,
Fit up to Zernike Order

Use this control to define the highest order of Zernike polynoms that should be used
to fit the measured wavefront within the pupil area.
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Available settings are:
10[66 modes]
9 [55 modes]
3 [45 modes]
7 [36 modes]
B [28 modes]
8 [21 modes]
|V 4 15 modes] |
3 (10 modes]
2 [ B modes)

According to the well known set of Zernike polynoms, the highest radial order (r")
determines the number of Zernike modes that contain this or lower potencies n of the
pupil radius r.

By default, the highest Zernike order is set to n =4 which implies a total number of
15 Zernike modes. The resulting coefficients are displayed in bar graph chart on the
Zernike Coefficients panel.

The higher the Zernike order the more Zernike modes are used to reconstruct the
measured wavefront shape. The best wavefront reconstruction is obtained using the
highest Zernike order 10 utilizing a total number of 66 Zernike modes.

Auto

If 'Auto’ is enabled, the Zernike order is set to the highest possible value which is
feasible. The highest number of Zernike modes must not exceed the amount of
detected spots within the pupil.

Highest order in Fourier and Optometric calculations

This control can be setto 2, 4 or 6 and forces the numerical calculation of the Fourier
coefficients M, JO and J45 as well as the Optometric parameters Sphere, Cylinder
and Axis to consider Zernike terms up to the desired order.

Highest order uzed in Forier
and Optometnic calculations

3 2
5

4
L

Mode selection for wavefront reconstruction

This table provides a list of all calculated Zernike coefficients each listed in a row.
The number of rows is determined by the 'Fit up to Zernike Order’ control.

The check box at the left side determines whether this mode should be used for the
reconstruction of the wavefront or not. For instance, to see the reconstructed
wavefront without primitive modes piston, tip and tilt (which often dominate the 3D
graphic) use the following setting:
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tode selection for wavefront reconstructiong

ldx  on o F tode name 2
[ 1 0 0 |Pigton

- 2| 1 3 |Tipy

[~ 2 1 1 [Tilkw

W 4| 2 -2 |Agtigmatizm +-45°

W 5 2 0 |Defocus

W B[ 2 2 |Astigmatizm 0/90°

W 7| 3 -3 | Trefoil v

W 3 3 -1 |Comax =
W+ 3| 3 1 |Comay

W 10( 3 3 | Trefoil «

W 11| 4 -4 | Tetrafoil y L¥]

On the other side, in order to focus on a single or a few modes that describe the
aberration best, click on 'Select none' and than mark the modes of interest. To
focus on third order (n = 3) aberrations, do the following selection:

Maode zelection for wavefront reconstruchion

| Id= ] n | F | bode name _Ii

[~ 1| 0O 0 [Pizton

I~ 2 1 1 [Tipy

[~ 3] 1 1 |Tiks

[~ 4| 2 -2 |Astigmatism +-45°

[ & 2 0 |Defocus

[ B| 2 2 | Astigmatizm 090

7 3 [ Trefaily

[+ 8| 3 -1 |Coma s =

W« 3| 3 1 [Comayp

Vo 3 | 3 |Trefoils

11 4 -4 [ Tetrafail p L7
NOTE

Only the selected Zernike Modes are displayed on the Wavefront graphical display
with 'Reconstructed' wavefront selected. Also the numerical displays for Peak to
Valley (PV) and RMS wavefront distortions will depend on this mode selection.

Waveiront-waves
(UTzer Cal. Eef.)
(entire area)

BV 76482
RMS 153.033
wEMS 15 . 430

For a complete reconstruction using all calculated Zernike modes click on 'Select all
]

Default Settings

At first program start, the following default settings become active:
e Fit up to Zernike Order = 4 (manual setting)

¢ Highest order in Fourier and Optometric calculations = 2

¢ All Zernike modes selected for wavefront reconstruction
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4.2.3.5 Miscellaneous Setup

This setup panel is to display a few statistic data about the captured camera image
and allows speed improvement by cancelling unused calculations and displays.

To open the setup panel you can use the Menu - Setup - Wavefront Sensor
entry or simply click right on one of the graphs on the right hand side of the main
panel. Select the tab 'Miscellaneous'.

+ Setup Wavefront 5ensor @

Carnera Settings ] Pupil Definition ] MLA /W avefront ] Zemike Fit | Mizcellaneous

Inzreasze Data Acquizition Fate by
" Disable Graphics
" Dizable Extra Data Calculation

[ntenzity [digits] Spot Diameter [pivel]

bin 9 bin E.01
[ EH 219 (G 1088
Dviff 210 Mean E.55
Mean 24,22

R4S 17.03

Sample Rate [fps]

Satix 0.00 75

Cancel ok,

There are ways to speed up the Wavefront Sensor software in order to achieve a
maximum Sample Rate in frames per second (fps).
Sample Rate [fpz]
75

This may be required when the Wavefront Sensor GUI Software is used as a data
source to a user application that is connected via the DataSocketfiosl interface. In this
case the graphical displays of the Wavefront Sensor GUI become redundant and its
updating and can be disabled.

NOTE

Selecting a lower camera resolution on panel Camera Settings/e7] will result in less
spots to be calculated and will increase overall measurement speed.

Display Graphics

Enable this control to disable updates of the GUI graphics. This saves calculation
time and increases measurement speed. All graphs including the output box for
numerical parameters are cleared. A corresponding message in the parameter box
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will remind you of this active option and shows the way to deactivation.

Graphics and Data 4
dizsplay are di=zabled
to increaze the
neasurensnt speed
available for
DataSocket transfer.

See Menu » Setup
Wavefront Sensor »
Hi=cellaneous.

Disable Extra Data Calculation

Extra data are the parameters displayed in this tab of the setup panel. Enable this
control to prevent time-consuming calculation (e.g. spot diameters) of all these
parameters. The last remaining control is the speed indicator 'Sample Rate'.

The extra data consists of statistics about the image. The maximum brightness
pixels must be below 255 digits to prevent sensor saturation. 'Sat%' indicates the
percentage of saturated pixels.

| ntenzity [digitz]

kdin 3
B ER 219
Lviff 210
Mean 24 22
RS 17.03
Satx 0.00

The calculated values for all spot diameters
Spot Diameter [pikel]

kin 6.01
b & 10.83
tean B.55

are data to verify the optical quality during assembling.

Especially the lenslet tilt needs to be adjusted to below 0.01 degree in order to
ensure accurate measurements of higher Zernike modes.

Default Settings

At first program start, the following default settings become active:
¢ Display Graphics = off

¢ Disable Extra Data Calculation = off
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424

Measurement Results

Numerical measurement results are displayed on the left side of the of the main
panel. Be sure that there is no error occurred during capturing the camera image
and its subsequent analysis.

L

‘\/ (Mo ingtrument emrars

L

If 'No instrument errors' does not appear in the status window you cannot relay on
the measurement results!

Refer to Measurement Warnings and Errors[ef] for a listing of possibly occurring
errors.

Beam Data

Beam data-mm

Ctr = 0.034
Ctr v 0.039
Dia = 4.103
Dia v 4.071

Calculated from the centroid and the second moment of the entire camera image,
the beam's center coordinates Ctr x and Ctry and beam diameter Dia x and Dia 'y
in X and Y direction are displayed in mm. In case of a Gaussian beam shape the
second moment coincides with beam width at the standard 1/e2 a clip level.

Please take into account that this data cannot give an exact measure of the beam
because the lenslet array in front of the camera and wavefront distortions have
changed the intensity distribution between the real beam and the camera image.
Furthermore, high ambient light level and improper set camera's 'Black Level (see
Camera Settingsm) will distort the beam data results.

Wavefront Data

Wavefront-pm
(U=zer Cal. Ref . )
(entire aresa)

BV 47 024
RME 10.915
wEMS 9.478

These wavefront statistics are either displayed in microns or waves, as selected in
the Wavefront Sensor Setup Panellss). Calculated data is either related to the entire
wavefront or to the pupil interior only, according to the settings within Pupil
Definitions Setupl7sl panel.

Depending on the actual wavefront switch setting below the wavefront graph

1 1 1
b easured Feconstructed Difference
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the calculated wavefront statistics refer to the selected wavefront (Measured,
Reconstructed or Difference).

PV is the total Peak-to-Valley value, that is the maximum variance of the
wavefront in the observed area.

RMS is the Root Mean Squared average value and

wRMS is the intensity weighted Root Mean Square average value. Here

higher intensity spots in the pupil center have more weight than lower
intensity spots away from the center.

Fourier Constants
Fourier

H 16.273
Jo -1.029
J45 1.5049

Fourier constants are M, JO and J45 and are derived from the Zernike coefficients.
Depending on setting in the Zernike Fit Setuplss] panel, Zernike orders up to 2, 4 or
6 go into these constants.

Optometric Constants
Dptometric-dpt

Spheres 13.099
Cyl. —-3.653
Ami= B2 148"

Optometric constants are Sphere, Cylinder (in diopters) and the axis angle of the
cylinder in degrees. Depending on setting in the Zernike Fit Setuplss] panel, Zernike
orders up to 2, 4 or 6 go into these constants.

Radius of Curvature RoC
Ral £1.45mn |

This parameter is based on the 5th Zernike term 'Defocus' and describes the
degree of curvature of the measured wavefront. All other Zernike terms and
corresponding wavefront deformations are left unnoticed and only the spherical term
is considered. The Radius of Curvature (RoC) is identical to the distance from a
point source which is emitting a spherical wavefront.

WES Series
RHefarence Plane

Divergent Beam Convergent Beam

Positive RoC distances are standing for divergent spherical wavefronts where the
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point source is located in front of the Wavefront Sensor reference plane whereas
negative values indicate a convergent spherical wavefront which virtual focal point
lies behind the Wavefront Sensor reference plane. The higher the absolute RoC
value the more flat is the corresponding wavefront and the higher is the parallelism of
the beam.
In case of a plane wave front, the Z5 term theoretically should be 0, and RoC -
infinite. It's obvious, that the wave front sensor will not be able to measure accurately
large RoC values. In order to point attention to reduced accuracy at RoC values =
10.000mm, the result will be displayed like

RoC  (  —37.8m) |

RMS Variations

FHS Variation= pm
EMSin 03 5.533
RMSin 1) 1.534
REMSin 27 §.351

Since the Zernike modes are normalized to unity variance, all Zernike coefficients of
a particular order can be summarized and expressed as total RMS variation of this
Zernike order. The number of Zernike orders defined in Zernike Fit Setup|es) panel
will determine the number of output appropriate RMS variation resullts.

Zernike Modes

Zernike Mode=-<pm

T 1i0- 03 5.533
Z 2{1-—1) 1.050
Z 3(1-s 1) -1.119

The coefficients of the Zernike modes which are determined by a least square fit to
the measured wavefont are either displayed in microns or waves. The mode number
is followed by the order and frequency number of the mode in brackets.

Fit Error

Fit error « arcmin
Hean 5. 490e-11
Stddew 1. .837=-03 |

The Fit error describes the difference between the measured and the reconstructed
wavefront. A lower value indicates a better fit. Usually, a Zernike fit using more
modes will reduce the fit error.
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425

Measurement Warnings and Errors

During capturing of the camera image and its subsequent analysis some errors may
arise which needs to be recognized. Read the error message carefully and find a
way to remove the reason of it.

‘\/ (Mo ingtrument emrars —
1

Measurement results are unreliable if an error or warning is indicated within the
status window.

Error List

Zernike Fit failed! Insufficient spots detected.
& iZernike fit failed! Insufficient spots detected. §

This error occurs if the number of detected spots within the pupil is lower than the

number of Zernike modes to be calculated in the least square Zernike fit.

To prevent this error

¢ check the analyzed beam that it is properly aligned and its intensity dominates the
ambient light level and/or

¢ increase the pupil diameter within the Pupil Definitions Setupl7s) panel and/or

e reduce the number of Zernike orders in the Zernike Fit Setup|s3] panel

¢ increase the camera resolution within the Camera Settings Setup@ in case the
pupil diameter is close to the image dimensions

Low Spot Count within pupil may cause reduced Zernike accuracy!

& iLow spot count within pupil may cause reduced Zemike accuracyl

Even if the number of detected spots within the pupil exceeds the minimum required

number, there may occur an increased calculation error during the Zernike Fit,

especially in case of high orders. Therefore, higher order fits (up to order 7-10)

require an extra spot count of about 30%.

To prevent this warning

¢ check the analyzed beam that it is properly aligned and its intensity dominates the
ambient light level and/or

¢ increase the pupil diameter within the Pupil Definitions Setupl7s) panel and/or

e reduce the number of Zernike orders in the Zernike Fit Setup[ss panel

e increase the camera resolution within the Camera Settings Setupls71in case the
pupil diameter is close to the image dimensions

Pupil badly filled with spots, may cause reduced Zernike accuracy!

& iPupil badly filled with spats, may cause reduced Zemike accuracyl i

The pupil area is not properly filled with detected spots up to its full diameter.
Because the number of detected spots is defined by the selected camera resolution,
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some visible spots at the border of each camera image remain undetected. But the
pupil dimension must not be larger than the detected spot area. Otherwise, there
may occur an increased calculation error during the Zernike Fit, especially in case of
high orders.

To prevent this warning

¢ reduce the pupil diameter within the Pupil Definitions Setup(7s] panel and/or

e increase the camera resolution within the Camera Settings Setup|e7)

Pupil is larger than selected camera area!

,--"'i"-|| {Pupil iz larger than zelected camera areal §

The pupil diameter exceeds the camera image dimensions so that parts of the pupil

remain uncovered with detected spots.

To prevent this warning

e reduce the pupil diameter within the Pupil Definitions Setup|7e] panel and/or

¢ increase the camera resolution within the Camera Settings Setup@ in case the
pupil diameter is close to the image dimensions

Power too low!

{Poweer oo lowl

The detected spot intensity is too low so that the analysis of its centroid positions
becomes incorrect. Check if 'Exposure Time' and 'Gain' settings within the Camera
Settings Setuple7 of the camera are fixed to a manual entered level. Change the

manual setting or enable automatic control of these camera parameters.

When this error occurs also for the highest 'Exposure Time' and 'Gain' setting or if
‘auto’ is already enabled, the light intensity of the beam to be analyzed is too low for
the Wavefront Sensor. Increase the power of your light source or reduce attenuation
in front of the Wavefront Sensor.

Power too high, sensor is saturated!

The detected spot intensity is too high so that the camera image is saturated and the
analysis of the spot centroid positions becomes incorrect.

Check if 'Exposure Time' and 'Gain' settings within the Camera Settings Setuple7]
panel of the camera are fixed to a manual entered level. Change the manual setting
or enable automatic control of these camera parameters.

When this error occurs also for the lowest 'Exposure Time' and 'Gain' setting or if
‘auto’ is already enabled, the light intensity of the beam to be analyzed is too high for
the Wavefront Sensor. Decrease the power of your light source or insert an
attenuator in front of the Wavefront Sensor.

The camera image suffers from low contrast, that is the brightness difference
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between the spots and the ambient area is too low. This may be a result from an
imperfect manually adjusted exposure time in Camera Settings Setup(e7). Reduce
the stray light by shielding its incident from the Wavefront Sensor or increase the
power of the analyzed beam.

The captured camera image is overlayed a high amount of ambient light that
decreases the contrast between the spot peaks and the dark areas between.
Reduce the stray light by shielding its incident from the Wavefront Sensor or
increase the power of the analyzed beam.

Awaiting hardware trigger...

No update of numerical and graphical measurement data is visible because the
WEFS trigger function was activated and no trigger event has occurred so far. Apply a
trigger signal using the trigger cable (see Trigger Ingutm for details) or switch back
to disabled trigger functionality in the Camera Settings Setuple7).

Measurement stopped

This message is not an error or warning but will notice the user that the continuous
measurement has been stopped either by the user or due to occurrence of an other
error so that the displayed data and graphs do not indicate actual wavefront data.

Graphics disabled

This warning is a reminder that all graphics and also the numerical parameter box
are disabled in order to speed up the sampling rate. Switch off the option 'Disable
Graphics' within the panel Menu > Setup - Wavefront Sensor - Miscellaneous to
enable the graphical and numerical outputs again.

Connection to instrument lost

% iConnection o instrument lost

An USB interface error is occurred by what the GUI lost the connection to the
Wavefront Sensor hardware. Check the USB cable and ensure that it is qualified for
high speed USB2.0 transmission. Then reconnect the USB cable and start the
Wavefront Sensor application again.

Additional errors in Highspeed Mode
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‘\f iHighspeed Made, restricted detection of possible instrument erors!

NOTE

In Highspeed Mode there is an enhanced risk of mismeasurement because not all
violations of save measurement conditions can be detected. For instance, the image
saturation level remains unknown.

Spot centroids mismatched

‘& {Spat centroids mismatched to highspeed calculation windows!

There is a violation of the spot centroid positions detected within the camera with its
calculation windows defined when Highspeed Mode was entered. That is, the spot
shifts went too far and cannot be detected accurately anymore.

Switch off and on Highspeed Mode with option 'Adapt centroids' enabled to
overcome this situation.
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4.2.6

User Calibration

Besides the internal Wavefront Sensor calibration the user has the ability to perform
a wavefront calibration using his own setup and light sources. This can increase the
instruments accuracy.

A user calibration can be reasonable in case a wavefront should work as a
reference but already shows small distortions. In that case do the user wavefront
calibration and the distorted wavefront acts as a reference and is displayed as ideal.
Following measurements are based on this user reference and allow accurate
measurements of further wavefront distortions that come along with optical elements
inserted afterwards.

Go to the tab 'Wavefront' within the Wavefront Sensor Setup Panellss) switching
between internal and user calibration.

Wt avefront Reference

7 Intemal Reference

S

¥ |nternal Reference
|1zer Calibrated Reference

NOTE

You will increase the accuracy of the calibration when the Wavefront Sensor works
with averages > 1, see Camera Settings Setup(e7] panel.

The generated user calibration data are only valid for the actual MLA and camera
image size, selected in the Camera Settings Setuple7] and Wavefront Setupl7s]
panel. Switching to an other MLA or camera resolution will require a new calibration!

User Calibration using a Plane Wavefront

In order to perform this user calibration you need to apply a high quality beam with
having a perfect plane wavefront. Be sure the beam is properly aligned to the
Wavefront Sensor and fills the selected active camera area completely.

NOTE

The calibration fails for positions that are insufficient illuminated. Although no error
occurs the according area will be excluded in further wavefront measurements.

Start the calibration procedure using Menu - Calibration - Plane Wavefront or

simply click on the appropriate symbol R4t in the toolbar. The following panel
illustrates the required calibration setup.
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= User Calibration using a Plane Wavefront

Proposed Setup

Parallel Beam Exact Plane Waveftont

N _
E— 1

Laser Source Wavefront Sensar

- -

The actual measured plane wavefrant will be defined as the reference for further measurements.

Cancel

Click 'Do Calibration' to perform the user calibration and the following message
verifies successful operation.

« Wavefront Sensor - Message §|

Iser Calibration was done and activated successfully,

Save spotfield reference data ta file?

| Yes { [ Mo ]

You are asked to save the reference data to a file. Click 'Yes' to store this user
calibration to a predefined file within your application directory to have it available in
following Wavefront Sensor sessions. Otherwise, if you click 'No' the calibration
remains in memory and active but is lost as soon as the program is terminated. Also
when the sensor resolution (see Camera Setti ngsﬁ) and MLA (see Wavefront
Setugmﬂ) is changed and the appropriate reference file is loaded, the current
reference in memory get lost.

User Calibration using a Spherical Wavefront

In order to perform this user calibration you need to apply a high quality divergent
beam that originates from a point source having a perfect spherical wavefront. A
single-mode fiber output without any collimators or lenses is ideally suited for that
purpose. Be sure the beam is properly aligned to the Wavefront Sensor and fills the
selected active camera area completely.

The calibration fails for positions that are insufficient illuminated. Although no error
occurs the according area will be excluded in further wavefront measurements.
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Setup the Wavefront Sensor to work using the internal reference. Do the appropriate
setting within the Wavefront Sensor Setup Panellss).

Wt avefront Reference

|
"3 Internal Reference
Lt

¥ |nternal Reference
|lzer Calibrated Reference

Adjust the point source straight in front of the Wavefront Sensor at a distance in the
range 10 cm to 5 m. The Wavefront Sensor will measure the distance and displays it
as Radius of Curvature RoC.

RoC 300.11nm |

Larger distances are better suited for calibration because the wavefront curvature is
lower and closer to a plane wavefront

Start the calibration procedure using Menu - Calibration > Spherical

Wavefront or simply click on the appropriate symbol & in the toolbar. The following
panel illustrates the required calibration setup.

. User, Calibration using a Spherical Wavefront

Propozed Setup

Divergent Beam Exact Sphertical Wavefront

N

mMonomode Fiber

Wavefront Sensor
Radius of Curvature = 10cim ... am

- -

The actual measured spherical wavefront will be used to define a reference for further meazurements.

Cancel

Click 'Do Calibration' to perform the user calibration.

In case you are currently working with an user reference you will reminded to switch
to the internal reference.
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« Wavefront Sensor - Error E|

This bype of wavefront calibration requires a valid measurement
dane with the 'Internal Reference’ setking,

Flease go ko SetupPanel - = MLAMW avefront - = Reference and switch,

In case the distance to the point source is measured too short or too far the following
error occurs.

= Wavefront Sensor - Error. P§|

& spherical wavefront with 100 <= RaC <= S000 mm
is expected o perform the calibration,

Change the setup accordingly and repeat the calibration.

After successful calibration you are asked if the reference data should be saved to a
file.

« Wavefront Sensor - Message P§|

User Calibration was done and activated successfully,

Save spotfield reference data to file?

[ tes | [ Mo ]

Click 'Yes' to store this user calibration to a predefined file within your application
directory to have it available in following Wavefront Sensor sessions. Otherwise, if
you click 'No' the calibration remains in memory and active but is lost as soon as the
program is terminated. Also when the sensor resolution (see Camera Setti nqs|?7'1) or
the MLA (see Wavefront Setupmﬂ) is changed and the appropriate reference file is
loaded, the current reference in memory gets lost.

In order to be distinctively the user reference file name is automatically composed
of the

¢ WFS serial number

e MLA name

e Camera resolution index
for instance WFS_M00224955 MLA150M-5C_2.ref. The file itself is stored into the
application directory.
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NOTE

Do not change the content of these reference files, they would become unusable!

The stored file for an particular camera resolution is loaded automatically at program
start and every time the camera resolution is changed but only if 'User Calibration’
optionis enabled.

© 2007-2012 Thorlabs GmbH



100 WFS Series

4.2.7

Save Measurement Data

The measured wavefront data can be saved to a text file. The preferred file extension
is .csv (comma separated values). This file type can be loaded directly into Microsoft
Excel®.

You may define some file preferences before storing the measurement data file.
Choose the menu item File > Measurement File Preferences.

= Measurement File Preferences E]

S eparation character ||:|:|mma -

Decimal character puaint hl
Omit Header Data i
L Cancel OK

The separation character between the parameter name and the appropriate value
can be set to four different characters:
Separation character  [comma R

¥ Comma
gemicolon
tabulator
zpace

'‘Comma’ is selected by default.

The decimal character can be set to a decimal comma or point in order to achieve
the desired output format.
Decimal character poaint -
¥ point
camma

'Point' is selected by default.

If the option 'Omit Header Data’ is enabled the entire header including the listing of
single wavefront and Zernike fit results is omitted and only the wavefront data array is
saved. This wavefront data array is surrounded by x- and y-scale information,
whereas the first column indicates the x coordinates and the last row indicates the x
coordinates of the wavefront array.

Choose menuitem File > Save Measurement Data or just press Ctrl + S to save
the wavefront data file to disk using the defined preferences. For the file content see
this printout of a sample file:

Thorlabs Shack-Hartmann Wavefront Sensor

Model , WES150C
Serial Number , M00224955
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Date MM-DD-YYYY
Time HH: MM: SS

* Kk Kk CAMERA * Kk K
Camera Type
Camera SN
Resolution X
Resolution Y
Exposure Time [ ms]
Master Gain
Averages

Average Type

* x % BREAM * kK
Beam Center X
Beam Center Y [
Beam Diameter X
Beam Diameter Y

mm]
mm]
[ mm]
[ mm]

* k% PUPIL * % %
Circular

Use Beam Centroid
Use Beam Dia

’

’

’

Wavefront Calc In Pupil,

Pupil Diameter X
Pupil Diameter Y
Pupil Center X [m
Pupil Center Y [m

[ mm
[ mm
]
]

m
m
**xx ZERNIKE FIT ***
Zernike Orders Auto

Zernike Orders
Zernike Modes

Unit
Index Order Frequency
1, 0, 0,
2, 1, -1,
3, 1, 1,
4/ 2/ _21
5, 2, 0,
6, 2, 2,
7, 3, -3,
8/ 3/ _11
9, 3, 1,
10, 3, 3,
11, 4, -4,
12, 4, -2,
13, 4, 0,
14, 4, 2,
15, 4, 4,

Fit Error Mean [arcmin]

]
]

’

’

’

’

’

10-11-2007
11:15:17

Thorlabs DCU224M
4002677159

320

320

0.132

1.089

1

Normal

-0.003
0.011
1.670
1.712

. 500
. 500
. 003
.011

o o P OO -

0
4
15
pm

Coefficient

0
0
0
0
-0.
. 003
. 000
. 000
. 000
. 001
. 001
. 001
. 001
. 001
. 001

’

Fit Error StdDev [arcmin],

*** RMS WAVEFRONT VARIATIONS

Unit
Order Variation
0, 0.251

’

251
000
021
001
270

9.500e-13
7.437e-05

* % %

pm
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.021
. 270
. 001
. 002

~

~

BSwWw N
~
o O O O

~

*** FOURIER NOTATION ***

Fourier Order , 2

Fourier M , 3.328
Fourier JO , 0.029
Fourier J45 ’ -0.009

*** OPTOMETRIC NOTATION ***

Optometric Sphere [ dpt], 3.358
Optometric Cyl. [ dpt] , -0.061
Optometric Axis [ deg] , 171.672
Radius of Curvature[ mm], 300. 501

**x* WAVEFRONT ***

Reference ’ Internal Reference

Unit ’ um

Wavelength [ nm] , 633.000

Type , Measured

Calculation Area , entire area

PV ’ 1.230

RMS , 0.342

RMS weighted , 0.326

Spots X , 9

Spots Y , 9

y / x [mm], -0. 600, -0. 450, -0. 300, -0.150, 0.000, 0.150, 0. 300, 0. 450, 0.600,
0. 600, 1.103, 1.087, 0.876, 0. 740, 0. 668, 0. 655, 0.671, 0.739, 0. 860,
0. 450, 1.119, 1.147, 0. 866, 0.662, 0.527, 0. 496, 0.539, 0. 654, 0.830,
0. 300, 0.931, 0.897, 0.615, 0. 405, 0. 283, 0. 252, 0. 280, 0. 386, 0. 563,
0.150, 0.809, 0.712, 0.431, 0.227, 0.106, 0. 064, 0.092, 0.198, 0.378,
0. 000, 0.752, 0. 597, 0. 321, 0.121, 0. 000, -0. 044, -0. 015, 0.084, 0. 265,
-0.150, 0. 733, 0. 561, 0. 285, 0.086, -0. 035, -0.083, -0. 044, 0.053, 0.229,
-0. 300, 0. 750, 0.603, 0. 329, 0.132, 0.004, -0. 046, -0. 008, 0.091, 0. 267,
-0. 450, 0.807, 0.711, 0. 444, 0. 246, 0.117, 0. 064, 0.093, 0. 200, 0.376,
-0. 600, 0.931, 0.897, 0.628, 0.431, 0. 304, 0. 249, 0.2717, 0. 382, 0. 564,

In case the option 'Omit Header Data' was enabled the file content is limited to the
following lines:

Spots X , 9

Spots Y , 9

y / x [mml, -0. 600, -0. 450, -0. 300, -0. 150, 0. 000, 0.150, 0. 300, 0. 450, 0.600,
0.600, 1.103, 1.087, 0.876, 0.740, 0.668, 0.655, 0.671, 0.739, 0. 860,
0. 450, 1.119, 1.147, 0. 866, 0.662, 0.527, 0. 496, 0.539, 0.654, 0.830,
0.300, 0.931, 0.897, 0.615, 0. 405, 0.283, 0.252, 0. 280, 0. 386, 0.563,
0.150, 0. 809, 0.712, 0.431, 0. 227, 0.106, 0.064, 0.092, 0.198, 0. 378,
0.000, 0.752, 0.597, 0.321, 0.121, 0.000, -0.044, -0.015, 0.084, 0. 265,
-0. 150, 0.733, 0.561, 0. 285, 0. 086, -0. 035, -0. 083, -0. 044, 0.053, 0. 229,
-0. 300, 0.750, 0.603, 0.329, 0.132, 0.004, -0. 046, -0.008, 0.091, 0.267,
-0. 450, 0.807, 0.711, 0. 444, 0. 246, 0.117, 0.064, 0.093, 0. 200, 0. 376,
-0. 600, 0.931, 0.897, 0.628, 0.431, 0.304, 0.249, 0.277, 0.382, 0.564,
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4238

Save Centroid Data

The measured centroid positions of the spots visible in the Spotfield Panells21 can
be saved to a text file. The preferred file extension is .csv (comma separated
values). This file type can be loaded directly into Microsoft Excel®.

You may define some file preferences before storing the measurement data file.
Choose the menu item File > Measurement File Preferences.

= Measurement File Preferences E]

S eparation character ||:|:|mma -

Decimal character puaint hl
Omit Header Data i
L Cancel OK

The separation character between the parameter name and the appropriate value
can be set to four different characters:
Separation character  [comma R

¥ Comma
gemicolon
tabulator
zpace

'‘Comma’ is selected by default.

The decimal character can be set to a decimal comma or point in order to achieve
the desired output format.
Decimal character poaint -
¥ point
camma

'Point' is selected by default.

If the option 'Omit Header Data' is enabled the entire header including the listing of
camera, beam and pupil data is omitted and only the centroid data array is saved.

Choose menuitem File - Save Centroid Data or just press Ctrl + C to save the
centroid data file to disk using the defined preferences. For the file content see this
printout of a sample file:

Thorlabs Shack-Hartmann Wavefront Sensor

Model , WES150-5C
Serial Number , M00224955
Date MM-DD-YYYY , 06-22-2009
Time HH: MM: SS ’ 15:01:17
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*x% CAMERA ***

Camera Type , Thorlabs DCU224M
Camera SN , 4002680294
Resolution X , 320

Resolution Y , 320

Exposure Time [ ms] , 0.079

Master Gain , 1.437

Averages ’ 1

Average Type p Normal

* Kk % BEAM * k x

Beam Center X [ mm] , 0.008
Beam Center Y [ mm] , 0.007
Beam Diameter X [ mm] , 1.708
Beam Diameter Y [ mm] , 1.701
* K x PUPIL * Kk k

Circular , 1

Use Beam Centroid , 1

Use Beam Dia , 0
Wavefront Calc In Pupil, 1
Pupil Diameter X [ mm] ’ 1.200
Pupil Diameter Y [ mm] , 1.200
Pupil Center X [ mm] , 0.008
Pupil Center Y [ mm] , 0.007

**% CENTROIDS [ pixels] **x*
Centroids X , 9
Centroids Y , 9

20.229, 42.844, 52.574, 42.775, 84.773, 42.773, 117.051, 42.724,
149. 295, 42.743, 181.650, 42.777, 213.902, 42.787, 246. 146, 42.733,
278.366, 42.821,

20.246, 75.042, 52.565, 74.955, 84.823, 75.045, 117.106, 75.022,
149. 304, 75.012, 181.650, 75. 046, 213.917, 74.977, 246.184, 75.009,
278.430, 75.019,

20.242, 107.439, 52.473, 107.460, 84.777, 107.314, 117.048, 107.325,
149.359, 107.294, 181.699, 107.331, 213.876, 107.270, 246.219, 107.205,
278.445, 107.308,

20.218, 139.755, 52.772, 139.424, 85.022, 139.721, 117.093, 139.573,
149.309, 139.615, 181.727, 139.616, 213.887, 139.590, 246.201, 139.585,
278.454, 139.498,

20.415, 171.895, 52.737, 171.847, 84.831, 171.819, 117.084, 171.803,
149. 366, 171.828, 181.724, 171.859, 213.953, 171.815, 246.173, 171.853,
278.390, 171.825,

20.309, 204.342, 52.625, 204.186, 84.893, 204.197, 117.122, 204.171,
149.345, 204.099, 181.733, 204.063, 213.944, 204.079, 246.234, 204.045,
278.466, 204.056,

20.327, 236.448, 52.601, 236.437, 84.789, 236.406, 117.132, 236.364,
149.395, 236.349, 181.685, 236.399, 213.999, 236.440, 246.165, 236.486,
278.482, 236.338,

20.348, 268.788, 52.630, 268.775, 84.893, 268.695, 117.157, 268. 744,
149.417, 268.760, 181.611, 268.689, 213.961, 268.685, 246.152, 268.639,
278.508, 268.645,

20.318, 301.021, 52.625, 301.042, 84.872, 301.003, 117.127, 300.935,
149.372, 300.958, 181.709, 300.946, 213.959, 300.971, 246.212, 300.944,
278.446, 300.924,

Spot centroid coordinates are saved as (X, y) pairs. The unit is pixels whereas the
upper left corner of the selected camera image size is the origin (point 0,0).
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In case the option 'Omit Header Data' was enabled the file content is limited to the
following lines:

Centroids X , 9
Centroids Y , 9

20.229, 42.844, 52.574, 42.775, 84.773, 42.773, 117.051, 42.724,
149. 295, 42,743, 181.650, 42.7717, 213.902, 42.787, 246. 146, 42.733,
278. 366, 42.821,

20. 246, 75.042, 52.565, 74.955, 84.823, 75.045, 117.106, 75.022,
149.304, 75.012, 181.650, 75. 046, 213.917, 74.977, 246.184, 75.009,
278.430, 75.019,

20.242, 107.439, 52.473, 107. 460, 84.777, 107.314, 117.048, 107.325,
149.359, 107.294, 181.699, 107.331, 213.876, 107.270, 246.219, 107.205,
278.445, 107.308,

20.218, 139.755, 52.772, 139.424, 85.022, 139.721, 117.093, 139.573,
149.309, 139.615, 181.727, 139.616, 213.887, 139.590, 246.201, 139.585,
278.454, 139.498,

20.415, 171.895, 52.737, 171.847, 84.831, 171.819, 117.084, 171.803,
149. 366, 171.828, 181.724, 171.859, 213.953, 171.815, 246.173, 171.853,
278.390, 171.825,

20.309, 204.342, 52.625, 204.186, 84.893, 204.197, 117.122, 204.171,
149.345, 204.099, 181.733, 204.063, 213.944, 204.079, 246.234, 204.045,
278.466, 204.056,

20.327, 236.448, 52.601, 236.437, 84.789, 236.406, 117.132, 236.364,
149.395, 236.349, 181.685, 236.399, 213.999, 236. 440, 246.165, 236.486,
278.482, 236.338,

20.348, 268.788, 52.630, 268.775, 84.893, 268.695, 117.157, 268. 744,
149.417, 268.760, 181.611, 268.689, 213.961, 268.685, 246.152, 268.639,
278.508, 268.645,

20.318, 301.021, 52.625, 301.042, 84.872, 301.003, 117.127, 300.935,
149.372, 300.958, 181.709, 300.946, 213.959, 300.971, 246.212, 300.944,
278.446, 300.924,
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429

Save Power Distribution Data

The measured intensities in arbitrary units of the spots visible in the Spotfield Panel
[521can be saved to a text file. The preferred file extension is .csv (comma separated
values). This file type can be loaded directly into Microsoft Excel®.

You may define some file preferences before storing the measurement data file.
Choose the menu item File > Measurement File Preferences.

= Measurement File Preferences E]

S eparation character ||:|:|mma -

Decimal character puaint hl
Omit Header Data i
L Cancel OK

The separation character between the parameter name and the appropriate value
can be set to four different characters:
Separation character  [comma R

¥ Comma
gemicolon
tabulator
zpace

'‘Comma’ is selected by default.

The decimal character can be set to a decimal comma or point in order to achieve

the desired output format.
Decimal character poaint -
¥ point
COmma

'Point' is selected by default.

If the option 'Omit Header Data' is enabled the entire header including the listing of
camera, beam and pupil data is omitted and only the power distribution data array is
saved.

Choose menuitem File > Save Power Distribution Data or just press Ctrl + D to
save the power distribution data file to disk using the defined preferences. For the
file content see this printout of a sample file:

Thorlabs Shack-Hartmann Wavefront Sensor

Model , WES150-5C
Serial Number , M0224955
Date MM-DD-YYYY , 06-22-2011
Time HH: MM: SS , 10:17: 32
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*** CAMERA **
Camera Type
Camera SN
Resolution X
Resolution Y
Exposure Time
Master Gain
Averages
Average Type

* % % BEAM * % %

Beam Center X
Beam Center Y
Beam Diameter
Beam Diameter

* Kk Kk PUPIL * Kk x
Circular

Use Beam Cent
Use Beam Dia
Wavefront Cal
Pupil Diamete
Pupil Diamete
Pupil Center
Pupil Center

*** POWER DISTRIBUTION

Power points
Power points
6398,
7161,
7623,
7911,
7738,
7257,
6494,

Spotintensities are saved in arbitrary units and result from summing the camera

*

[ ms]

roid

c In Pupil,

r X [
r Y [
X [ mm
Y [ mm

X
Y

7217,
8132,
8757,
9085,
8839,
8161,
7317,

mm]
mm]
]
]

[

. u.

7718,
8862,
9498,
9696,
9687,
8802,
7893,

]

Thorlabs DCU224M

4002718538

32
32
0
1.
10

Normal

R P O O

O O P OO

* Kk x

80
90
98
101
97
91
80

0
0
079
000

.003
. 013
.671
. 668

. 400
. 400
.003
.013

02,
68,
00,
05,
32,
43,
88,

7848,
8898,
9623,
9870,
9762,
8958,
7849,

7329,
8327,
9192,
9378,
9227,
8341,
7548,

6621,
7417,
8032,
8261,
8113,
7516,
6761,

pixel intensities belonging to a single spot. The upper left corner of the selected
camera image size is the origin (point 0,0).

In case the option 'Omit Header Data' was enabled the file content is limited to the
following lines:

Power points
Power points
6398,
7161,
7623,
7911,
7738,
7257,
6494,

X

Y

7217,
8132,
8757,
9085,
8839,
8161,
7317,

7718,
8862,
9498,
9696,
9687,
8802,
7893,

80
90
98
101
97
91
80

02,
68,
00,
05,
32,
43,
88,

7848,
8898,
9623,
9870,
9762,
8958,
7849,

7329,
8327,
9192,
9378,
9227,
8341,
7548,

6621,
7417,
8032,
8261,
8113,
7516,
6761,
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4210 Version and other Program Information

The menu entry Help = About displays application relevant data.

= About g|
i Ly T
@THORL/ =S
— 3

Wavefront Sensor

Program Yersion 3.2

Carnera Driver Werzion 38016
Instrurment M arme WFS150-6C
Selected MLA MName MLAT50M-5C
WS Serial Murnber MO224355
Carn Serial Mumber 4002718538

Copyright® 2011, Thorlabs GrbH

Visit Thorlabs website www.thorlabs.com for downloading available updates.

4211 Save Instrument Settings

The actual settings of the Wavefront Sensor GUI including configurations of the
graphical displays and the instrument setup are automatically saved when you leave
the program. When you start the Wavefront Sensor GUIl again your last settings are
automatically loaded and you are able to go on with your work as if there newer was
a break.

In addition you might store the complete instrument settings into a *.cfg file. These
files containing different Wavefront Sensor configurations can be reloaded to the
application software in order to repeat the previously stored measurement
conditions.

See chapter Menu and Toolbarl+3).
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4212 DataSocket for live data transfer

DataSocket is a program interface designed for live data exchange between
different applications on one system or even on separated computers connected by
a TCP/IP network. The Wavefront Sensor GUI applicationis able to send its
measurement results to a computer or database receiving the data for further usage.
Both, measured Wavefront and Zernike parameters including the complete data
arrays as well as the appropriate setup data are available via DataSocket transfer.

The Data Socket implementation on the Wavefront Sensor is not designed to
control measurement parameters of the Wavefront Sensor! Only sending
measurement data to a DataSocket receiver is implemented.

See this website http://www.ni.com/datasocket/ for details and applications of
DataSocket.

The following configurations are feasible:

a) PC A runs the Wavefront Sensor application which sends the measurement data
to the local DataSocket server running on the same machine. An application on
the same PC A retrieves the data.

b) PC A runs the Wavefront Sensor application which sends the measurement data
to the local DataSocket server on the same machine. An application on another
PC B retrieves the data. PCs A and B are connected via a network.

c) PC A runs the Wavefront Sensor application which sends the measurement data
to the distinct DataSocket server running on PC B. An application PC B retrieves
the data.

d) PC A runs the Wavefront Sensor application which sends the measurement data
to a DataSocket server running on PC B. An application on a third PC C
retrieves the data. AllPCs A, B and C are connected via a TCP/IP network.

The following explanations are related to the National Instruments® DataSocket
server. It comes with the LabWindows/CVI® and LabView® packages or is available
from the National Instruments® download website
http://digital.ni.com/public.nsf/allkb/40295802535E31B686256E91001859AB .

Starting the DataSocket server

When the National Instruments® DataSocket server is installed on a local machine it
can be started from the Start prompt of the PC:

Start > Program Files - National Instruments - DataSocket > DataSocket
Server

The server panel looks as follows
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[*d DataSocket Server E|E|@

Server  Tools Help

Statiztics for “'my-po-name.de thorlabe. local!

Proceszes Connected 1
FPacketz Recerved 26
FPacketz Sent: 41

Even when the panel is closed the server will remain active and is visible within the
task bar:

DE & [ 1513

Before using the DataSocket server for Wavefront Sensor data transfer it has to be
configured.

DataSocket Server Configuration

The DataSocket server needs to be configured to allow Read and Write access
from the connected computers. In addition, the writer application (the PC driving the
Wavefront Sensor) requires rights as a creator of new data items.

Open the DataSocket Server Manager using Start > Program Files - National
Instruments > DataSocket > DataSocket Server Manager. Click on 'Creators
and set 'everyhost' to be allowed to create new data items. Repeat this also for the
groups 'Default Readers' and 'Default Writers'.

‘sl DataSocket Server, Manager

Settings  Help

Server Settingz Description

dftbutfermaxpackets Hosts that can create new tems.

dftbutfermaxbytes

maxitems

maxconnections Narne

DitButtermaxBytes

DitButtermaxPackets
Permizsion Groups Hasts

Adminiztrators

SampleGroup

Cresators

DefaultReaders

Defaultyriters
Predefined Dats tems

— SampleBool

[*

Creators

¥ |ocalhost

lacalhost

exeryhost

Mew Group | f e [kem | Femove Group | Add Host Remove Hogt |2

Save the changed settings (Ctrl+S) and close the panel.
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4.2.121

In order to update the DataSocket server using these settings itis required to
shutdown the DataSocket server by using the appropriate menu entry.

[l DataSocket Server E|E|@
Tools Help

Hide Datasocket Server

Hide DakaSocket Server After Startup

Shukdawn DakaSockst Server

FPacketz Sent: n

NOTE
It is not sufficient to close the server panel only, the DataSocket server needs to be
relaunched to accept the new configuration!

Firewall configuration

The integrated firewall software in Microsoft Windows® XP and higher operating
systems may be configured to block access to the DataSocket server. Open the
firewall configuration panel and go to the 'Exceptions' tab. Look for the 'National
Instruments DataSocket Server' entry and mark the appropriate check box to allow
an exception.

[ Datei- und Cruckerfreigabe
I ational Inztrurnents D ataSocket Server
M ational Instruments Example Finder

Configuration Panel

To configure the Wavefront Sensor GUI software for DataSocket transfer open the
appropriate configuration panel from the menu 'Setup > DataSocket'.

« DataSocket Configuration &l

Target: |dstp/localhostAWFS_W avefrontS ensor

| datp#flocalhost AW FS W avefrontS ensor V{

Status: | Active: Connected

{# Enable basic data Connect |

{# Enable wavefiont data Digconnect |

{# Enable centroid data
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4.2.12.2

Local DataSocket server

If you want to use the local DataSocket server running on the same PC just use the
default setting 'dstp://localhost/WFS_WavefrontSensor' and click '‘Connect'. The
software will automatically start the server if it is available. The status window will
inform you about success or failure.

Separate DataSocket server

If you want to use a DataSocket server on a separate machine connected via a TCP/
IP network you have to start the DataSocket server on the remote machine first and
configure it according to the description in DataSocket for live data transferfios. Now
type in the correct network name of this computer hosting the DataSocket server, for
example dstp://my-pc-name.de.thorlabs.locallWFS_WavefrontSensor.

The name of this computer is displayed on the appropriate DataSocket server
panel. Then click 'Connect'. In case of failure look for firewalls blocking the data
transfer (DataSocket for live data transferm).

Click 'Disconnect' to shut down the connection to the DataSocket server. If you'
Close' the configuration panel the data connection holds up until it is disconnected
or the Wavefront Sensor application is shut down.

Enable basic data

i Enable basic data

When this check box is marked the software will continuously send setup and result
data of the Wavefront Sensor measurement to the DataSocket server. See
Available Data ltemsfii2 for a description of the available data items.

Enable wavefront data

i Enable wavefront data

When this check box is marked the software will automatically send the entire
wavefront data array to the DataSocket server. Because the amount of data can be
considerably it can be disabled to increase transfer speed. See Available Data
ttems/112 for a description of the available data items.

Enable wavefront data

" Enable centroid data

When this check box is marked the software will automatically send the entire
centroid data arrays (for x- and y coordinates separately) to the DataSocket server.
Because the amount of data can be considerably it can be disabled to increase
transfer speed. See Available Data ltems/i12 for a description of the available data
items.

Available Data Items

When 'Enable basic data' is checked on the DataSocket configuration panel the
following data items from the actual Wavefront Sensor measurement are sent to the
DataSocket server. As soon as a measurement is complete the data on the
DataSocket server is updated.

Measurement results in 'float' format may contain the coding 'NaN' which stands for
'Not A Number'. This indicates that the parameter is not available. Data is split in two
groups, Wavefront Sensor settings and measurement results.
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Wavefront Sensor settings are:

Data ltem Format Unit / example
Instrument Name string e.q. "WFS150-5C Wavefront Sensor"
Serial Number string e.g. "M00224955"

Wavefront Unit Um Waves [short 0 =um, 1 =waves

Wavefront Data_EntireArea_ |short data relate to O = entire area, 1 = pupil

Pupil

Wavefront_Type Meas_Recon|short 0 = measured, 1 = reconstructed, 2 =
Diff difference

Zernike Orders short number of Zernike orders

Zernike Modes short number of Zernike modes

Wavefront Sensor results are:

Data ltem Format Unit / example
Beam Center X float [mm]
Beam Center Y float [mm]
Beam Diameter X float [mm]
Beam Diameter Y float [mm]
Wavefront PV float (unit according to
Wavefront Unit Um Waves)
Wavefront RMS float (unit according to
Wavefront Unit Um Waves)
Wavefront. WRMS float (unit according to
Wavefront Unit Um Waves)
Fourier M float
Fourier JO float
Fourier J45 float
Optometric_Sphere float
Optometric Cylinder float
Optometric Axis float [ded]
RoC mm float [mm]
Wavefront_Variations float array|(unit according to
Wavefront Unit Um Waves)
Zernike float array|(unit according to
Wavefront Unit Um_ Waves)
Fit Error Mean Arcmin float arcmin
Fit Error StdDev Arcmin float arcmin
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When 'Enable wavefront data' is checked on the DataSocket configuration panel
the following data items from the actual Wavefront Sensor measurement are sent to

the DataSocket server.

Data Item Format Unit / example
\Wavefront_Spots_X short required array size in x direction (2"
index)
Wavefront_Spots_Y short required array size iny direction (15t
index)
\Wavefront float array|(unit according to

Wavefront Unit Um Waves)

When 'Enable centroid data' is checked on the DataSocket configuration panel the
raw spot centroid data arrays from the actual Wavefront Sensor measurement are

sent to the DataSocket server.

Data ltem Format Unit / example
Centroids_X short required array size in x direction (2"
index)
Centroids_Y short required array size in y direction (15
index)
Centroid Pos X float array|centroid x-coordinates in [pixels]
Centroid Pos Y float array|centroid y-coordinates in [pixels]

Both x and y centroid arrays contain spot coordinates, the unit is pixels. Lowest
indices are related to the upper left corner of the selected camera image size.

Format of Centroid_Pos_X and Centroid_Pos_Y data arrays was changed in
software release 2.0 from double to float!
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4.212.3 WFS Receiver Application sample

The Wavefront Sensor software package contains the sample application
WFS_Receiver.exe for demonstrating the data transfer using DataSocket. The
following is a screen shot of this program panel.

= DataSocket - Receiver, for Wavefront Sensor

Source: |dstp://localhost AW FS_WavefrontS ensor Connect [Suto Update]
-

| datp:/focalhostAWFS W avefrontSensor

| Connect [tan Lpdate] | | Update |
Statuz |Active: Connected
¢~ Enable beep when data iz updated | Dizconnect | | Quit |
Wavefront Sensor Data
Instrumnent_HName WEFS150-5C Wavefront Sensor i
Serial_Humber HO0224955 ™
*%% WFS Settings *%x
Wavelength 633.000
Wavefront_Unit_Un_Waves 1]
Wavefront_Data_Entireirea Pupil 1]
Wavefront_Type Meas Fecon Diff 1]
Zernike Modes 3
Zernike Orders 2
*x% WFS Results **x
Beam_Center_ X 0.014
Beam_Center ¥ —0.005
Bean_Diamnster X 1.711
Beam_Dianeter_ ¥ 1.720
Wavefront_ PV 4. 511
Wavefront_EHS 1.294
Wavef ront_ wRHS 1.291
Fourier H +Inf
Fourier J0O —Inf
Fourier J45 +Inf
Optomnetric_Sphere +Inf
Optometric_Cylinder —Inf
Optonetric_Axis 67 .500
RoC_mm 511.259
WEF _Variations[ 0] 1.193
WF_WVariation=[ 1] 1.167
WF_WVariation=[ 2] 0.138
Zernike[ 1] 1.193
Zernike[ 2] 0.111
Zernike[ 3] —-1.162
Zernike[ 4] —0.004
Zernike[ 5] —0.138
Zernike[ B] 0.001
Fit_Error_ Mean Arcmin 9.479=-11
Fit_Error StdDev Arcmin 1.083e—-04
*%% WFS Wavefront Array (first S5=5 slements) **x
Spot= =
Spot= v 9
1.080 0.739 0.349 —0.070 —0.520
1.282 0.940 0.553 0.131 —0.316
1.444 1.105 0.724 0.296 -0.161 =l
1.567 1.229 0.842 0.408 —0.059
1.636 1.296 0.907 0.474 0.000

*%% WFS CentroidX Array in pizels (first S5x5 elements) *%x
Centroids =
Centroids 9
25.619 58.154 90.584 123.014 155.591
25 . 606 58.113 90.573 123.052 155.631
25.580 £8.112 90.618 123.128 155.695 /ﬂ

First you have to connect to the same DataSocket server where the Wavefront
Sensor application sends the data to. Click 'Connect (Auto Update)' for
connecting and automatically updating the data items as soon as they are modified
on the DataSocket server. Mark the 'Enable beep when data is updated' switch
for an acoustic signal on each data update.

An update is carried out automatically by the callback routine 'DSCallback (...)' which
is fired whenever data or status on the DataSocket is changed. When 'Connect
(Man Update)' was used an update is only done by a click on'Update'.

See the sample source code WFS_Receiver.c on the Wavefront Sensor installed in
the "Thorlabs Wavefront Sensor \ WFS__Receiver' directory for detailed information
of how programming is done.
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4213 Printing

The Wavefront Sensor software enables the user to print out a screen shot of
whether

- the entire panel or

- the graph only (the right hand panel with changing content)
on a printer installed under Microsoft Windows®.

Select 'File > Print Window' or 'File = Print Graph Only' from the menu to start
printing.

Clicking on the printer symbol € in the tool bar or using the short cut (Ctrl + P)

triggers the software to print out the entire window. Beforehand a panel will be
displayed to set some printing options.

= Print E|

Pritter Irfa
ﬂame Msthorlabs-servmwiHP Laser)et 2200 Senes PCL ‘"’JI
Status: [dle
Type: HF Lazer)et 2200 Seriez PCL &
Where: Druckerbox Labor LPT1 W Eject page after printing
Comment; [ Print ta file

Graphics Options
. [~ Force black & white

Wfidth; _E nitire paper b =l

Height: _P'ru:up-:urtiu:unal ko width VJI ﬂ 1 ¥ Scale to screen
Horigontal offset:  Centered TJI ﬂ 0 I Visible area only
Wertical offzet; _S pecify in millimeters/10 T_: -::I: 0 Iv¥ lze Bitmap Frinting

Select the printer connected to your PC or network. Just click 'OK' forimmediate
printing.

It is recommended however to keep an eye on some printing options. First of all,
select the desired printer, go to its 'Properties’ button and set the desired paper
format (portrait or landscape) there.

There are some predefined options already set which force the entire panel or just
the graph panel to be printed on top of portrait paper.
The graphics options that ensure usage of whole paper width for that are:

Width entire paper

Height Proportional to width

Hor. offset  Centered

Vert. offset  Specify inmm/10
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5.2

If you like to use max. height in landscape format please change it to:
Width Proportional to height
Height entire paper
Horn. offset Centered
Vert. offset Centered

The option 'Use Bitmap Printing' is enabled by default which results in a printout
which is pixel by pixel a copy of the screen. To increase printing resolution and
readability you might switch it off. In this configuration the printout may differ from the
original screen image.

Service and Maintenance

Service

In normal operation the WFS series Wavefront Sensors does not need any service. It
is recommended to screw on the dust cover when the Wavefront sensor is not used.
Remove dust in the instruments entrance aperture with oil-free compressed air.

There is no need to recalibrate the WFS series Wavefront Sensors after a period of
time.

Troubleshooting
1. No Wavefront Sensor found after start of wfs.exe

¢ Look if the Wavefront Sensor is connected to the USB 2.0 port of the PC by

the delivered USB 2.0 cable. The LED at the back of the Wavefront Sensor

will indicate the instrument state:

- LED = off USB cable or USB portis defect

-LED =red Sensor not recognized by the Windows system, install the
Wavefront Sensor drivers (see Software Installation[ o)

-LED =green Wavefront Sensor is properly installed an can be used by the
application program

¢ Did you complete installation from the Wavefront Sensor Installation CD?

NOTE

If you connected the Wavefront Sensor to another USB port of the PC as you
did during installation process you have to enable this USB port for Wavefront
Sensor, too. If so, wait a few seconds until the new hardware (for this port) was
found and the popup window occurs and look at Connection to the PC[7

¢ Be sure to have administrative rights on your computer which enables you to
install software at all. Ask your system administrator to give you such rights or
to do the installation himself.

¢ Click 'Refresh' button on the 'Select Instrument' popup window. The system
needs a few seconds from connecting the device to make it ready to use.

© 2007-2012 Thorlabs GmbH



118 WFS Series

< Wavefront Sensor - Select Instrument g|

| nigtrument I Serial Mumber 2
= WF5150-5C 00224955 =

Befrezh Cancel Select

For verification purposes you might check the existence of this instrument in
the device manager of your computer. From the Start button select Settings
- System Control > System > Hardware - Device Manager. The
following entry under 'USB Devices' group indicates that the Wavefront Sensor
device is properly installed.

- E‘&P niversal Serial Bus controllers

Inkelir) 82371AB/EE PCI bo USE Universal Host Contraller
Standard Enhanced PCI to LISE Host Controller
Thorlabs DCU ced, 12801024, ps, 1/2 cameras

In case you see entries like this

=8 Universal Serial Bus controllers -1 @ Universal Serial Bus controllers
s'f!\ uc4E0 book or this 'i'f!“ IISE Device

the installation process did not come to an end. Click right on this entry, select
'Update driver' and follow the guidance of your system. If required lead the
system to this directory. c:\Windows\Inf containing all installed drivers.

2. No measurement values are updated
Displayed power values (and graphs) seems to be not updated.

¢ Perhaps the measurement has been stopped. Look at the message window
of the Wavefront Sensor GUI (right down). If there is a message like this

@

surement stopped;

you only have to start the measurement again by clicking on the menu'

Measurement > Start' or click on the symbol of the toolbar or simply
press 'F2'.

¢ [fthe measurement isn't stopped it may take only a long time for getting the
first or next result because average control is set to a high number of
averages.
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30 roll
100 roll
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Go to the Camera Settings Setup(e7) panel and select a small number of
averages.

e There is probably the trigger functionality activated but no trigger signal
applied. Check the 'Hardware Trigger' control within the Camera Settings
Setugm and see the Trigger Inputlisol chapter for correctly applying a trigger
signal.

3. The menu items, toolbar buttons and setting values in the main panel are
not reacting on your clicks
¢ There is a Wavefront Sensor popup window open like 'Wavefront Sensor
Message'. The input focus lies only on this open popup window. Close the
open popup window to get the input focus back to the main panel.

4. Erroneous or no measurement data
e Check the correct Microlens Array (MLA) selection in the Wavefront Setup
[79), probably you have physically installed a different MLA than selected
within the WFS software.
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5.3

Hot Pixel

Every digital camera can have a few ,hot pixels’ which are defective pixels showing
an intensity that is not proportional to the amount of absorbed light. Often, such pixels
appear brighter than ambient pixels, in rare cases also darker. lts appearance
depends strongly on exposure time and ambient temperature.

All cameras used for the Thorlabs series Wavefront Sensors have a hot pixel
correction already included which reduces such effects to a minimum.

Due to a long lifetime and temperature cycles the WFS cameras may show new hot
pixels which didn’t appear during factory calibration. Although such single pixel
defects do not degrade the WFS accuracy noticeably, functions like the automatic
exposure control may be influenced.

Intenzity [AD count)

Huorizontal pixel number

New hot pixel, visible in Lineview panel at horizontal position 200

In case a new, stable and strong hot pixel (more than 50 digits intensity deviation to
ambient pixels) becomes visible whether in panels ‘Lineview’ or ‘Spot Field’, you
may send your WFS instrument back to Thorlabs in order to repeat the hot pixel
correction.

Please contact your local Thorlabs office[148l for return instructions.

The CMOS camera used for the WFS10 series instruments is much faster but
shows a higher noise level and less image uniformity. In addition, there are sporadic
hot pixels appearing rarely at a random image position. Such single pixel defects
are visible only momentarily within a single camera frame and do notlead to a
violation of the instrument’s specification.

The appearance of such sporadic hot pixels cannot be corrected and is no reason
for return the instrument.
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6 Appendix

6.1 Certifications and Compliances

The Thorlabs GmbH, Hans-Boeckler-Strasse 6, D-85221 Dachau, Germany,
declares under it's own responsibility, that the products

Wavefront Sensor
WFS150-5C, WFS150-7AR, WFS300-14AR,
WFS10-5C, WFS10-7AR, WFS10-14AR

fulfill the requirements of the following standards and therefore corresponds to the
regulations of the directive.

Category Standards or description
EC DeclarationMeets intent of Directive 89/336/EEC for Electromagnetic
of Conformity - [Compatibility. Compliance was demonstrated to the following

EMC specifications as listed in the Official Journal of the European
Communities:
EN Electrical equipment for measurement, control and
61326:1997 (laboratory use — EMC requirements:
+A1:1998 Immunity: complies with immunity test requirements
+A2:2001 for equipment intended for use in industrial

+A3:2003 locations *.
Emission: complies with EN 55011 Class B Limits *

IEC 61000-4-2 [Electrostatic Discharge Immunity (Performance
criterion B)

IEC 61000-4-3 [Radiated RF Electromagnetic Field Immunity
(Performance Criterion A)

IEC 61000-4-4 |Electrical Fast Transient / Burst Immunity
(Performance Criterion A)

FCC EMC Emissions comply with the Class B Limits of FCC Code of Federal
Compliance |Regulations 47, Part 15, Subpart B *.

EC DeclarationCompliance was demonstrated to the following specification as
of Conformity - [listed in the Official Journal of the European Communities:

Low Voltage |Low Voltage Directive 73/23/EEC, amended by 93/68/EEC

EN61010- Safety requirements for electrical equipment for
1:2001 measurement, control and laboratory use.

' Compliance demonstrated using a high-quality shielded USB high speed cable
shorter than 3 meters.
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6.2

Warranty

Thorlabs warrants material and production of the WFS series for a period of 24
months starting with the date of shipment. During this warranty period Thorlabs will
see to defaults by repair or by exchange if these are entitled to warranty.

For warranty repairs or service the unit must be sent back to Thorlabs or to a place
determined by Thorlabs . The customer will carry the shipping costs to Thorlabs, in
case of warranty repairs Thorlabs will carry the shipping costs back to the customer.
If no warranty repair is applicable the customer also has to carry the costs for back
shipment.

In case of shipment from outside EU duties, taxes etc. which should arise have to be
carried by the customer.

Thorlabs warrants the hard- and software determined by Thorlabs for this unit to
operate fault-free provided that they are handled according to our requirements.
However, Thorlabs does not warrant a faulty free and uninterrupted operation of the
unit, of the soft- or firmware for special applications nor this instruction manual to be
error free. Thorlabs is not liable for consequential damages.

Restriction of warranty

The warranty mentioned before does not cover errors and defects being the result of
improper treatment, software or interface not supplied by us, modification, misuse or
operation outside the defined ambient conditions stated by us or unauthorized
maintenance.

Further claims will not be consented to and will not be acknowledged. Thorlabs does
explicitly not warrant the usability or the economical use for certain cases of
application.

Thorlabs reserves the right to change this instruction manual or the technical data of
the described unit at any time.
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6.3 Technical Data
All technical data are specified at 23 £ 5°C and 45 £ 15% rel. humidity

Operating Temperature +5 ... +35 °C|
Storage Temperature -40 ... +70 °C|
Warm-up time for rated accuracy 15 min

WFS150/300 Wavefront Sensor Specifications

Item # WF5150-5C WFS150-TAR WFS300-14AR
Aperture Size 595 mm x 4.76 mm Max

Camera Resolution 1280 x 1024 Pixels Max, Selectable

Detector Array Type CCD

Pixel Size 4.65 prm x 4.65 pm

Shutter Global

Number of Active Lenslets Selectable by Software, Depending on Microlens Array

Max Number of Active Lenslets 3I9x 19 %15
Wavefront Accuracy a) A5 ms @ 633 nm M50 rms @ 633 nm
Wavefront Sensitivity b) M50 rms @ 633 nm A1E0 rms @ 633 nm
Wavefront Dynamic Range c) >100A @ 633 nm =50Ah @ 633 nm
Local Wavefront Curvature d) =74 mm | =10 mm =40 mm
Exposure Range 79 ps - 65 ms

Frame Rate 15 Hz Max

Image Digitization 3 hit

Optical Input Connector C-Mount

Physical Size (H x W x D) 34 mm x 32 mm x 45.5 mm

Power Supply <1.6W, via USB

a) Absolute accuracy using internal reference. Measured for spherical wavefronts of known RoC.
b) Typical relative accuracy. Achievable after, and with respect to a user calibration, 10 image
averages

c¢) Over entire aperture of wavefront sensor

d) Radius of wavefront curvature over single lenslet aperture

See Microlens Datakizs! for detailed specifications of the supplied mounted Microlens
Arrays.
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WFS10 Wavefront Sensor Specifications

Item # WF510-5C WF510-TAR WF510-14AR
Aperture Size 6.34 mm x 4.76 mm. Max

Camera Resolution 640 x 480 Pixels Max, Selectable

Detector Array Type CMOS

Pixel Size 9.9 pm x 9.9 pm

Shutter Global

Number of Active Lenslets Selectable by Software, Depending on Microlens Array
Max Number of Active Lenslets 41 x 29 19 %13

Wavefront Accuracy a)

A0 rms @ 633 nm A30 rms @ 633 nm

Wavefront Sensitivity b)

A30 rms @ B33 nm AM00 rms @ B33 nm

Wavefront Dynamic Range c)

=100A @ 633 nm =504 @ 633 nm

Wavefront Slope d) +1.0° Max +0.8° Max +0.5° Max
Local Wavefront Curvature e) =74 mm =10 mm =40 mm
Exposure Range 33 ps - 500 ms

Frame Rate at Resolution 640 x 480 55 Hz 70 Hz
in Normal Mode f)

Frame Rate at Resolution 640 x 480 173 Hz

in High Speed Mode f)

Frame Rate at Resolution 180 x 180 f) 450 Hz

Image Digitization g hit

Optical Input Connector C-Mount

Physical Size (H x W x D)

32 mm x 45 mm x 51.5 mm

Power Supply

<1.6 W, via USB

a) Absolute accuracy using internal reference. Measured for spherical wavefronts of known RoC.
b) Typical relative accuracy. Achievable after, and with respect to a user calibration, 10 image

averages.

c) Ower entire aperture of wavefront sensor, normal mode.

d) max. local wavefront slope gmax in high speed mode.

e) Radius of wavefront curvature over single lenslet aperture.

f) Typical speed without graphical display, depending on PC hardware, 5th order Zernike fit at
specific camera resolution, min. exposure time.

See Microlens Datalizs| for detailed specifications of the supplied mounted Microlens

Arrays.
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6.3.1 Microlens Data

The Thorlabs uses high-quality microlens arrays for its WFS series Wavefront
Sensors which are best suited for Shack-Hartmann Wavefront Sensor applications.
All lenslets are made from fused silica for excellent transmission characteristics from
the deep UV to IR and have a plano-convex shape that allows nearly refraction
limited spots.

The lenses are formed using photolithographic techniques based on semiconductor
processing technology, which allows for excellent uniformity in the shape and
position of each microlens, unlike some microlens arrays produced from molded

epoxy.

The three Wavefront Sensor models WFS150-5C, WFS150-7AR, WFS300-14AR
and the corresponding fast models WFS10-5C, WFS10-7AR, WFS10-14AR utilize
the mounted (M) microlens arrays MLA150M-5C, MLA150M-7AR and MLA300M-
14AR, respectively.

The MLA150M-5C has a chrome mask that blocks light from being transmitted
unless it goes through a microlens and therefore increases image contrast. The
MLA150M-7AR and MLA150M-14AR have a broadband AR coating to reduce
surface reflections in the 400-900nm spectral region to below 1%.

Microlens Array MLA150-5C (without mounting)
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t

Geometric Parameters of the MLA Series (without mounting)

[}
o)
EE
T - ""‘"":-:H....n_
..--"'"""’r‘—‘#_‘
h=w /
L d
b
L f
Parameter MLA150-5C MLA150-TAR | MLA300-14AR
b, e 10 rmim 10 rmim 10 i
t 1,24 mm 1,19 mm 1,20 mm
B 150 prn 150 prn 300 prn
5 112 pm 087 pm 131 pm
t 2,380 mm 3,063 mim a6 mm
f 52 mm 6.7 mm 18 6 mm
Specifications of the MLA Series
ltemns # WF5150-5C/ WF5150-7TAR/ WFS300-14AR/
WF510-5C WF510-7TAR WF510-14AR
Microlens Array MLA150M-5C MLA150M-TAR MLA300M-14AR
Substrate Material Fused Silica (Quartz)
Wavelength Range 300 - 1100 nm 400 - 900 nm | 400 - 900 nm
Free Aperture 29 mm
Lenslet Grid Type Square Grid
Lenslet Pitch 1580 pm 300 pm
Lens Shape Round, Plano Convex Spherical Square, Plano Convex
Parabolic
Lens Diameter 146 pm 300 pm
Coating Chrome Masked Anti Reflection
Reflectivity <25% <1% <1%
Nominal Focal Length 52 mm 6.7 mm 18.6 mm
Effective Focal Length 3.7 mm 5.2 mm 14.2 mm

Array Size

10 mm x 10 mm % 1.2 mm
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6.3.2

Minimal Beam and Pupil Diameter

The detection of higher order wavefront terms up to a certain Zernike order requires
a minimum number of detected microlens spots. The minimum number of spots must
equal or exceed the number of Zernike modes to be calculated. See chapter Zernike
Fit and Zernike Modesfis7

Consequently, this minimum number of spots requires a beam and pupil diameter of
minimal size. The following graph shows the dependency for both available
microlens arrays of 150 and 300 um pitch.

Minimum Pupil and Beam Diameter
3,5
3
—WF5300x, WFS10-14AR /
5 —WFS150x, WFS10-5C, WFS10-7AR
E /
E 2
oy
@
a
c 1 |
= "
__.-—"---_
0,5
0
2 3 4 5 6 7 8 9 10
Calculated Zernike Order

For a desired Zernike order you need to set the pupil to the required diameter within
the Pupil Definitions Setuplsl. Also your physical beam diameter needs to illuminate
at least the same camera area so that the required number of spots can be
detected.

In case of unfavorable pupil settings, warnings or errors may occur. See chapter
Measurement Warnings and Errorsler] for a detailed description and suited
arrangements for its prevention.
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6.3.3

Typical Wavelength Curves

Wavefront Sensor WFS150-7AR and WFS300-14AR contains an anti reflection
coated (AR) lenslet array. The following diagram shows the typical reflectivity of the
lenslet array. lts guaranteed reflectivity in the wavelength range 400 to 900 nm is

below 1

%.

Reflectivity of MLA150-7AR and MLA300-14AR including AR - Coating
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Note: The total reflectivity of the WFS series instruments may be higher due to
reflections from the CCD/CMOS camera chip and its covering window.

Typical Transmission of Fused Silica Material

% Transmission
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Typical Response of the WFS CCD camera

Relatve Response
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6.3.4 Trigger Input WFS

Trigger Input Specifications

Parameter Min Max
Low level oV 2V
High level av 24\
Input voltage range v 30V
Pulse width 100 ps
Slew rate 35V /I ms
Input current 10 mA

AttentionAttention

Do not apply voltages exceeding the given specifications,

you may damage the WFS instrument!

The trigger input of the WFS series instruments is placed at the rear side of the
camera housing. Besides the standard USB Mini B connector which is normally
used to connect the WFS to a PC a second 9-pole Micro D-Sub connector is

available for trigger input.

use [_I__]
Py
LED { )
Micro
D-Sub
9-pole
M3 ()

WFS Series Rear View

T

Pl e W
o>
=y =
&t
o

Note: For using the trigger input you need to replace the standard USB cable
supplied with the WFS instrument with the optionally available combined USB /
Trigger Cable CAB-DCU-T2 which needs to be connected to the Micro D-Sub

jack.
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Do not operate the WFS instrument with both USB cables connected,
you may damage the Wavefront Sensor and your computer!

The following drawing shows how to connect the trigger source to the Micro D-Sub

jack.
| WFS Series Camera !
| ~®|5!
| ‘ Optocoupler E :. 4i
E ; '. 3 ' Pin 7 = neg.input (black cord)
i Fle®12
E -~ @1 Fin 2 = pos. input {red gord)
g - e I —_—
i MicroD-Sub, || 7 4/ -
i male, Ipole | _+ = !
L0 aVmax

Apply your trigger source to the free cords of the combined USB / Trigger Cable
CAB-DCU-T2 according to the following drawing:

CAB-DCU-T2

| —

WFS Series Trigger Cable

A%

|

R
L Z2mm

red cord: pos. trigger input

black cord: neqg. trigger input
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6.3.5

Trigger Input WFS10
WES10 Trigger Input Specifications
Parameter Value
Save static voltage level 05V =U=65V
Max. low level 15V
Min. high level 38V
Input impedance =100 k
Min. pulse width 10 s
Min. slew rate 5 ns/V
Applicable safety standards IEC 61000-4-2 (ESD 15kV air, 8k contact)
IEC 61000-4-5 (Lightning 12A 8/20ps)
IEC 61000-4-4 (EFT 40A 5/50ns)

Do not apply voltages exceeding the given specifications,
you may damage the WFS10 instrument!

The trigger input of the WFS10 series instruments is placed at the rear side of the
camera housing. Besides the standard USB Mini B connector there is a 12-pole

Hirose connector available for trigger input.

(. \ \
N
.\%_j. LED
Ty = =
UsB
Mini B i
\ Hirose 12P Male )
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The following drawing shows how to connect the trigger source to the Hirose jack.

WFS10 Series Camera Hirose 12P Male

Pin 11 =TTL Trigger input Pin 12 = Trigger input ground

Apply your trigger source to the free cords of the Trigger Cable CAB-WFS10-T1
according to the following drawing:

WF 510 Series Trigger Cable
CAB-WFS10-T1
brown cord: pos. TTL trigger input

) D N J

black cord: trigger input ground

Z2m .‘
|
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6.3.6 Reference Position

Wavefront data calculated by the Thorlabs WFS series Wavefront Sensors are
related to the reference position of the sensor. This positionis identical to the
location of the microlenses on the back face of the microlens array. Since this
location is different for both models also the reference position is model specific.

Reference plane

¥ Model X
™ WFES150-5C 14.2 mm
WFS150-TAR | 13.0 mm
WFS300-14AR 3.6 mm
WFS10-5C 141 mm
WFS10-TAR 12.9 mm
WFS10-14AR 3.5 mm

—
oo e

Wavefront Sensor

THORLABS

/

Lenslet array
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6.3.7 Mounting Adapter

A mounting adapter is added to each WFS Wavefront Sensor in order to supply
standard threads M4 and UNC8-32 which are compatible to the palette of Thorlabs'

mounts and posts holders.

This adapter plate is already mounted to the bottom side of the Wavefront Sensor
using the 4 screws M3x6 (WFS) or 3 screws M3x6 and 1x M2x6 (WFS10). You can
remove this adapter plate if it is not required.

M4=0.7

—— ey

JUNCB-32,

4 Pos. o7

@3,2 —

A
L

5
=l

%

—] 3 0 -

AN T B |
A A |

| 555 |—.—

7l
B
(B (s
I f 3/ N +
o == A I/"’-_bﬁl :ﬁn _ A
] B N _,J N} __},}.'
L @ o
- I'-,\\":h_.-j | = @“\/J
4 Pos. — 24— o
= 4 F s 7 R —————————m
T

WEFS Adapter Plate
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6.3.8

Zernike Fit and Zernike Modes

The wavefront can be expressed in terms of a set of Zernike functions, also called
Zernike modes.

Wix,y)= E.:cxzx (x,¥)

The wavefront W(x,y) is derived from a summation of orthonormal Zernike functions Z
(xy) weighted by its amplitudes or Zernike coefficients c . Generally a least square

Zernike fit is done in order to determine the Zernike coefficients C,

There exist various definitions about these Zernike functions. The Thorlabs
Wavefront Sensor software and this manual follows the convention according to
Malacara, see literature.

The Zernike polynomials are recommended for describing wave aberration functions
over circular pupils with unit radius. Individual terms or modes of a Zernike
polynomial are mutually orthogonal over the unit circle and are easily normalized to
form an orthonormal basis. Zernike modes are conveniently expressed in either
polar or rectangular coordinate reference frames.

Polar coordinates (r, 0) are radius r and radial angle 6, whereas r = p/a with p as
polar radial dimension and a as the pupil radius. Rectangular coordinates are x any
y both normalized to unit radius 1.

..*{{..ljucu:us £ 620,041
Atasin . 0,101

The natural scheme for ordering of the Zernike modes is to use a double index
corresponding to the radial order and angular frequency as shown above in the
above equation. However, for numerical purposes it is useful to have a single-index
scheme which allows the Zernike coefficients to be written as a vector for use in
linear algebra calculations. Numerous schemes for ordering the Zernike modes have
been proposed in the optics literature, each with its own advantages and
disadvantages.

The following table gives the Zernike polynomials in radial coordinates of order O - 4
according to the Malacara index scheme.
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Mode [Orde [Freq| Merm |Zernike polvnomial
r
1 0 I 1 1
7] 1 1 z r*sin(@)
3 1 -1 2 r*cos(B)
4 2 2 VB | re*sin(28)
5 2 | 0 ¥3 o |arZ -1
6 2 | -2 ¥ |re*cos(28)
7 3 3 242 | r3vein(38)
B 3 1 242 | 3r3%sin(B) -2r*sin(8)
[+ 3 -1 242 3r3"‘|:35[5] -2r*cos(8)
10 3| -3 | 242 |p3%ges(3g)
11 4 4 V10 | r*sing48)
1Z | 4 V10 | 4rd*sin(28) -3r2*sin(28)
13| 4 0 vS gt Erd 41
14 4 -2 V10 | 4rt*cos(28) -3r2*cos(28)
15 4 | 4| Y10 | rheos(48)

Note: The WFS software uses a slightly different numbering of the frequency
column. See the following table which is fully conform to the WFS software

definitions:

Mode Order Freq. Hame Horm Zernike Polynomial, cartesian
Ho.

1 u] 1] Piston 1 1

2 1 -1 Tip ¥ 2 Vi

3 1 1 Tilt x Z ¥

4 ) -2 Aztigmatism +-45° 45 2FREY

5 z i Defocus 3 2% + 2%y -1

[3 2 2 Aatigmatism 0/90 45 ¥ o- ¥

7 3 -3 Trefoil ¥ 2z It TY - ¥

g 3 1 Coma x 24z It ty + 3%y - Iy

9 3 1 Coma ¥ 2z 3%+ ITHFY - 2%

10 3 3 Trefoil = a2z | ® - 3tHEy

11 4 -4 Tetrafoil v 410 4% Fyy - A¥xTy

12 4 -2 Sec. Astigmatism ¥ 10 ¥ vy 4+ §¥xFy - BFxFy

13 4 i] Gpherical Bherr. 3 45 BFx 4+ 12% Fy 4+ 6Fy - 6% - 6%y + 1
14 4 2 Sec. Astigmatism x 410 4% 4+ d¥x %y - F¥x - 4%R Ty - 4%y 43y
15 4 4 Tetrafnil = 10 [ % - 8% Y 4+ ¥

In contrast to the table from Malacara positive and negative frequencies are
switched in sign to get a more natural order.

Normalization factor
A normalization factor ‘Norm’ is used to convert the orthogonal set of Zernike
polynomials into a set of orthonormal functions having a 'Unity Variance' which
means that each normalized function has become a RMS variation of 1.

That is, the total measured wavefront variation for a particular mode is:
WEFS_Coefficient * Norm_Factor * Zernike function.
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The next table illustrates the wavefront aberrations for Zernike functions of order 0 - 7
for all angular frequencies.

Literature: D. Malacara, Optical Shop Testing, 2nd ed., (John Wiley & Sons, Inc.,

Zi(r" fa)= Z"“"m Double-index Zernike polynomials
2 onder

=An gular frequency r=radial
Common Names F65 422 10414243 44454647 order

Piston 1 o
Tip, Tilt L) 1
Astigmatism, Defoc us EoN
ol =
Coma, Trefoil 24 ve
[0 [0 C 0 [ EF
Spherical RBEBO@ES
oo [ =]
Jecondary coma E B [ﬁ E !
(FEEOEE®
Seco herical [+ o i
ndary sp !mnnnmnn—ﬂmn
(O
[0 10 [0 [0 10 10 0 10

New York, 1992).
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6.3.9
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6.3.10 Drawing WFS150-7AR
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6.3.11 Drawing WFS300-14AR
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6.3.12 Drawing WFS10-5C
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6.3.13 Drawing WFS10-7AR
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6.3.14 Drawing WFS10-14AR
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6.4

6.4.1

6.4.2

Thorlabs ‘End of Life' Policy (WEEE)

As required by the WEEE (Waste Electrical and Electronic Equipment Directive) of
the European Community (EC) and the corresponding national laws, Thorlabs offers
all end users in the EC the possibility to return "end-of-life" units without incurring
disposal charges.

This offer is valid for Thorlabs electrical and electronic equipment
e sold after August 13, 2005
« marked correspondingly with the crossed out "wheelie bin" logo
« sold to a company or institute within the EC
« currently owned by a company or institute within the EC
« still complete, not disassembled and not contaminated

As the WEEE Directive applies to self-contained operational electrical and
electronic products, this "end-of-life" take back service does not refer to other
Thorlabs products, such as

e pure OEM products, that means assemblies to be built into a unit by the user

(e. g. OEM laser driver cards)

e components

e mechanics and optics

« left over parts of units disassembled by the user (PCBs, housings etc.)

If you wish to return a Thorlabs unit for waste recovery, please contact Thorlabs or
your nearest dealer for further information.

WEEE registration number (Germany): DE97581288

Waste treatment on your own responsibility

If you do not return an "end-of-life" unit to Thorlabs, you must hand it to a company
specialized in waste recovery. Do not dispose of the unit in a litter bin or at a public
waste disposal site.

Ecological background

It is well known that WEEE pollutes the environment by releasing toxic products
during decomposition. The aim of the European RoHS Directive is to reduce the
content of toxic substances in electronic products in the future.

The intent of the WEEE Directive is to enforce the recycling of WEEE. A controlled
recycling of end-of-life products will thereby avoid negative impacts on the
environment.
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6.5 Listings
6.5.1 List of Acronyms

The following acronyms and abbreviations are used in this manual:

3D 3 Dimensional

Cw Continuous Wave

DFB Distributed Feedback

DSP Digital Signal Processor

EC European Community

EU European Union

FPS Frames per Second

FWHM Full Width Half Maximum

GUI Graphical User Interface

MLA Microlens Array

NI National Instruments

OEM Original Equipment Manufacturer

PC Personal Computer

PCB Printed Circuit Board

RoC Radius of Curvature

RoHS Restriction of the Use of Certain Hazardous Substances in Electrical
and Electronic Equipment

VISA® Virtual Instrument Software Architecture

USB Universal Serial Bus

WFS Wavefront Sensor
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6.5.2

Addresses

Our Company is represented by several distributors and sales offices throughout the

world.

Europe

Thorlabs GmbH
Hans-Boeckler-Str. 6
D-85221 Dachau / Munich
Germany

Sales and Support

Phone: +49 (0) 81 31 / 5956-0
Fax: +49 (0) 81 31 /5956-99
Email: europe@thorlabs.com
Web: www.thorlabs.com
USA

Thorlabs, Inc.

56 Sparta Avenue
Newton, NJ 07860

USA

Sales and Support

Phone: +1-973-579-7227

Fax: +1-973-300-3600

Email: sales@thorlabs.com
techsupport@thorlabs.com

Web: www.thorlabs.com

Japan

Thorlabs Japan Inc.
3-6-3, Kitamachi,
Nerima-ku, Tokyo 179-0081

Japan

Sales and Support

Phone: +81-3-6915-7701

Fax: +81-3-6915-7716

Email: sales@thorlabs.jp
Web: www.thorlabs.cojp
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China

Thorlabs China

Oasis Middlering Centre
3 Building 712 Room
915 Zhen Bei Road

Shanghai

China

Sales and Support

Phone: +86 (0)21-32513486

Fax: +86 (0)21-32513482
Email: chinasales@thorlabs.com
Web: www.thorlabs.com

Our company is also represented by several distributors and sales offices
throughout the world. Please call our hotline, send an Email to ask for your nearest
distributor or just visit our homepage http://www.thorlabs.com
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Index
-A -

Acronyms 147
Addresses 148
administrative rights 117
angular frequency 137
Autorun 10

Awerages 67

-B -
Beam Data 88

Beam View Panel 56
Beamview Configuration 56
Bitmap Printing 116
Black Level 67

-C -
Calc extradata 86
Calibration 43, 117
Camera Image Size 67
Camera Settings 67
Cancel Wawefront Tilt 79
CCD camera 23
Centroid Data 103

Certifications and compliances 121

Chrome mask 125
Circular pupil 76
C-Mount 23
Connection to the PC 17
Coordinate Definitions 38
csv 100, 103

- D -

Data flow chart 23

Data ltems 112

DataSocket 109
DataSocket Configuration 111
DataSocket server 109

DCU 10

Default 3D View 58

Default Setup Parameters 65
Default Top View 58
Description 23

Difference 58

Display 43

Display Graphics (time consuming)

86

Driver 10

- E |

Ecological Background 146
Enable basic data 111, 112

Enable wawefront data 111, 112
Error List 91

Errors 91

Exchanging the Microlens Arrays 28
Exposure time 67

-F -
File 43, 100, 103

Firewall 109

Fit Error 88

Fit up to Zernike Order 83
Fourier constants 88
Functionality = 23

-G -
Gain 67
Graphical User Interface 40

GUI 40

-H -
Help 43

Highest order in Fourier and Optometric calculations
83

Hot Pixel 120

Internal reference 79

-L -

Limit to Pupil Interior 76
Lineview Configuration 50
Lineview Panel 50

Literature 137

Live data exchange 109
Local DataSocket server 111
Localhost 111

- M -

Malacara 137

Master Gain 67

Measured 58

Measurement 43

Measurement results 88
Measurement Warnings and Errors 91
Menu 43
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Micro D-Sub jack 130 S
Microlens Array Selection 79 = -
Microlens Data 125 Safety 4
microns 79 Sawe Centroid Data 103
Miscellaneous 86 Sawe Instrument Settings 108
MLA150-5C 125 Save Measurement Data 100, 103
MLA150-7AR 125 Save Only Wawefront Data 100, 103
Mode selection for wavefront reconstruction Save Power Distribution Data 106
Mounting Adapter 135 Separate DataSocket server 111

Serial Number 108
- N - Senice 117
Noise Cut Level 67 Setup 43, 65
0 Setup Panel 65

- - Shack-Hartmann 23
Omit Piston + Tip + Tilt 63 Show RMS wavefront variations in Zernike orders 63

Operating Instruction 30
Operating the instrument 42
Optometric constants 88

- P -

Paper format 116
Photodiode 134
Pickup-Tool 28

polar or rectangular coordinate
Position 134

Power Distribution 106
Preconditions 5

Print Graph 116

Print Window 116
Printer 116

Pupil Center 76

Pupil Definitions 76
Pupil Diameter 76

PV 88

-R -
radial order 137
Radius of Curvature 88
Reconstructed 58

Reference Position 134
Reflectivity of MLA150-7AR

z) 38

RMS 88

RMS Variations 88

RMS wawefront variations 63
RoC 88

Rremote DataSocket server

137

128
Right-hand coordinate system (x

111

Slit 134

Software Installation 10

Specifications 123

Specifications of the MLA150 Series 125
Spotfield Configuration 52

Spotfield Panel 52

Start the Application 22

Start the GUI 22, 40

- T |

TCP/IP network 109

Technical Data 123

Tit 79

Toolbar 43

Transmission of Fused Silica Material 128
Trigger Cable CAB-DCU-T2 130

Trigger Input 130

Troubleshouting 117

- U -

uc480 10

use 17

USB Device 17

Use Beam Centroid 76

User Calibrated Reference 79

User Calibration 95

User Calibration using a Plane Wavefront 95

User Calibration using a Spherical Wavefront 95

-V -

Version Information 108

-W -

Warnings 91
Warranty 122
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Waste Treatment 146
Wawefront 79

Wawefront data 88
Wavwefront Graph Configuration 58
Wavwefront Panel 58
Wawefront Reference 79
wavefront resolution 67
Wawefront Sensor Setup 65
Wawefront Unit 79
Wawelength 79
Wawelength Curves 128

waves 79

WEEE 146

WFS_Receiver example program 115
wRMS 88

-7 -

Zernike Bar Graph Configuration 63
Zemike Coefficients Panel 63
Zernike Fit 83, 137

Zernike Modes 88, 137

Zernike Order 83
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