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Chapter 1

General

1.1 Scope of this Document

In this documert, we presert a conceptual design for the Calibration Unit of LINC-NIR VANA.
Depending on the actual delivered hardware and the experiencewith the telescope componerts by
other groups a more detailed calibration plan will be worked out. Once this is completed, the nal
designof the calibration unit itself will be done. Here, we thus presen only a conceptual designfor
the calibration of the componerts, which most likely require a dedicated and repeatable calibration

procedure.

1.2 Applicable Documents

No. Title

LN-MPIA-FDR-AIT-001 | Alignment & Setup Hardware | 1.0
LN-MPIA-FDR-AIT-003 | Alignment Plan 1.0
LN-MPIA-FDR-AIT-004 | Setup & Calibration Plan 1.0
1.3 External Interfaces

Item Short description

Linear stagesto optical bench
Linear stagesto electronic rack
Linear stagesto software

Light sourcesto electronic rack
Light sourcesto software

FISBA to optical bend

FISBA referencemirror to benc
FISBA to electronicsrack
FISBA to services

Rotation bearingto electronic rack
Rotation bearing to software

Mounting on the bend
Motor cortroller

Motor cortrol

Mount under instrument
Switch on and o

For attening the DMs
For attening the DMs
Mounting Computer, Laser
Ethernet, voltage supply
Motor cortroller

Motor cortrol

Number and Issue
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1.4 Acron yms and Abbreviations

acrorym | full name

AGW Acquisition, Guiding, and Wavefront sensingunits
AO Adaptiv e Optics

DM Deformable Mirror

DSM Deformable SecondaryMirror

FDR Final Design Review

FFTS Fringe and Flexure Tracking System
FOV Field of View

GWS Ground-Layer Wavefront-Sensor
HW Hardware

MCAO | Multi-Conjugate Adaptiv e Optics
MHWS | Mid-High-Layer Wavefront-Sensor
NIR Near Infrared

OPD Optical Path Dierence

PDR
SW
WFS

Preliminary Design Review
Software
Wavefront-Sensor




Chapter 2

Requiremen ts for the Calibration Unit

The calibration unit has the task of calibrating the di erent sub-systemsof LINC-NIR VANA, in
particular:

MCA O-System
Interferometric beam-conbiner
Sciencedetector

Fringe-and-Flexure Tracking System (FFTS)

In this chapter, we presen the requiremerts of these single sub-systems.

2.1 MCA O-System

For the MCA O-System, the following calibrations mus occur likely every night:

Flattening of the Xinetics Deformable Mirrors.

Measurethe gradient-matrix and calculate the reconstruction matrix for the Xinetics DMs.
And we expect the following to be required once per obsenation run:

Calibrate the linear stagesof the single Star Enlargers: conversion of travel in mm to arcsecin
the eld.

Measurethe gradient- and the reconstruction-matrix of the deformable secondarymirror.

Measurethe static aberrations of the non-common optical path and apply the corresponding
pattern to the Xinetics DMs to compensatefor this.

2.2 Interferometric Beam-Com bination

In order to achieve interferometric beamcombination, we have to make surethat the two beamsfrom
the two arms of the instrument ful Il certain requiremerts. For the calibration of those we expect to
calibrate ead night the following things:
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Ched for internal zero OPD betweenthe two foci asde ned by collimators
Ched the homotheticity (pupil position, pupil size,focal length of the collimator)

Ched the position of the optical axis

2.3 Science Detector

For the sciencedetector, we expect the following to be calibrated every night / for ead obsenation:

The optical axis of the instrument hasto coincide with the de-rotation axis of the detector.

Flat- elding of the detector for all the lters usedfor an obsenation.

2.4 Fringe-Flexure Tracking System

For the Fringe-Flexure Tracking System (FFTS), the following are required to be performed for eath
night / for ead obsenation:

De ne the optical axis of the complete instrument, which will sene as a referencefor star and
exure tracking.

The following things are neededonly onceper obsenation run:

Calibrate the motion of the linear stagesof the FFTS in the FOV: conversion of travel in mm
to arcsecin the eld.

Flat- elding of the detector with various lters.



Chapter 3

How to achieve the requiremen ts

In this chapter we preser the proposedmethods for calibration of the single componerts intro duced
in the previous chapter.

3.1 MCA O-System

The calibration of the MCAO system includes the calibration of the deformable mirrors (the de-
formable secondaryand the Xinetics DMs) and the two wavefront-sensors(GWS and MHWS).

3.1.1 Flattening of the Xinetics DMs

For the attening of the Xinetics Deformable Mirrors, there are various possibilities:

Use of the FISBA interferometer and someoptics and / or a clever placemen of the FISBA in
the beamfor the attening procedure. With this interferometer, the surfaceof the DMs will be
measuredevery 10 secondsand an iterativ e procedurewill be usedto atten the DMs optically
down to a given accuracy

At the momen, we prefer this method, sinceit relies on commercial (albeit quite expensiw)
componerts. Howewer, it doesnot include the calibration of non-common path aberrations.

Use of the Sciencedetector or the FFTS to perform a phase-diversity measuremeh to atten
the DMs.

At the momert, this technique is only applicable for the measuremeh and compensation of
the non-common path aberrations (seesection 3.1.5). It hasto be seenwith the instrument
running in the lab if this method can also be usedfor the attening of the Xinetics DMs with
the required high-spatial frequencies.

Use of the MHWS as a closed-lmp wavefront-sensor: Place some b ers at the focus of the
telescope, illuminate the Xinetics DM and measurethe resulting wavefronts with the MHWS.
With a calibration of the MHWS in the lab, it is then possibleto reconstruct the wavefront
and thus the shape of the DMs from these measuremets.

This methods requires a very careful calibration of the MHWS in the lab. Howewer, it is not
clear if this calibration is stable enough over time and temperature variations to make this
method applicable.



6 LN-MPIA-FDR-AIT-007 Calibration Unit Issuel.0

The nal selectionof attening method will be done after tests in the lab, e.g. if the calibration of
the MHWS is stable enoughto be suited for this application and the phase-diwersity technique is
sensitive to the high-spatial frequencies.

3.1.2 Gradient Matrix High-La yer DMs

The Gradient Matrix includesthe responseof the WFS to the applied modesof the DM. It is measured
by successiely applying single modesto the DM and measuringthe gradierts of the wavefront with

the wavefront-sensor. In closed-lmp operation, the inverse of the Gradient matrix { the so-called
reconstruction matrix { will be usedto calculate the modeswhich have to be applied to the DM from

the measuredgradierts.

Therefore, to measurethe Gradient Matrix, the complete DM has to be illuminated. Howewer, in

the Layer-Oriented approac usedby LINC-NIR VANA, ead star only partially illuminates the DM.

It is thus necessaryto use more than one b er as for traditional AO systems. For this reason,we
proposeto useeight b ersplacedin the focal plane of the telescope { onefor eat star enlarger. In

LINC-NIR VANA, the signalsof theseeight Star Enlargers are then optically co-addedto get a meta-
pupil comprising the whole Xinetics DM. The single Star Enlargers are supposedto be reasonable
equal; it is thus not necessarythat the Star Enlargers be at their respective position in the FOV

during calibration where they will be afterwards during closed-lmp operation (i.e. the position of
the guide stars). For the inversion of the Gradient-Matrix to calculate the Reconstruction-Matrix,

various algorithms are proposed. Howewer, this is not subject of this documert, but of the control

software documertation.

3.1.3 Gradient Matrix Deformable Secondary Mirrors

The approach to measurethe Gradient Matrix for the Deformable SecondaryMirrors is similar to
that of the High-Layer DMs preseried above. Again, the whole DM hasto illuminated with a b er,
the single modeshave to be successiely applied and measuredwith the GWS unit. At the LBT, the
deformable secondarymirror is concave-shaped, which meansthat it hasa nite focusin front of it,
wherea b er (with the required large F-ratio of lessthan around 1.14) can be placed.

Furthermore, the Deformable SecondaryMirrors of the LBT are at the entrance pupil position, which
meansthat onesingle b er canbeusedto illuminate the whole mirror. Each of the Star Enlargershas
then to be moved to the corresponding position of this b er and can then be calibrated individually .
Howeer, sincethe pyramids and the lensesare not perfect, the calibration will be slightly dierent
for eah of the Star Enlargers. Depending on the experience we will have made in the lab with
the GWS unit, we will decide whether the nal gradient matrix will be a simple superposition of
the calibration of all the Star Enlargers or a more sophisticated calculation (by e.g. consideringthe
brightnessesof the actual used guide-stars as a weighting in the addition of the single calibration
matrices) will be performed.

3.1.4 Calibration of the Linear Stages

The Star Enlargers have to be positioned preciselyat the position of the guide-starsin the FOV. Due
to temperature changes,etc. we thus expect that we have to calibrate the motion for all of these
stagesregularly to know the precisecorversion of the position in mm of the stagesand to arcseconds
in the FOV.
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To do this, we proposeto place a Zerodur plate with attached b ersin the focus of the telescope.
The distancesbetweenthe b ersat the plate can be measuredvery preciselyand with this, the travel
motion in mm of the linear stagescan then corverted into arcsecondsin the FOV. This procedure
will then be done successiely for ead Star Enlarger.

3.1.5 Comp ensation of Non-Common Path Ab errations

To calibrate the non-commonpath aberrations?, a perfectlight-sourcehasto be placedat the position
of the telescope focusand the image quality at the sciencedetector hasto be analyzedand optimized.

In order to measurethese non-common path aberrations, we propose to use the phase-diersity
method. For this technique, the detector hasto be successiely positioned at three di erent positions
(in front of the focus, at the focus and behind the focus) and at ead of these positions the resulting
image has to be recorded. Using thesethree images,the wavefront can be reconstructed and com-
pensatedfor with the Xinetics DMs in an iterative scheme. To achieve the best accuracy with this
method, the detector hasto be moved between0.5 and 1.5 wavelengths of defocus, which meansfor
a given wavelength and F-ratio F=#, the the required shift z of the detector is given by:

z=8 (F=#) 2

Howewer, since moving the detector by the required amournt (90 mm) is not possiblein the caseof
LINC-NIR VANA, we proposeto move the b er placed at the focus of the telescope instead. Using
the equation above, the required shift of the b er can be estimated to be around 2.7mm in ead
direction.

This method is surely not ideal, becausethe light will not go through the sameregionsof the lenses
and the resulting defocus will not linear with the motion of the b er. The changein the diameter
of the illuminated regionson the lenseswhen moving the b er was analyzedwith the optical design,
and it turns out that this amourts to only 0.24mm, which is 0.2% of the beamdiameter. This e ect

should thus be negligible. Also, the non-linearity of the amount of intro duced defocus on the science
camerawhen moving the b er can be accommalated with a careful analysis of the optical design
and an accurate positioning of the b er.

For these reasons,we currently considerthe phase-diwersity technique by moving the b er at the
momert asthe one best suited for the calibration of the non-common path aberrations. The other
options of moving the ertire collimator (loss of homotheticity, illumination of di erent regionson the
lenses)or applying a defocus with the DMs (6 micron of stroke required) are deemednot applicable
for the given reasons.The precisemethod to generatethe three b er-imageswith di erent amounts
of defocusis not de ned yet. There arein principle three options, which will be evaluated in the lab,
beforea nal decisionwill be done:

Move the b er
In this casethe b eris mounted onto a motorized linear stageand then placedat three positions
corresponding to the required three amounts of defocus.

Usethree b ers
Instead of moving the b er, another option would be to usethree b ers, xed at the respective
required positions.

!Non-common path aberrations are aberrations in the optics betweenthe WFS and the sciencecamera, i.e. aber-
rations that are not seenby the WFS, but degrade the image in the sciencecamera. In our instrument, these include
imp erfections in the FP/20 camera, the dichroic, and the cold optics, including the mirrors, lters and dichroics.
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Use a beam-splitter

The third option would be to usejust a single b er and place a tilted glass-platein front of
it. Due to multiple internal re ections, this createslateral and longitudinal shifted, multiple
beams after the glassplate (an e ect usually responsible for the creation of ghost images).
By optimizing the thicknessand the tilt-angle of the glass-plate,the position and amount of
defocus of the single beamscan be adjusted.

3.2 Interferometric Beam-Com bination

The alignmert of the interferometric beam-conbiner comprisesthe alignmert of the OPD between
the two arms and the homothetic condition of the conbined pupil. This alignmert can thus only be
done onceall the warm optics are installed and the dewar is mounted beneath the optical bend.

3.2.1 Zero OPD

For the alignmert of zero OPD betweenthe two arms, two arti cial stars are required, which them-
selesalso have zerorelative OPD. We proposeto usetwo infrared b ersthat are placedin the focal
plane of the telescope and are very carefully manufactured to achieve a di erential optical length
of lessthan around 20 micron (limited by the dynamic range of the piston mirror). This can be
achieved with either an optical wedgeor a b er \stretc her".

In order to integrate these b ersinto the calibration unit, we proposeto usethe certral b erson the
b er plate for the alignment of the OPD.

3.2.2 Homotheticit vy

For a Fizeau-interferometer that is supposedto work also o -axis, the combined pupil hasto ful ll
the homotheticity condition. In principle, this just requiresthat the exit pupil be an exact{ albeit
down-sized{ copy of the entrance pupil (the two secondarymirrors).

With the methods described in the alignment plan (LN-MPIA-FDR-AIT-003), we will align the ho-
motheticity in the lab once. Due to changesin temperature, bending due to medanical stressetc.,
this initial alignment might changeover time. Therefore, to test and re-align the homotheticity with-
out wasting too much precious night-time, an appropriate light-source is neededfor the simulation
of a stellar asterismthat can serwe this purpose. We proposeto placein ead of the two focal planes
of the telescope two b ers. In ead of the two arms, one b er will sit on the optical axis, serving
as a reference,the other one will be placed o -axis. Again the b ershave to be manufactured and
adjusted to guarantee small OPD and correct placemert in the FOV. If the homotheticity condition
(including correct pupil orientation) is ful lled, not only the on-axis, but alsothe o -axis b erswill
interfere on the sciencedetector.
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3.3 Science Detector

3.3.1 Optical Axis

Sincethe LBT is an azimuthally mounted telescope, the eld on the sky will rotate asthe telescope
is tracking. To perform long exposures, the eld thus has to be de-rotated. But in a Fizeau-
interferometer as LINC-NIR VANA, in order to presene the homotheticity and not to destroy the
fringe pattern, this canonly be done after the combination of the two beams. In LINC-NIR VANA it
will thus be donedirectly with the sciencedetector, which requires closematching of the optical axis
of the telescope plus instrument with the rotation axis of the sciencedetector. To de ne the optical
axis of the instrument and align it with the rotation axis of the science-detector,one b er at the
optical axis is needed.For the calibration unit of LINC-NIR VANA, the on-axis b er described above
will alsobe usedto de ne the optical axis for the science-detector.

3.3.2 Flat-Fielding

For at- elding the science-detector,a simple integrating spherewill be used. It will be placedin
front of the collimator.

3.4 Fringe-Flexure Tracking System

3.4.1 Optical Axis

For measuring the exure of the instrument under dierent gravity vectors or after temperature
changes, a referencepoint is neededwhich de nes the zero-point of exure. The easiestoption is
to take the optical axis of the telescope plus instrument at the beginning of the obsenation. Since
the eld will rotate around the optical axis when the telescoge is tracking, the optical axis has to
be found very precisely If instead a point di erent from the optical axis is taken as reference,this
point will move during the integration due to the rotation of the eld and not due to exure of the
instrument. Again, we proposeto usethe on-axis b ersof the calibration unit to de ne the optical
axis and then align the telescope to it.

3.4.2 Linear Stages

In order to calibrate the motion of the linear stagesof the FFTS, both the on- and the o -axis b ers
will be used. With the known distance of thesetwo b ers, the travel range of the linear stagesas
measuredin mm can then be corverted into arcseconds.This procedurecan alsobe usedto measure
the curvature of the FFTS eld-of-view.



Chapter 4

Conceptual Design

Tofulll all the requiremerts for the calibration unit presened above, we proposethat the Calibration
Unit hastwo distinct parts:

Calibration unit for the MHWS, FFTS and interferometric beam combiner.
This unit will cortain all the hardware neededfor the calibration of the MHWS and the FFTS
and will be placedat a folded focus of the telescoge in front of the collimator (seechapter 4.1).

Calibration unit for the GWS.
Sincethe GWS is situated in front of the telescope focus, a completely di erent strategy has
to be adopted and the calibration unit for the GWS will be separate(seechapter 4.2).

In this chapter the conceptual designof thesetwo units is preseried.

4.1 Calibration Unit MHWS [/ FFTS

The calibration unit for the MHWS and FFTS consistsof the following parts, which will be described
in more detail in the following sections(seealso g. 4.2):

Integrating spherefor at- elding the sciencedetector and the FFTS.

Fiber-plate with various b ersto simulate stars for the calibration of the MHWS, the FFTS,
and to de ne the optical axis of the interferometric beam conbiner.

The FISBA interferometer, to atten the Xinetics DMs, plus an additional at mirror that sits
on another motorized linear stageand can be put in the optical beam after the Xinetics DMs
and the collimator to retro-re ect the light badk into the FISBA.

4.1.1 Integrating Sphere
For at-elding of the sciencedetector, a simple commercial integrating spherewill be used. To

re-imageits exit window onto the folded focal plane of the telescope, someoptics will be neededin
front of the integrating sphere. This will guarantee a homogeneouslhjilluminated focal plane.

10
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Figure 4.1: Sketch shawing the calibration unit of the MHWS / FFTS (dark grey box to upper left)
on the bend of LINC-NIR VANA, including all the other opto-medanical componerts. For clarity,
only the calibration unit of the left arm is showvn. The unit of the right arm is an exact (albeit
mirrored) copy of this one.

4.1.2 Fib er-plate

For calibration of the MHWS, the FFTS, and the sciencedetector, we proposeto mount all the
required b erson a singleplate to ensurestability of the setup. This b er-plate (see g. 4.3and g.
4.4) will be mounted inside a motorized bearing and is curved, corresponding to the curvature of the
focal plane of the telescope.

The 12 b ersfor the calibration of the MHWS don't have any tight requiremerts on their location.
The only requiremert is that their position remain xed over the operational temperature range and
over time (calibration of the linear stages). Howeer, their respective radial distancesfrom the certral
b er should be quite similar to avoid di erential defocus due to the curved focal plane. Also, for
the light source and the b ersthemseles, no special requiremerts are needed. Any broad-band
visible light sourceand b erstransmitting in the respective wavelength band are appropriate. The
placemern of the b ersshould be semi-random,to prevent wa e-mo desin the gradient-matrix.

The numerical aperture of the b ersshould be closeto the desiredF/15 of the telescope. Howewer,
if the numerical aperture is larger, this should have only a small e ect, becauseeven at the highest
conjugated height, a single star will already illuminate approximately 2/3 of the diameter of the
deformablemirror. The aberrations intro ducedby going through the borders of the collimator lenses
should thus be small, and are furthermore averagedout when using all 12 Star Enlargers.

For calibrating the linear stages,the distance betweentwo b erswill be measuredby placing eat
Star Enlarger at two b er positions and measuringthis known distance with the linear stages. Since
it is too much e ort to switch on and o the single b ers, all the b erswill be emitting light all
the time. But when the other Star Enlargers are in their respective parking position and not at the
position of a b erin the FOV, the respective b ersare completely out of focus on the WFS camera
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Calibration unit
for non-common
path aberrations

integrating sphere
with optics

fiber plate

motorized
precision stagé

flat mirror on

motorized precision stage focal plane

Figure 4.2: A sketch shawing the calibration unit for the DMs, the MHWS, the FFTS and the science
detector.

and thus only contribute to the overall badkground, which should be negligible.

However, for the two \zero-OPD" b ersfor calibration of the homotheticity, a little bit more e ort

hasto be invested. For these b ers, special light sourceswith a given coherencelength are needed.
The optimum would be to have a few di erent, inter-changeable,light-sourceswith roughly the same
certral wavelength, but various coherencelength to \close-in" on zero-OPD of the instrument. For
theselight-source, laser-diadesare bestsuited. Sincesingle-male b erstransmit only in avery limited

bandwith around the certral wavelength, all these light-sourcesshould be in the samewavelength-
regime. The optical length of these b ershasto be very stable (to better than 20 micron over a
length of 3 meters) over the consideredtemperature range and over time. From our experience,
this is not possiblewith ordinary single-made b ers, but only with polarization-preserving b ers. A
similar problem are the b er-couplers,whose optical length and coupling e ciency also hasto be
stable with temperature and time. But more researti hasto be donein thesedirections:

transmission of single-male b ersaway from the certral wavelength?
photonic crystal b ers: stability of the optical length, transmission?
polarization-preserving b ers stable enoughfor our application?

b er-couplers: stability of the optical length?

Another possibility to achieve dierent coherencelengths is to use lters with the same certral
wavelength, but di erent bandwidths. Depending on the availability and the prices of light-sources
and lters, the nal decisionwill be made.

The rotation of the b er-plate facilitates the alignment procedure, as well as the de nition of the
b er-position. It alsolets usread di erent positions within the FOV, but it is not strictly required.
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Sincethe requiremerts on the OPD betweenthe b ersand the resulting precision on the wobble of
the bearing are very stringent, this option might be dropped.

fine-adjustment
(5 axisg

P
to second arm .
motorized

rotation

fiber-
coupler

fiber-
coupler

light-
source

fibers for MHWS

Figure 4.3: Sketch shawing the b er-plate as seenfrom the side. The various types of b er, the
motorized bearing, and the mounting of the b ersare indicated.

arcmin i fiber

optical axis /
zero OPD fiber

motorized
bearing

fibers for MHWS
(non-regular placement)

Figure 4.4: Sketch showing the b er-plate as seenfrom the front. The various kinds of b er and the
motorized bearing are indicated.

The mounting of these\zero-OPD" b ers hasto be adjustable very precisely in the three spatial
directions (x, y, & z). This positioning accuracy should be a few micron (diameter of the b ers)
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perpendicularto the b ers(in x- & y-direction) and around 20 micron (di eren tial OPD, focal depth)
alongthe b eraxis (in z-direction). At the momert, the adjustment of the three axesof rotation are
not considerednecessary Manufacturing accuracy should be enoughfor the coarseplacemen of the
\zero-OPD" b ers. For ne-adjustments, we favor piezo- b er-positioners, which can be controlled to
a few microns. Sincethe distance betweenthe on-axis and the o -axis b er alsohasto be the same
on the two arms, both b ersneedthese ne-adjustments.

To placethe o -axis b ersat dierent positions in the FOV, while maintaining the tight mounting
requiremerts, we proposeto rotate the entire b er-plate. With the help of the rotation of the bearing,
the center of the b er-plate can then be de ned. Using this rotation, it is then relatively easyto
placethe certral b er preciselyat this position and adjust the rotation of the b er-plate in the two
axeslying in the plane of the b er-plate.

In order to get the best signal, these o -axis b ers should be as far away from the optical axis as
possible. Consideringthe limits in the travel range of the FFTS, this distance should be of the order
of 0.5 arcminutes, corresponding to 18 mm in the focal plane.

The warm optics of LINC-NIR VANA will be aligned with the help of the FISBA interferometer with
an F/15 objective. The calibration unit, and especially the b er-plate, will then be aligned to the
pre-aligned warm optics of LINC-NIR VANA. In a rst step, the certral b er will be aligned to the
rotation axis of the bearing. In the secondstep, the whole b er-plate will be aligned to the optical
axis of the rest of LINC-NIR VANA, which is accomplishedwith the help of the MHWS. The FISBA
with the F/15 objective usedfor the alignmernt of the warm optics is placed on the optical axis at
the focal plane. Its position in the FOV is recorded with the MHWS and then the b er-plate is
positioned in a way that its certral b er is imaged at exactly the sameposition. For more details,
refer to the alignment-plan (LN-MPIA-FDR-AIT-003).

4.1.3 Fib er for non-common path aberrations

As explained above, we proposeto usethe phase-diwersity technique to measurethe non-common
path aberrations. To avoid using another motor to move the b er, we proposeto usea b er-coupler
to split the light into three b ers, which are glued together with a relative shift betweentheir tips
(see g. 4.5andin more detail in g. 4.6). One of these b ersisin focus,oneis 2.7 mm in front and
the other one 2.7 mm behind the focus, as required for the phase-diwersity technique. The precise
amount of the relative shifts of the three b ers can be determined from the optical design, taking
into consideration the curvature of the focal plane and the nonlinearity of introduced defocus when
shifting the b ers.

Depending on our lab-experience,the attening of the DMs (as described in the next section using
the FISBA interferometer), could also be achieved with this method.

One b ershouldsu ce for the attening of the DMs, becausesven at the highest conjugation altitude
of 10km, the resulting shift of the pupil for a eld 10 arcsecin diameter is lessthan half the distance
betweentwo adjacent actuators. It should thus be sucient to atten the DMs optically only in
the inner region, which corresponds to the footprint of a single pupil. For the other actuators, it
should be su cien t to usea at-pattern which was measuredin the lab. This will of coursechange
with temperature and thus not be perfectly optically at, but will have very little inuence on
the adhievable correction in the scienceFoV. It remainsto be seenif the performance degradation
by doing so (decreasedStrehl-ratio) away from the optical axis is still acceptablefor the optimal
performanceof the FFTS.
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Figure 4.5: Sketch showing the calibration unit for the non-commonpath aberrations, as seenfrom
the side. It consistsof three optical b ers coupledto one b er sourceand mounted on a manual

linear stage.

2.7 mm—

-

— 2.7 mm

3 fibers L

common mounting

Figure 4.6: Sketch showing the mounting for the b ersfor the calibration of the non-common path
aberrations. The three b ers are shifted with respect to ead other by 2.7 mm and xed in this
position with a common mount.

4.1.4 FISBA-in terferometer

Another option (and implemented at least for the commissioningphase)to atten the deformable
mirrors, is to usea commercial Twyman-Green interferometer by FISBA Optics. The objective lens
of this interferometer will producean F/15 beamwith the focussituated at the position of the folded
focal plane of the telescope. After the two lensesof the collimator and the Xinetics DMs, a at mirror
will be inserted into the beamto retro-re ect the light bad into the FISBA. Then, the surface of
the deformable mirrors will be continuously measuredand with the help of an iterativ e procedure,
the applied voltagesare varied until the required surface atness is acieved.
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4.2 Calibration Unit GWS

The calibration procedurefor the GWS is not yet completely de ned. At the momert, we foresee
three possibilities for its calibration:

Usethe calibration of the AGW unit.

In this case,the measuredcalibration of the AGW unit, which usesa similar WFS, will be used
(with someextrapolation to the CCD usedin the GWS of LINC-NIR VANA). The calibration
of the AGW is done{ probably irregularly { with a dedicated b er mounted on the AGW unit
and retro-re ectors at the Gregorian focus of the telescope. The light is then re ected twice o
the deformable secondaryand measuredwith the wavefront-sensor of the AGW unit.

Simulate the propagation of the measuredin uence functions of the single actuators onto the
GWS.

Since the deformable secondary mirror has a feedba& system, its surface is known to high
precision. Togetherwith the measuredin uence functions for the single actuators, the applied
modes are therefore very well known. It would thus be possibleto simulate the propagation
of thesemodesonto the GWS and take these simulations as referencefor the operation of the
GWS / deformablesecondary The in uence of the di erence betweenthe single Star Enlargers
should be negligible, sincethe respective pupils are all optically co-added;any di erences will
thus be averagedout.

Optical calibration of the GWS.

In this case,an optical calibration will be performed, similar to what will be done with the
Xinetics DMs. That is, we will usea b erasa perfectlight sourcein a focusin front of the DM
to illuminate the DM, apply successiely the single modes,and measureead of them with the
WES unit. Depending on the experiencethat the AGW group will make with the deformable
secondary it might not be necessaryto regularly calibrate the GWS optically.

In the casethat an optical calibration of the GWS is required, we proposeto use the following
procedure. Place a b er in the Gregorian focus of the LBT, which is in front of the Deformable
SecondaryMirror and illuminate the complete DSM. Somereseart hasto be done on the type of
b er that can be usedfor this purpose,becausethe F-ratio of the LBT primary mirror is very short
(around 1.14), which can hardly be achieved with ordinary single-made b ers.

The re ected light is then focusedinto the GWS unit where a Star Enlarger is positioned at the
position of the focused b er image. As described above, the single modes are then applied to the
DSM and measuredwith the Star Enlarger. Depending on the uniformity of the Star Enlargers, this
procedureis then repeated for all the Star Enlargers.

Sincethe GWS unit only receiveslight in an annulus of 2 and 6 arcmin diameter, the b er hasto be
placed at the corresponding distance o -axis. Howewer, this introducessomewavefront aberrations
(in particular astigmatism and coma), which should be correctedto achieve better performance. The
simplest method to do sois to placetwo glasswedgesin front of the b er (see g. 4.8). Thesethree
elemerts (b er, two glasswedges)will then be mounted onto the spider in front of the DSM (see g.
4.7), which is also usedfor the mounting of the retro-re ectors for the calibration of the AGW unit.

Since the focal plane of the telescope is not plane, but curved (enough to introduce a signi cant
defocus when moving the Star Enlargers of the GWS from the minimal to the maximal o -axis
distance), seweral such b er mountings will be installed at the Gregorian focus. Their position



Calibration Unit Issuel.0 LN-MPIA-FDR-AIT-007 17

should thus correspondsto between1 and 3 arcminutes distance from the optical axis, in order to
assesghis defocusing e ect and include it in the calibration.

The parts neededfor the GWS calibration unit are:
Sewral visible wavelength b er sourcesat the prime focus of the telescope
Mountings of the b ersto the spider
Two glasswedgesfor eat of the b ers

deformable
secondary

fiber-
source

— telescope

focus

S—

primary mirror

Figure 4.7: Sketch shawing the optical setup for the calibration of the GWS. A b er sourcewill be
placed at the prime focus of the telescom. The light is re ected by the deformable secondaryand
then measuredand analyzedwith the GWS unit of LINC-NIR VANA.

The task of the calibration unit of the GWS calibration unit is to measurethe Gradient Matrix
of the deformable secondary mirror. From the experience with the deformable secondary of the
MMT (which usesthe sametechnology), we expect that this calibration routine does not needto
be performed every night, but only onceper obsenation run. The requiremerts on the stability and
durability are thus lessstringent than for the calibration unit of the MHWS.
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2 tilted glass wedges

hole for fiber

5 calibration units
around optical axis

Figure 4.8: A sketch showing the optical setup of the mountings of the b ersat the Gregorian focus
of the telescoe. TOP: The detailed optical setup, consisting of a holder for the b er and two
glasswedgesto compensatefor comaand astigmatism when placing the b er at an o -axis position.
BOTTOM: The arrangemen of 6 sud units at the Gregorian focus of the telescopge. This whole
setup will then be mounted onto deployable spidersin front of the DSM.



Chapter 5

How to arriv e at a nal design

In this chapter, we describe how we think we can { starting from this conceptual design{ arrive at
a nal designof the calibration unit for LINC-NIR VANA.

The nal design of the calibration unit will be done once all the hardware componerts of LINC-
NIRVANA are delivered and tested. Once the instrument is running in the lab, we will have a
much better idea of what the critical componerts are that have to be calibrated regularly. The
detailed procedurefor the calibration will most likely changeuntil then. Howewer the overall scheme
should neverthelessbe the sameas preserted here. We don't expect to have any major changesin
the required hardware. Once the calibration procedureis xed, the nal designand construction
drawings will be made and the additional required hardware manufactured.

Since some parts are already neededfor the testing of the complete instrument in the lab (e.g.
calibration of the MCAO system), these will probably be completed as socon as the hardware of
the MCAO system arrives at the MPIA. Other parts (e.g. calibration of the GWS) will only be
neededoncethe instrument is completed and deployed to the telescope and will thus probably only
be designedand manufactured when some experience by other groups on the calibration of the
telescope / deformable secondaryis available. Especially for the calibration of the beam-conbiner,
more investigations concerning seweral aspects{ asindicated above { are still necessary
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Chapter 6

Required Hardw are Comp onents

In this chapter, we give an overview of the required hardware componerts for the calibration unit
and their respective requiremerts.

6.1 Integrating Sphere

6.1.1 Purp ose

One integrating sphereplus additional optics on eat sidewill be usedto illuminate the scienceand
FFTS detectorsfor at elding.

6.1.2 Requiremen ts

The two integrating spheresrequire:

Uniform brightness:

The brightness of the two lamps needsto be ne-tunable and stable over a time-span of a few
tens of minutes down to a level of lessthan 1 percen, which is the desired accuracy of the
at-eld. In LINC-NIR VANA, the at- elding is donewith both integrating spheresfrom the
two arms operating at the sametime to calibrate for the e ects of the optical overlapping of
the beams. This drivesthe required accuracyfor the brightnessadjustments of the lamps.

Since the integrating sphere can only be placed very closeto the focal plane, possibly some
optics are neededto re-image the exit pupil of the integrating sphere onto the focal plane.
Otherwise, it could happen that any structures on the exit window of the integrating sphere
are imaged on the sciencedetector.

Electricity:
The lamps illuminating the integrating sphereswill need electrical power, which has to be
precisely cortrollable (seeabove).

Heat dissipation:

The lamps may get warm, but sincethey will only be usedrarely and only for a short time,
this should not posea problem either for the heat budget of the instrument, or for creating
additional turbulence inside the instrument itself.

20
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6.1.3 Parts List

The complete system consits of

Two integrating sphereswith a few cm of clear aperture including mounting.
Two lamps to illuminate the integrating spheres.
Two precisely cortrollable electrical power supplies.

Someoptics with mountings.

6.1.4 Layout

The layout of the integrating spheresis preseried in the conceptual designof the MHWS calibration
unit above.

6.1.5 Functionalit y

The integrating sphereswith someadditional optics will producean homogeneouslylluminated focal
plane, which is then imaged onto the sciencedetector and the FFTS detector.

6.1.6 Availabilit y

Seweral NIR integrating spheresare commercially available. The selection will be done basedon
the option to ne-control the lamp brightness and the optical design of the fore-optics, which will
set a lower limit on the size of the aperture of the integrating sphere, to guaranee the required
homogenousillumination over the full FOV.

6.2 Fib er-Plate

6.2.1 Purp ose

The purposeof the b er-plate is to simulate various stars at the position of the focal plane of the
telescope. Thesestars will then be usedfor part of the alignment of the complete instrument in the
lab and for its calibration on to the telescope.

6.2.2 Requiremen ts

The requiremerts for the b er-plate including the mountings of the b ersare:

Mounting:

The complete b er-plate hasto mounted preciselyto match the focal plane as de ned by the
warm optics of LINC-NIR VANA. The precision along the beam hasto be within the range of
the OPD of the used b ers, ideally around 20 microns. The requiremert on the placemen of
the b ersin the plane perpendicular to the beamis set by the diameter of the zero-OPD b ers,
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which is around 5{ 10 micron. This is at the limit, but should still be achievable by placing the
whole unit (including bearing and mounting) on manual or motorized precision linear stages.

Rotation:

The complete b er-plate has to be rotatable with a motor by at least 180 degreeswith a
wobble of lessthan 0.1 micron ( /10 OPD) at the distance of the o0 -axis zero-OPD b er. This
corresponds to a wobble of around 1 arcsecond. For the alignment of the b ers, the rotation
of the bearing hasto be measuredwith an accuracy of at least 1 arcmin.

Curvature of the b er-plate:
The b er-plate should have the samecurvature asthe focal plane of the telescope (r  1028m,
see g. 4.3).

Mounting of MHWS b ers:

The b ers for calibration of the MHWS don't need any special mounting; a semi-random
placemen which remains stable to lessthan 5 micron (diameter of the single-made b ers) over
time and various temperaturesis enough.

Mounting of zero-OPD b ers:
The mounting of the zero-OPD b ersis more delicate. Their position (in 3 axes) hasto be
adjusted to an accuracy of better than 5 micron (diameter of the single-made b ers).

Motor-controls:
For the rotation of the b er-plate, a motor with the accompatying cortroller is required. Fur-
thermore, a dedicated controller for the piezo-positioners of the \zero OPD" b ersis needed.

6.2.3 Parts List

The b er-plate consistsof the following parts:

Curved b er-plate.

Precision motorized bearing for rotation.

Precision manual linear stagesfor precisepositioning of the whole unit.
Standard b er mounts for the 12 b ers neededfor the calibration of the MHWS.

Piezo b er-headpositionersin three axesfor ead of the four zero-OPD b ers.

6.2.4 Layout

Again, the layout is preseried in the sectionabove dealing with the conceptual designof the calibra-
tion unit.

6.2.5 Av ailabilit y

Except for the curved b er-plate, which will be manufactured at the MPIA workshop, all other
componerts are commercially available. Depending on the nal designof the calibration unit (which
is not yet complete), an appropriate selectionwill be made.
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6.3 Fibers and b er sources

6.3.1 Purp ose

For the calibration source,two setsof b erswith their respective b er light-sourceswill be needed.
The rst setis usedfor the calibration of the MHWS, the secondset{ the so-calledzero-OPD b ers
{ is usedfor the calibration of the interferometric beam-conbiner, including the sciencedetector and
the FFTS.

6.3.2 Requiremen ts

The requiremerts for the two b er setsare quite dierent. The b ersusedfor the calibration of the
MHWS must ful II:

Wavelength:

For the 12 b ers usedfor the calibration of the MHWS itself, the wavelength is not critical,
any light-source that emits in the visible (sensitivity range of the MHWS WFS CCD: 0.6{ 0.9
micron) canbe used. It only hasto t to the certral wavelength of the single-made b ersused.

The b ers for calibration of the non-common path aberrations should be optimized for the
infrared wavelength regime (around 1.5 micron), in order to be detectable with the science
detector.

Light distribution:

Todistribute the light onto the 24 b ers,a standard b er couplerwith oneinput and 24 outputs
(or the combination of two b er couplers) will be used. The variation in the brightness of the
single outputs should be lessthan around 10%, which correspondsto a di erential brightness
of the single guide-starsof 0.1 mag.

Length of the b ers:
The length of the 24 b ersis only restricted by the medanical distancefrom a suitable mounting
position of the b er sourcesand the calibration unit.

Electrical power:
The consumption of electrical power by the b er sourcescan be neglected,but the b er sources
(or the power-supply) must be switched on and o remotely.

For the set of zero-OPD b ers, the requiremerts are:

Wavelength:

The wavelength of the b er light-source hasto match the certral wavelength of the b er, but
should also be optimized to the operation range of the instrument. A working wavelength of
around 1 micron is thus desirable.

Coherencelength:

For the calibration of the OPD betweenthe two arms of the instrument, the optimum would be
to have seweral b erlight-sourceswith di erent coherencdengths (2cm, 2mm, 0.2mm, 0.02mm)
to \close-in" on overall zero-OPD.
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Fiber length:

The di erential lengths of the b ershasto be within the dynamic range of the piston mirror
to correct for the residual OPD betweenleft and right arms. Therefore, the di erence in the
length of the b ershasto lessthan a few tens of microns. This can be achieved by repeatable
carefully measuring the optical length of the single b ers and polishing the b er-ends until
the lengths match to the required accuracy From our experience,standard single mode b ers
are not useful here, becausetheir optical length changessigni cantly over time or temperature
variations. When using polarization-preserving b ers, this drift can be minimized. But more
researty hasto done with respect to the suitability of the various b er types.

Light distribution:

To distribute the light from the one b er sourceonto four b ers,a polarization-preserving b er
coupler with one input and four outputs will be used. Again, we have the experiencethat a
standard b er coupleris not stable enoughover time to be applicable here. The di erence in
the brightnessof the single outputs should be better than for the b er-coupler of the MHWS.
The throughput of the two telescopesis probably equal to within a few percert. In order to
simulate the fringe-cortrast closeto what we can expect at the telescope, it would be favorable
to have a b er-couplerwhere to two outputs deliver the similar (to within a 10{ 20 percen)
amount of light.

Electrical power:

The consumption of electrical power by the b er sourcescan be neglected, but it would be
good if the b er sources(or the power-supplies) can be switched on and o remotely. If the
b ersattached to theselight sourcescan be made long enough, it is probably better to place
the light sourcesin the electrical cabinets and not on the optical bend.

6.3.3 Parts List

For the calibration of the MHWS, the following parts are needed:

2 12single-made b ersfor the visible.
2 3single-male b ersfor the infrared.

Standard b er coupler with one input and 24 outputs (maybe combine two or more b er
couplers) for the visible.

Standard b er coupler with oneinput and 6 outputs for the infrared at 1.5 micron.
One b er light-source in the visible (0.6 micron).

One b er light-source in the infrared (1.5 micron).

For the calibration of the interferometric beam combiner, the following parts are needed:

2 2 polarization-preserving single-made b ers for the infrared, with a di erence in their
respective optical length of lessthan a few tens of microns.

Polarization-preserving b er coupler with oneinput and 4 outputs.

Sewral (at best four) b er sourceswith dierent coherencelengths, but the same certral
wavelength. An alternative would be to usevarious lters with the samecertral wavelength,
but dierent bandwidths. The nal decisionwill be done depending on prices and availabilit y.
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6.3.4 Availabilit y
Although various b er sourceswith di erent wavelengthsand coherencdengths are already available

at the MPIA, more investigation concerningthe type of b ersand b er sourcesbest suited for our
requiremerts is necessary

6.4 FISBA Iinterferometer

6.4.1 Purp ose

The FISBA is a commercially available Twyman-Green interferometer and will be usedto optically
atten the two Xinetics deformable mirrors.

6.4.2 Requiremen ts

In the calibration unit, the FISBA interferometer will be mounted at the folded focal plane of
the telescope. Therefore, an objective producing a beam with roughly the same F-ratio as the
telescope is required. After the collimator and the Xinetics DM, a at mirror (atness /20 at
633nm, diameter of around 200mm) will be mounted on a motorized linear stage (travel range
around 150mm), that can be moved into the collimated beamin order to re ect the light bad into
the FISBA. The additional requiremerts for the FISBA interferometer are described in detail in the
alignmen hardware documert (LN-MPIA-FDR-AIT-001). In order to align the FISBA to the optical
axis asde ned in the alignment procedure,the mounting of the FISBA and the at mirror must have
ne-adjustments (micrometer screws).

6.4.3 Parts List

In addition to the parts described in the alignment hardware documert (LN-MPIA-FDR-AIT-001),
the following things are needed:

Flat mirror on a motorized linear stage

Fine-adustable mounting for the FISBA interferometer

6.4.4 Layout

Seethe alignmen hardware documert (LN-MPIA-FDR-AIT-001).

6.4.5 Availabilit y

Seethe alignment hardware documert (LN-MPIA-FDR-AIT-001).
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6.5 Fold Mirror

6.5.1 Purp ose

Since the area around the telescope focus inside LINC-NIR VANA is very crowded, the calibration
unit cannot be placed there, put will be mounted somewhat farther away from this position. A
folding mirror is then usedto inject the light from the calibration unit into the instrument.

6.5.2 Requiremen ts

The mounting of this folding mirror hasto be stable enoughto guarantee when re-placing the mirror
with the motorized linear stageat the samenominal position, that the tilt angle doesnot changeby
more than 1 arcsecand the position by no more than a few microns. But the mounting does not
needed ne-adjustments, since all the alignment will be done by moving the componerts (FISBA,
integrating sphere, b er-plate) of the MHWS calibration unit.

6.5.3 Layout

For a sketch shawing the position of the folding mirror, refer to the conceptual designas presened
above.

6.6 GWS calibration unit

6.6.1 Purp ose

For calibration of the GWS and the deformable secondarymirror of the LBT, b er-sourcesat the
Gregorian focus will be needed. The light is re ected at the deformable secondarymirror and then
focusedinto the GWS unit in the instrument.

6.6.2 Requiremen ts

Since the Star Enlargers cannot accessthe optical axis (hole in the folding mirror, limited travel
range of the Star Enlargers), the calibration of the GWS hasto be performed o -axis. Sewral b er
mountings will be mounted at positions corresponding to between1 and 3 arcminutes distance from
the optical axis on the spiderin front of the Deformable SecondaryMirror, which is alsousedfor the
mounting of the retro-re ectors for the calibration of the AGW unit.

The b erlight-sourceand the b ershouldbein the visible wavelength regimein order to be detectable
by the GWS CCDs. Sincethe primary mirror of the LBT hasa very short f-ratio (F/1.14), the b ers
should have an even shorter f-ratio to illuminate the whole DSM. Ordinary single-male b ers have
a f-ratio of betweenf/3 to f/10. Therefore, somemore researty hasto be doneto nd suitable b ers
for this application, or designsomeoptics to broadenthe beam of the b ers.

The glasswedgeshave to be designedto compensatefor most of the static aberrations intro duced
by placing these b ers o -axis in the Gregorian focus. Probably, this depends on the respective
positions of the b ersand hasthusto be designedindividually for ead of the 3{ 7 b er mountings.
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6.6.3 Parts List

Sincethe designof this calibration unit is still very preliminary, the following parts list contains only
the major parts that are deemedto be necessary

Fiber sourcein the visible

Fiber from the b er light-source to the Gregorian focus
Fiber-couplerto split the light into 3{ 7 b ers

For ead of the 3{ 7 b er mountings:

{ Mounting to the spider

{ Fiber holder

{ Two glasswedges

{ Maybe someoptics to broadenthe beam of the b ers

6.6.4 Layout

The conceptual layout of the GWS calibration unit is preseried above.

6.6.5 Availabilit y

The b er-holder, the b er-source,the b er-coupler, and the optics (glass wedgesand lenses)are
available commercially. The mountings of the b ersto the spiderswill be manufactured in-house.
For the b ers,somemore researti hasto be donein order to nd out, if b erswith a short enough
f-ratio are available. Otherwise, beam-matding optics will be designed.

6.7 Linear Stages

6.7.1 Purp ose

For the calibration unit, various motorized linear stagesare necessary:

Fold mirror (move in and out of beam)
Selectionof the calibration device (integrating sphere, b er-plate, FISBA interferometer)
Flat mirror for attening the Xinetics deformable mirrors with the FISBA

Beam-splitter for the calibration of the GWS
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6.7.2 Requiremen ts

Since none of these linear stageswill be used over their full travel range, but rather at only a few
distinct positions, it is only necessaryfor them to be positioned at thesepositionswith high accuracy
This includesthe position along the motion axis and the wobble of the stage:

requiremert on absolute position accuracy: a few micron

requiremert on repeatability of angle at a given position: lessthan 1 arcsecond

From our experienceon the motorized linear stagesby PI, these requiremerts can be ful lled by
commercially available stages.

6.7.3 Parts List

The parts neededare:

Fold mirror:
linear stagewith a travel range of around 200 mm

Calibration unit:
linear stagewith a travel range of around 300to 400 mm

Flat mirror for Xinetics DMs:
linear stagewith a travel range of around 200 mm

Beam-splitter for GWS calibration:
linear stagewith a travel range of around 200 mm

For ead of these stages,a motor-controller will be necessaryand capacity has beenresened in the
planned controllers and electric cabinet space.

6.7.4 Availabilit y

Various commercially available linear stagesful Il the requiremerts and could thus be used. The
selectionwill be basedon assuringcompatibility with the other linear stagesin LINC-NIR VANA.



