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ABSTRACT

The Max-Planck-Institutes for Astronomy (MPIA) and for Extraterrestrial Physics (MPE) have recently installed alaser guide
star (LGS) adaptive optics (AO) system at the 3.5m telescope on Calar Alto in Spain. The AO system consists of a Shack-
Hartmann sensor, a deformable mirror with 97 actuators, and awave-front processor that allows closed loop operations of up to
1200Hz. Asafirst step we closed the high order AO loop on bright natural guide stars. As asecond step we closed the AO loop
on a 10th magnitude artificial LGSthat is created in the mesospheric sodium layer by a3.75 Watt dyelaser. This paper describes
ALFA’s design, operation, and upgrade plans.
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1. INTRODUCTION

ALFA (Adaptive optics with a Laser For Astronomy) will reach the end of its engineering and testing period in April 1998. It
will be available as common user instrument on a shared risk basis starting in May 1998. After the summer semester 1998 it
will be offered to the community as standard common user instrument for all near-infrared instrumentation availableat the 3.5m
telescope on Calar Alto.

Asreported in our previous papers'— the performance goal for ALFA isto provide nearly diffraction-limitedimaging at 2.2pm
(0.16" FWHM for the 3.5m mirror). Our aims are to achieve > 50% Strehl ratio in the 2.2jum band with good sky coverage,
making the inclusion of an LGS system necessary.

2. THE LASER GUIDE STAR SYSTEM

The heart of the laser system is a 3.75W dye ring laser pumped by a 25W Argon ion laser. Both lasers are purchased from
Coherent (Coherent 899 and Coherent INNOVA 200), and represent the highest CW output, off-the-shelf laser which is not
pulsed. Theoutput power issufficient to producean L GSwith amagnitude of my ~ 10 (depending on meteorological conditions
and zenith distance).

Pulse lasers with larger output power are also available but they entail several significant challenges. Dueto the high output
power in the pulses, security is a more difficult matter, the laser pulses have to be synchronized with the CCD camera, and
saturation of the sodium layer can limit the maximum brightness of the artificial guide star.

The laser system is placed in the Coudé laboratory of the 3.5m telescope building. The laser beam is guided backwards
through the Coudé optical train to the side of the primary mirror and through additional optical elements into the focus of the
launching telescope (Fig.1). The Coudélaboratory hastherequired power supply of 50kW for the pump laser, and cooling water
to dissipate heat. The cooling facility is more than one kilometre away from the tel escope, avoiding problemswith homemade
seeing.
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Figure 1. Schematics of the laser path on the 3.5m telescope. The optical train from the Coudé focus to the mirror $4 is the
standard Coudé path. ThemirrorsMT1 to M T4 are mounted additionally to transport the laser beam into the Cassegrain focus of
the launching tel escope with a diameter of 50cm. Theletter D denotes diagnostic elementsin the optical path to ensure that the
laser beam is held in the focus of the launching tel escopes for all telescope positions. An aircraft detection system is mounted
at the front ring of the telescope.

Guiding the laser beam from the Coudé focus to the focus of the launching telescope requires precise control over al the
mirror positions since a small misalignment not only moves the position of the LGS, but it also deteriorates the illumination of
thelaunch telescope pupil, decreasing the effectivelaser power. Thus, thereareanumber of CCD camerasand position sensitive
detectorsto monitor the position of the laser beam and anumber of pilot lasersto control the position of the mirrors. Thisprocess
is partially automated in a closed loop procedure. However, one should not underestimate the complexity of keeping the laser
beam in afixed position for all telescope angles.

Therefore, it seems very attractive to replace al the optical elements by asingle optical fiber where the laser isfed into the
fiber at the exit of the laser tube, and the end of the fiber is placed in the Cassegrain focus of the launching telescope to provide
apoint source. The main problem is the high energy density of about 1.4 x 10"'W/m? at the tip of the fiber. Extreme care has
to be taken to guarantee a clean surface. First experimentswith an optical fiber at Calar Alto have shown that about 70% of the
light can be coupled into the fiber (further results are presented in these proceedings by W. Hackenberg et al. and D. Bonaccini
et al.). The efficiency of the mirror system is dightly higher but depends on the mirror surfaces.

Theilluminated diameter of thelaunching telescopeischosen such that it is approximately 3 rg (approx. 30 cm), minimizing



the diameter of the instantaneous speckle imagein the sodium layer. The energy density at the telescope exit is below the limits
set by laser safety regulations; with less than 50W/m? thisisless than a standard He-Ne laser with 0.5mW output power and a
beam diameter of about 1 mm. The aircraft detection system was installed to avoid any risk of even dightly blinding pilots.

The laser system was installed at the 3.5m telescope in the Spring of 1996 and in August 1996 the first LGS was created.
About one year |later we closed the high order AO loop while the system was locked on the LGS (section 5). Since December
1997 the LGS isincreasingly reliable as the standard reference star for ALFA.

The LGS system is described in detail elsewhere in these proceedings.*
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Figure 2. Right corner view of the ALFA breadboard (acquisition leg). Light from the telescope enters from top center on the
drawing and hits the tip-tilt mirror. The /10 telescope focus is in the front focal plane of the f/10 paraboloid (exactly at the
position where a calibration source can be moved in). The f/10 paraboloid has afocal length of 662 mm and images the tele-
scope pupil onto the tilted deformable mirror. After reflection at the deformable mirror the telescope focusis reimaged by the
/24 paraboloid which has afocal length of 1594 mm. The dichroic beam splitter transmitsthe visible light into the wave-front
analyzing leg (Shack-Hartmann sensor) and reflects the infrared light into the science instrument which is mounted below the
breadboard. Additionally, there is an artificial light source for optical alignment and calibration purposes, the FISBA interfer-
ometer to control the mirror surface, and a TV camerafor wide field acquisition and slow scan telescope guiding.

3. THE ADAPTIVE OPTICS SYSTEM

The adaptive optics bench (Figs. 2,3) ismounted at the f/10 Cassegrain focus of the 3.5m telescope at Calar Alto. Light coming
from the secondary mirror of the telescope hitsthefirst folding mirror of the AO system. Thisflat, two-axistip-tilt mirror isused
to correct the overall wave-front tip and tilt (field stabilization). This mirror is operated in closed loop mode with a bandwidth
between 5-10Hz. In natural guide star (NGS) mode, the Shack-Hartmann sensor controlsthistip-tilt mirror. Usingthe LGS, a
separate tip-tilt tracker is used for field stabilization. The tip-tilt tracker main component is a standard, slow scan CCD camera
from AstroCam Ltd. in Cambridge, U.K., with athinned EEV CCD39 chip. The80x160 pixel CCD hasa 14"x28" field of view.



The system/readout noiseis about 3 el ectrons. The entire camerais mounted on athree-axismotorized table which permitsfocus
adjustment and movement around the entire 180"”x180" field of view. The typical subarray size used in closed loop operation
is 24 by 24 pixels binned 6 by 6 for an image with 4 by 4 pixels. Depending on the position of the subarray within the full
CCD array, readout rates up to 120 Hz can be achieved. The limiting magnitude of the tracker camera under typical conditions
ismy ~ 15.

The two paraboloids (Fig. 2) are the main imaging elements of the optical system. The first paraboloid (f/10) images the
telescope pupil onto the deformable mirror (DM) and, after the reflection at the deformable mirror, the second paraboloid (f/24)
reimages the telescope focus into the science camera.

Thefirst dichroic beam splitter reflects the infrared radiation into the science camerawhile the visible portion is transmitted
towards the wave-front analyzing leg (AstroCam and Lincoln Labs CCD cameras, figure 3).
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Figure3. Left corner view of the ALFA breadboard (analyzing leg). Light from thef/24 paraboloid (figure 2) passesthrough the
first dichroic beam splitter (science instrument/analyzing leg, figure 2) and from there through a second dichroic beam splitter
to thetip-tilt sensor (AstroCam CCD camera). The sodium D,/optical beam splitter reflects the sodium beam onto the f/24 field
select mirror which is placed in reimaged pupil plane of the telescope. Tilting this mirror results in a movement of the image
on the Lincoln Labs CCD camera (wave-front sensor). Between the field select mirror and the CCD camera the beam passes
through afield stop (e.g. to block the Rayleigh backscatter light coming from the LGS), alendet array and a neutral density
filter.

Thedeformablemirror isastandard off-the-shelf product from XineticsInc., U.S.A, with 97 PMN (lead magnesium niobate)
ceramic actuators capable of delivering 2um inter-actuator stroke. After switching the power supply of the deformable mirror
on and applying the same voltage to all actuators, the actuators assume dightly different lengths that have to be equalized by a
special voltage per actuator pattern (dmrlat). Controlling thisflattening processis accomplished by an interferometer. We usea
Twyman-Greentypeinterferometer from FISBA Optik, St. Gallen, Switzerland, which looksperpendicular onto the DM surface
(Fig. 2). The rms aberration of the reflected wave is about 600 nm when the same design null voltage (+70V) is applied to al
actuators. When the dmFlat pattern is applied to the DM the rms aberration goes down to 82.3nm (Fig. 4, 0.13 A rms=0.13 x
632.8nm = 82.3nm). The peak to valley (P-V) vaue for the flat DM is 411 nm. Depending on the environmental temperature
different dmFlat patterns are necessary to flatten the DM. Theright panel of Fig. 4 showsthe DM surface whileit is correcting
atrifoil-like mode.



Thefirst optical elementinthe analyzing leg is either another dichroic beam splitter or afull reflective mirror. Depending on
whether the system islocked on an NGS or on the LGS, either asilver coated mirror reflects the entire visible light towards the
Shack-Hartmann sensor (Lincoln Labs CCD camera) or the sodium Dy/optical beam splitter reflectsthe NaD,, line towards the
Shack-Hartmann sensor and transmits the remaining light to the tip-tilt tracker (AstroCam CCD camera). The f/24 field select
mirror infront of the Shack-Hartmann sensor isin areimaged pupil plane. Tilting thismirror resultsin amovement of the Shack-
Hartmann spots on the Lincoln Labs CCD. Two field stops, five lendet arrays, and 6 neutral density filters can be inserted into
the optical path between the field select mirror and the CCD camera. The current set of lendets divides the main pupil in 3x3,
5x5, 9x9, 10x10, or 12x12 subapertures. A new set of lendets with 3x3, 5x5, and 7x7 subapertures will be available shortly.
The pixel scale of the Lincoln Labs CCD is0.75". TheLincoln Labs CCD camerahas athinned 64x64 pixel chip with asystem
noise of about 6 electroncs at 1200Hz and of about 9 electrons at 60 Hz readout frequency. The higher readout noise at lower
readout frequenciesis due to the higher dark current. An upgrade of this camerawill allow an operation at lower temperatures
and therefore reduce the dark current and the system noise.
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Figure4. Interferogram of the deformable mirror initsflat position (Ieft) and while correcting for atrifoil-like mode (right).

4, THE ADAPTIVE OPTICSCONTROL ARCHITECTURE
4.1. Data flow, hardware, software, and network

Figure5 showsablock diagram of the ALFA network and control system architecture. The AO dataflow starts at the wave-front
sensor (WFS) with amaximum datarate of 9.4 MB/s. The AO dataare transmitted over afiber seria link (UFORIA: Universal
Fiber Optic Repeater and Interface Assembly from AOA Inc., U.S.A.) to aVME-bus based real-time computer system running
VxWorks (VME system A).

When the system is running in closed loop the reconstruction of the wave-front and the subsequent computation of the de-
formable mirror drive signals has to proceed asfast as possible. In closed |oop operation the wave-front data are read in by one
(dataln) of the twenty Texas Instruments digital signal processors (DSP) of type TM S320 C40.

The AQ data pipeline can be subdivided into six steps:

1. Whilethedataareread in, dataln storesthe datafor real-time display and transmitsthem over its communication channels
to four additional DSP’s.

2. The four offset& gain DSPs receive the raw data, remove all data that are not within a subaperture, calculate the back-
ground value per CCD readout channel, and perform the real-time background subtraction. In our standard setup where
18 subapertures are being processed each offset& gain DSP processes either 4 or 5 subapertures. Each offset& gain DSP
feedstwo gradient DSP's.
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Figure5. Block diagram of ALFA’s network and control system architecture. Seetext in section 4.1.

3. With 18 subapertures, 6 gradient DSP’ s process 2 subaperturesand 2 gradient DSP’s process 3 subapertures. After having
computed the centroid position (centroid position — reference position = gradient) of the guide star within a subaperture
the gradients are sent to four reconstructor DSP's.

4. Thereconstructor DSP's perform the wave-front reconstruction by multiplying the gradientswith the reconstructor matrix
(section 4.4).

5. Onecompensator DSP receivesthe output of the reconstructor DSP’s, computes the uncompensated modes and performs
the compensator part (Pl controller or double integrator) of the control algorithm (section 4.5).

6. Atthe end of the AO data pipeline are two injection DSP's which perform the modal injection phase of the control algo-
rithm. Compensated modes coming from compensator are injected into the deformable mirror actuator space and, after
conversion to actuator voltages, sent over another UFORIA link to the DM electronics.

The time for an entire closed loop cycle depends on the number of subapertures, the selected centroid algorithm, and the
frame-rate of the wave-front sensor. For aframe-rate of 1200Hz, 18 subapertures, and a standard center of moment centroid
algorithm, the time between start of data readout and deformable mirror update isless than 1.4 ms.

Thefirst four steps are all synchronous and finish a few ten micro seconds after one complete wave-front image has been
read in. The remaining steps 5 and 6 take typically less than 600 micro seconds thus allowing the entire control algorithm to
keep up with the highest possible frame-rate of 1200Hz (equiv. to 833 pis readout time per frame).

The DSP's are mounted in groups of four on Ariel Hydra-Il boards. A Motorola 68060 CPU running VxWorks is the host
for al DSP boards. This alows easy communication between graphical user interfaces (GUI) running on workstations or X-



terminals and the VME/VxWorks host.> The VxWorks hosts loads and controls the programs of the DSP’s. The experimental
physics and industrial control system EPICS*, a modern real-time database system running on top of VxWorks, reflects at any
time the status of the entire system. Twelve motorized stages receive commandsover aRS-232 line. A DSP-based 2-axis Piezo
controller receivestip-tilt positioning commandsover a20 mega-bit/stransputer link (fiber) and steersthetip-tilt mirror in closed
loop operation.

If the AO system locked on the LGS, thetip-tilt distortions cal cul ated by the Shack-Hartmann sensor can be used to stabilize
the position of the LGS on the wave front sensor. This is done by sending the tip-tilt information to another VME/V xWorks
system that controls the 2-axis secondary mirror of the LGS launching telescope. The real-time database is used for this task.
Thetip-tiltinformation that is crucia for thetip-tilt correction of the observed astronomical object is sensed by a separate camera
(tip-tilt tracker, section 3).

The VME/VxWorks system which controls the tip-tilt tracker (VME system B) sends tip-tilt positioning commands to the
same 2-axis Piezo controller as the WFS and DM controlling VME system A. Another twelve motorized stages are controlled
from this VME system.

TheGUIsarewrittenin C, Tcl/Tk, and EPICS display language DL . Asan example, Fig. 6 showsthe calibration GUI coded
in Tcl/Tk. The implemented client/server model allows this panel being opened more than once. Pressing one of the MLM
selector (lendlet array selection) buttons just sends the corresponding motor commands to the VxWorks host. The VxWorks
host (server) isresponsible for the proper execution.
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Figure 6. Calibration panel of the ALFA graphical user interface.

4.2. Control loop overview

Thelogical architecture employsastandard design with separatetip-tilt and deformablemirror control loops. Thetip-tilt control
loop was implemented using an existing tip-tilt control system developed by MPIA.87 The deformablemirror control loop uses
amodal compensation technique.

Several factors contributed to the selection of the modal approach for the ALFA adaptive optics system. First, it was antici-
pated that the coarser lend et arrayswould often bein use dueto thelimited availablelight. Only thefinest lenslet array provides
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a sufficient number of gradient measurements to be able to possibly reconstruct the phase at each actuator. Second, even with
the finest lend et array, the geometry of the ALFA optical path preventsthe corners of the subapertures from being aligned with
the actuators. In fact, some of the actuator locations are near the center of a subaperture, which causes their effect to be almost
unobservable. Also, several of the coarser arrays have hexagonal shapesthat further complicate the association of corner phase
valueswith actuators. Finally, themodal approach allowsthelenslet arraysto beinterchanged with aminimum of readjustments
in therest of the DM control system. Although these factors do not preclude aminimal form of zonal compensation from being
implemented, the modal approach led to a ssimpler and more flexible design. Below we briefly describe the three basic steps of
ALFA’s control loop operation.®

4.3. Calibration

The ideal objective of the modal reconstruction operation is to determine the modal coefficients corresponding to the set of
modes that are being controlled. Although it is possible to derive analytic relationships that relate the gradients to these modes
and their coefficients, the relationships would be sensitive to modeling assumptions (e.g., how the gradient vectors are related
to the subaperture shapes) and to the physical alignment of the subapertures and the deformable mirror. Rather than basing the
modal reconstruction on an analytic model, the ALFA DM control system uses a static identification procedureto determine the
effect of applying the modal injection vectors to the deformable mirror.

A reference point sourceisinserted into the optical path and used to illuminate the DM. Each of the modal injection vectors,
i.e. the projection of the modes onto the actuator pattern, isthen appliedin sequence (Fig. 4 showsthe DM surfacewhen atrifoil -
like modeis applied), and the static pattern of the resulting gradientsis determined. These patternsare then used to compute the
reconstruction matrix.

ALFA provides three different sets of modes (Standard Zernikes, Annular Zernikes® and the Karhunen-L oeve functionsfor
Kolmogorov statistics!® that can be used for the compensation. Up to now, asatisfactory flat profile of the DM (Fig. 4) was used
for calibration. To remove static aberrationsin ALFA'soptical path, however, it is necessary to determinethese aberrations, and
apply offsets to the DM to compensate for them.

4.4, Reconstruction

Let g denote the resulting gradients that are recorded during calibration and m the vector of the modal coefficients. With the
calibration procedure one obtains a matrix G so that § = Gm. G will beleft invertibleif the modesthat are to be controlled can
be observed independently by the wave-front sensor. Assuming that thisisthe case, the modal coefficients can be reconstructed
by building the pseudo-inverseof G, i.e. M= (G'G)1Gg = Hg, where H is called the modal reconstruction matrix.

Theinvisible modes which cannot be properly observed have been identified and are not used for calibration. This reduces
for example the number of modes that can be used with the 5x5 lendl et array (18 subapertures) to approximately 25.

For an accurate determination of the spot centroidsone can choose between three different centroiding algorithms. One does
a simple weighted pixel average (WPA) using all (usually 9 by 9) pixelsin the predefined subarrays of the wave-front sensor
CCD. For the low signal case, another algorithm searches the brightest pixel in these arrays and uses only the surrounding 5 by
5 pixelsfor the WPA. The third routinefits a polynomial to the intensity distribution to determine the centroid.

4.5. Compensation

Temporal power spectraof modal coefficients'! show that most of their energy liesat low frequencieswhilethereisasteep decay
up to high frequencies. Thereforethe linear feedback design of the ALFA system attempts to attenuate the atmospheric distur-
bance at low frequencies at the cost of a dight amplification at high frequencies. The modal coefficientswill be small if their
sensitivity function (the square root of the closed |oop power spectrum divided by the square root of the open loop power spec-
trum) is small at frequenciesfor which the atmospheric aberrations are large. ALFA providestwo different control algorithms.
Oneis a standard proportional-plus-integral (PI) controller and the second is an algorithm with two integrators and additional
lead filtering.X? Figure 7 shows the theoretical and experimental sensitivity functions for both controllers. As one can see,
the doubleintegrator algorithm does a good job in reducing low frequency disturbances and has a higher disturbance rejection
bandwidth.
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Figure 7. Sensitivity functionsfor two different controllers running at aloop frequency of 300Hz. Top: proportional-integral
(P1) controller giving a disturbance rejection bandwidth of approx. 25Hz. Bottom: double integrator giving a disturbance re-
jection bandwidth of approx. 35Hz. The superior performance of the experimental curves at high frequencies might be due to
lower measurement errors during closed loop operation (for details see reference!?).

5. SCIENCE CAMERA AND IMAGES
Four different science instruments have been used so far with ALFA:
o the near-infrared camera MAGIC with a 256x256 pixel detector (Rockwell NICMOS3 array) and 15”x15"field of view

¢ the near-infrared imaging and spectrometer instrument 3D with a 256x256 pixel detector (Rockwell NICMOS3 array),
18"x18"field of view, and a spectral resolution of 2000

e the CCD camera ALFAVIS

¢ the new near-infrared camera Omega Cass with a 1024x1024 pixel detector (Rockwell HAWAIII array)



Omega Cass is now the primary NIR imaging camera used in conjuction with ALFA. Six wheels offer 22 filter positions,
3 pixel scales (0.12, 0.08, and 0.04"/pixel), Wollaston prisms, and various slits and grisms for low to medium resol ution spec-
troscopy. Sub-array readout permits very short integrations for speckle observations.

Thelargesize of thearray isadvantageousbecausein many casesthefield of view containsreferencestarsfor post-processing
deconvolution (smaller arrays require a telescope slew to the reference source). Coronagraphic focal plane masks and a pupil
plane Lyot stop to suppress diffraction spikes are being implemented and tested.

Table 1 summarizes the performance of ALFA during the 1997-1998 observing season using both natural and laser guide
stars under different intrinsic seeing conditions. Closed loop AO operation (60 Hz, 9 modes) is possible for natural guide stars
asfaint asV = 12 mag under sub-arcsecond conditions, aswell asthe LGS at V = 10 mag.

ALFA currently provides strehl ratios near 10% using natural guide stars brighter than V = 9 mag, and 2-4% with the LGS.
Our first closed |oop operation on an LGS and a science target is shown in Fig. 8. TheV = 9 mag components of the binary BD
+31°643 have 0.6” separation and are unresolved in 1 second integrations at K and with tip-tilt correction only. Higher order
AO with the LGS (60 Hz, 7 modes & tip-tilt) provides resolved images of the binary.

ALFA: Comparison with HST

Astronomers observed the double star BD+31°643 in
December, 1997, using both the Hubble Space Telescope
and the German 3.5m-telescope on Calar Alto, Spain.

At Calar Alto, a new adaptive-optics instrument called
ALFA was used to remove the atmospheric distortions
responsible for blurring ground-based images.

More significantly, ALFA operated for the first time by uti-
lizing a laser that produces an artificial bright star any-
where in the night sky. After correcting for atmospheric
distortions, the double star is resolved into two separate
Calar Alto 3.5m-Telescope: No correction for atmospheric components and the image sharpness is comparable to

distortions
that of the Hubble Space Telescope.

Calar Alto 3.5m-Telescope: Atmospheric distortions corrected Hubble Space Telescope
using adaptive optics and an artificial, laser-produced star

Figure 8. Press release reporting our first successful image improvement using ALFA locked on the LGS. Data were obtained
in K-band using Omega Cass.



K-band images of the Orion Trapezium contain stars in the entire 80" x80” field of view of the detector. We found that the
best corrected stellar images (FWHM’s = 0.2") liewithin 15" radius of the natural guide star (6 Ori C), whereas at the outskirts
of the detector we measure FWHM'’s = 0.4". Intrinsic seeing is roughly 0.6”. Our group’s main science interest in Orion is to
constrain the binary frequency in this star forming region, as well asto study the arcsecond scale proplyds discovered in HST
optical images. Despite the large number of bright stars in the Orion nebula that could be used as natural guide stars, most
science targets do not lie within the sub-arcminute i soplanatic patch suggested by our measurements. Optimization of the laser
as awave-front reference therefore appears imperative for obtaining fully corrected images of our science objects.
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Figure 9. K-band image of the Orion Trapezium. Field of view is 80x80". ALFA was locked on 8 Ori C (arrow). The pairs
of numbers give the Strehl number (upper) and FAVHM in arcsec (lower) of the corresponding object.

6. CONCLUSIONSAND OUTLOOK

After one and a half year of observing with ALFA, thereis still much work to be accomplished. ALFA is (still) not aturn-key
instrument. Therefore the astronomerswill have support by a specialized night assistant (ALFA operator).

Communication among the variousinstruments (tel escope, science camera, TV-guider, LGS and the AO part of ALFA) has
to be modified such that macro procedurescan control one entire observing sequence, including mosaicing techniques. For 1998
we have planned to install a new, better cooled Shack-Hartmann sensor and a new DM control electronics. An APD quad-cell
detector for tip-tilt measurementsis foreseen for 1999.
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