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ABSTRA CT

The point spread function of a segmented aperture is seriously a�ected by the misalignment of the segments.
Stringent requirements apply to position sensorsand their calibration. The Activ e Phasing Experiment (APE)
will be a technical instrument aimed at testing possiblephasing techniques for a European Giant Optical Tele-
scope (EGOT) in a representativ e environment. It will also integrate simultaneous control of segmented and
monolithic, active surfaces. A mirror composedof 61 hexagonalsegments is conjugated to the primary mirror
of the VLT. Each segment can be moved in piston, tip and tilt and can be controlled in open or closed loop.
Three new types of Phasing Wave Front Sensorsdedicated to the measurement of segmentation errors will be
tested, evaluated and compared: a modi�ed Mach-Zehnder sensordeveloped by the LAM and ESO, a Pyramid
Sensordeveloped by Arcetri, and a Curvature Sensordeveloped by IAC. A referencemetrology developed by
FOGALE will be added to measuredirectly the deformation of the segmented mirror and check the e�ciency
of the tested wavefront sensors. This metrology will be basedon a synthetic wavelength instantaneous phase
stepping method. This experiment will �rst run in the laboratory with point-lik e polychromatic sourcesand a
turbulence generator. In a secondstep, it will be mounted at a Nasmyth focus of a VLT unit telescope. These
activities are included in a proposal to the European Commission for funding within Framework Program 6.
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1. INTR ODUCTION

The essential purposeof the APE experiment is to explore, integrate, and validate active, that is low temporal
frequency, wavefront control schemesand technologiesfor an EGOT. This includesthe evaluation and comparison
of the performanceof di�eren t typesof wavefront sensorsin the laboratory and on the sky on the one hand and
the integration of the control of a segmented aperture control into an already existing active system (including
�eld stabilization and active optics) and driving both the active system and the control of the segments from
the output of the full system on the other hand.
To accomplish these taks APE will be designedas a technical protot ype which will be installed and tested at a
Nasmyth focus of a VLT unit telescope. The telescope provides all active functions (�eld stabilization, focusing,
centering, active deformablemirrors) and the APE instrument emulates the optical e�ects of segmentation. The
latter is donewithin APE by reimaging the telescope pupil onto a small Activ e Segmented Mirror (ASM) whose
shape is measuredby an internal metrology (IM). The ASM is composedof 61 hexagonalsegments and has a
diameter of approximately 15 cm. Each segments is controlled in piston, tip and tilt.
The �nal wavefront is measuredby three new types of Phasing WaveFront Sensors(PWFSs), combined in the
Phasing Metrology Module. The new typesof PWFSs are a modi�ed Mach-Zehnder interferometer, a curvature
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Figure 1. APE Schematic

sensorand a Pyramid sensor.For referenceand comparisonAPE will also be equipped with a Shack-Hartmann
sensorcapableof measuringphaseerrors at segment edges.
APE is a four yearsproject which starts in July 2004.

2. APE PRINCIPLE

Fig. 1 shows the principal components of APE. The light of the star collected by a VLT unit telescope or
generatedby a referencesourceand a turbulence generator is captured by the relay optics which re-imagesthe
primary mirror onto the ASM described in Ch. 3.4. The re
ected light is then distributed to the di�eren t phasing
sensors(seeCh. 4) and an imaging camera(seeCh. 3.3). An Internal Metrology (IM) described in Ch. 3.5 will
measurethe exact positions of the each of the 61 segments. It provides an independent check of the corrections
applied to the segmented mirror. The ASM is controlled by the Telescope Control System (TCS). APE can
work either be used to compare the measurements of the various phasing sensorswith the measurements done
by the internal metrology or work as a closed-loop control system correcting the telescope aberrations and the
misalignments of the segmented mirror basedon the measurements from one or more of the phasing sensors.
Thereby it also servesas a testbed for the development of a control system for active optics of a telescope with
segmented and 
exible mirrors.

3. APE SUB-ELEMENTS

This chapter describes all components of APE except the Phasing sensorswhich are intro duced in chapter 4).
Fig. 2 shows the main components and elements of APE. In the hardware there is a clear distinction between
the new PWFSs and the Shack-Hartman sensor(called Activ e Optics WFS), which is consideredpart of the
Guiding & active optics group. It will be a referenceagainst which the other sensorsare tested. It will also
supply information on the deformations of the meniscusmirrors in casethis can not be delivered by the PWFS.
In the Segmented mirrors group there is one in-pupil mirror, the ASM, and one out of the pupil mirror which
will simulate a secondarysegmented mirror on a giant telescope. The latter will either be a static segmented
mirror or a transmissive phaseplate.



Figure 2. APE hardware Tree

3.1. Optical set up

Fig. 3 shows the optical design. The optical beam at the Nasmyth focus with a focal ratio of F/15, is collimated
by a collimator, re
ected by the segmented mirror, and then refocusedby another collimator with the samefocal
ratio as the �rst collimator. The beamis then split into 5 di�eren t beamsfor the PhasingWFSs and the imaging
camera. A systemof two tip-tilt mirrors directs the light of a star or of the referencesourceto the WFSs. Each
PWFS receive the sameintensity. The static out of pupil mirror or piston plate is not represented in this design.

3.2. Mec hanical set up

APE shall be mounted on an optical table with a size of 1.5 by 2.5 m. Since APE will be installed on the
Nasmyth platform of a VLT unit telescope all the all components have to be compliant with the VLT standard.
The derotator will directly be mounted on the interface of the VLT Nasmyth platform. The stabilit y of the star
on the phasing wavefront sensorshall be better than 0.1 arcsec. The calibration system is a copy of the MAD
calibration system (seeMarchetti & al.1).

3.3. Imaging camera

The imaging camerais composedof an ESO technical CCD having 1024*1024pixels with a sizeof 13*13 microns.
The CCD is Peltier cooled to less than -35 degreesCelsius and has a typical readout noise of lessthan below
50 e/pixel/sec. Its quantum e�ciency is better than to 85%. The camera shall have a resolution better than
0.1 arcsec/pixel and a �eld of view of 1 arcmin. Becauseof the focal ratio of F/15 at the VLT Nasmyth focus,
which is equivalent to 582 microns/arcsec,we needadditional optics to obtain a magni�cation of 1/2.7.

3.4. Activ e segmented mirror

The segmented mirror is composedof 61 hexagonalsegments asshown in Fig. 4. The sizeof the segments 
at to

at is between15 and 23mm. The gap betweenthe segments is 0.15mm. The segments are aluminum coated to
obtain a re
ection of more than 85%from 450nmto 1400nm. The mis�gure of the segments shall be lessthan 30
nm wavefront RMS. The segments are controlled in piston, tip and tilt, and the range of the position actuators
shall be between� 5 and � 10 microns. The segmented mirror shall have has a closedloop bandwidth of 5 Hz.



Figure 3. APE Optical Design

Figure 4. ASM design.



Figure 5. Internal Metrology design.

3.5. In ternal metrology

The internal metrology is delivered by FOGALE nanotech. It is a synthetic wavelength interferometer. This
is a polarization Twyman-Green interferometer illuminated by a synthesized wavelength low-coherencecoded
optical source. The synthetic wavelength is obtained from 2 wavelengthsand can be adjusted by choosing the
right separation between� 1 and � 2 and is given by

� =
� 1� 2

� 1 � � 2

The two wavelengths are 850 nm and 800 nm which gives a synthetic wavelength of 13.6 microns. The
resolution of the piston measurement on the segments will be 1 nm RMS. Fig. 5 shows the proposedoptical
layout basedon a Twyman-Green interferometer which measuresthe optical path di�erence betweenthe reference
mirror and the test surface(ASM).

3.6. Turbulence Generator

A combined star simulator and turbulence generator named MAPS has been developed, mounted and tested
at ESO (SeeKolb & al.2). It can simulate the e�ects of three turbulent layers in the atmospheresat di�eren t
altitudes with a total seeingof up to 0.65arc secondusing three transmissive phasescreenswhich are conjugated
to the three altitudes. It also simulates a �eld of 2 arcminutes containing up to 34 stars. This turbulence
generator will �rst be usedin the experiment MAD (seeMarchetti & al.1) and then in APE.

4. PHASING WAVEFR ONT SENSORS

One of the goalsof APE is to comparesimultaneously the performanceof several PWFSs. They will therefore
receive the sameamount of light for simultaneous exposuresand will use the sameVLT technical CCDs with
identical control systems. The four PWFSs to be comparedare MAZES proposedby LAM, PYPS proposedby
ARCETRI, DIPSS proposedby IAC/GTC, and a SHAPS which will be supplied by ESO.



Figure 6. MAZES Principle.

Figure 7. Measured intensity distribution of arm 1(a), arm 2(b), the interferogram(c) and of the normalized signal(d).

4.1. MAZES: Mo di�ed Mac h-Zehnder Phasing Sensor

MAZES will be designedby LAM and ESO. A schematic view is given in Fig. 6. Its principle hasbeendeveloped
by Natalia Yaitskova, Kjetil Dohlen and Luzma Montoya (seeYaitskova & al.3). The telescope beam is focused
inside the Mach-Zehnder interferometer. In one of the two arms at the point spread function at the location
of the focus will be �ltered spatially by a pin hole with a size of the sameorder as the size of the image, that
is the di�raction pattern in the casewithout and the seeingpattern in the casewith atmosheric disturbances.
The segmented mirror is then reimaged after the interferencevia a lens onto the detectors. The optical phase
di�erence between the two arms must be equal to � /2. This can be achieved by alignment or with a phase
plate. The signal is obtained by taking the di�erence of intensities between the two arms. A protot ype has
been mounted at the Observatoire de Marseille and tested with a piston mirror. During the test a turbulence
generator simulated seeingup to 0.45 arcsecondand r 0 = 25:8cm at 680nm. The recordedsignalsare shown in
Fig. 7.

4.2. PYPS: Pyramid Phasing Sensor

The pyramid sensorhas�rst beenproposedby R. Ragazoni(seeR. Ragazzoni4) for usein adaptive optics. PYPS
will be developed by ARCETRI. A preliminary theoritical and experimental study hasbeenmadeby S. Esposito
(seeEsposito & al.5) to adapt it to the phasingof mirror segments. According to this study with a star of visual
magnitude 15 the resolution should be better than 40 nm RMS. The principle of PYPS is shown in Fig. 8.



Figure 8. Principle of PYPS.

Figure 9. DIPSS Schematic.

Figure 10. (a)DIPSS signal no turbulences (b) DIPSS signal with seeing= 0.65 arcsec.

4.3. DIPSS:Di�raction Image Phase Step Sensing

The principle of a curvature sensorhas been �rst described by Roddier. The Institute of Astrophysics of the
CanariesIsland (IA C) proposesa modi�ed curvature sensorcalled DIPPS. The principle has beendeveloped by
Achim Schumacher. (seeSchumacher & al.6). A schematic view is shown in Fig. 9.

A preliminary experiment has been done in Garching using a turbulence generator and a piston plate, The
piston plate was composedof 37 segments with 4 levels of piston stepsand was placed on the pupil position of
the primary mirror. The experiment hasbeendonewith and without turbulence equivalent to a seeingup to 0.6
arcsec. The �rst analysis of the result shows an error of lessthan 15 nm RMS without turbulences and better
than 25 nm RMS with seeingof 0.6 arcsec.Further analysis will be done. Fig: 10 shows the signal without and
with atmospheric turbulence.

4.4. SHAPS: Shack-Hartmann Phasing Sensor

The Shack-Hartmann sensorcalled SHAPS will be developed by ESO. It will be the referencefor the other
PWFSs and it will be usedalso as the guiding and active optics WFS. An ESO technical CCD will be usedwith



Figure 11. SHAPS.

a size of 1024*1024pixels. The microlenseswill be designedto speci�cally measurepiston, tip and tilt of each
segment. Its principle is shown in Fig. 11.

5. APE CONTR OL SYSTEM

The Activ e Phasing Experiment Control Software (APECS) is required to carry out the APE project. The
control software has to provide the meansto interface, control and monitor the various devicesneededfor this
project. The software will provide all the necessaryfunctionalit y to evaluate the control systemunder laboratory
conditions and under the conditions in the VLT environment.
The system must accomplish the coordination betweenthe wavefront analysesdone by several PWFSs, control
of the segment mirror ASM and the VLT active optics and the coordination between the imaging cameraused
to select the star and the �eld selector composedof 2 scanningmirrors. It shall control all TCCDs (Technical
CCD) (from the PWFSs and of the imaging camera), the �eld selectorand its scanningmirrors, the ASM, the
3-axis table of the calibration unit, the derotator sinceAPE will be on the Nasmyth platform, the Z-tables for
the imaging cameraand the PWFSs (focusing).
APECS shall deliver the control loopsof the ASM in open and closedloop with the IM or with any of the PWFS
at up to 5Hz.
The systemshall provide extendedtest facilities, both for individual APE devicesand for higher level operation.
The systemshall interface the IM with ASM control LCU (Local Control Unit), it alsoshall interfaceand control
the VLT TCS-active optics of M1 and M2 with the data from the PWFS and active optics WFS.
The baselineof the control software will be the VLT Common Software (VLTSW).

6. APE MEASUREMENTS CAMP AIGNS

APE Technical runs shall last a year with a �rst period in laboratory and then a secondperiod on the VLT. The
�rst period shall last 6 months. the secondis on the Paranal mountain and shall consist of 3 campaignsof the
maximum duration of 2 weekseach. Betweeneach campaign we shall reserve 2 to 3 months for the processing
and analysis of the measurements and planning of the next campaign.
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