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ABSTRACT
LINC-NIRVANA is the near-infrared homothetic imaging camera for the Large Binocular Telescope. Once
operational, it will provide an unprecedented combination of angular resolution, sensitivity and field of view. Its
layer-oriented MCAO systems (one for each arm of the interferometer) are conjugated to the ground layer and
an additional layer in the upper atmosphere. In this contribution MCAO wavefront control is discussed in the
context of the overall control scheme for LINC-NIRVANA. Special attention is paid to a set of auxiliary control
tasks which are mandatory for MCAO operation: The Fields of View of each of the four wavefront sensors in the
instrument have to be derotated independently from each other and independently from the science field. Any
wavefront information obtained by the sensors has to be matched to the time invariant modes of the deformable
mirrors in the system. The tip/tilt control scheme is outlined, in which atmospheric, but also instrumental
tip/tilt corrections are sensed with the high layer wavefront sensor and corrected by the adaptive secondary
mirror of the LBT. Slow image motion effects on the science detector have to be considered, which are caused
by flexure in the non-common path between AO and the science camera, atmospheric differential refraction, and
alignment tolerances of the derotators. Last but not least: The sensor optics (pyramids) have to be accurately
positioned at the images of natural reference stars.
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1. INTRODUCTION
1.1 LINC-NIRVANA
LINC-NIRVANA1 is the NIR homothetic (“Fizeau”) imaging camera for the Large Binocular Telescope2 (LBT)
and combines two ambiguous technologies in ground-based instrumentation in one instrument: cophased imaging
and Multi Conjugate Adaptive Optics (MCAO3, 4). Initially introduced as LINC, the LBT INterferometric Cam-
era, LINC is now the first step in the implementation towards the final goal: NIRVANA, the Near-IR/Visible
Adaptive iNterferometer for Astronomy. The difference between the two phases of implementation are the capa-
bilities (and the complexity) of the adaptive optics systems. LINC incorporates a single on-axis wavefront sensor
per telescope while NIRVANA provides full MCAO capabilities. The realization of LINC-NIRVANA is a joint
undertaking by German and Italian institutes.

LINC-NIRVANA is designed to provide a diffraction limited, interferometric Field of View (FoV) with a
diameter of more than 60” and with an angular resolution of, in the best case, less than 10 mas. The full
interferometric field will be exploited for off-axis fringe tracking, whereas only the central 10”x10” will be
observable with the science camera. The scientific FoV is merely limited by the cost of NIR focal plane arrays.
The left and the right 8.2m beam of the LBT are combined by a Cassegrain telescope5 within the cryostat6 of
LINC-NIRVANA. The instrument will be installed in one of the bent Gregorian focal stations provided by the
LBT and will be subject to an elevation variant gravity vector.
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1.2 Under Control
Long exposure interferometric imaging over such a large FoV imposes requirements on alignment, OPD and
wavefront control, which exceed the requirements for single aperture 8-10 m class diffraction limited imaging.
The Instrument has to provide two overlapping fields with:

• zero optical path length difference (OPD),
• the homothetic pupil condition being fulfilled,7

• a time invariant coincidence of both single aperture fields on the science detector (no image motion on
neither side),

• identical orientations of the two fields on the science detector,
• identical plate scales of the two fields,
• good Strehl on both sides.

To meet these requirements, several parameters need to be actively controlled. Three different types of systems
within LINC-NIRVANA serve this purpose: Wavefront Control, OPD Control, and Beam Control. Table 1
shows the task division between these three control types. Their control schemes and associated components are
sketched in Figure 1.

Figure 1. Outline of the different control systems of LINC-NIRVANA. Each instance of wavefront control and OPD control
is an independent closed loop system with its own associated sensor and actuator (adaptive secondary mirror, instrument
internal deformable mirror (DM), or piston mirror). The white boxes are used to highlight the components that play a
role in the respective closed loop control systems. Beam control is (mainly) an open-loop system, which deals with the
positioning of the various components in the full optical train and other tasks that require coordination by a superordinate
system. Three components are shown here in the context of beam control: collimation, derotation and beam steering.
Collimation is a model, which represents the nominal position of the optical components as function of elevation. The
task of the derotation component is outlined in Sect. 2. Beam steering controls the direction of the beams (Sect. 3).

Wavefront Control OPD Control Beam Control

zero OPD fast slow
homotheticity slow
coinciding lateral field position (absolute tip/tilt) moderate
atmospheric tip/tilt (relative) fast
coinciding plate scale slow
Strehl fast slow

Table 1. A variety of different effects require active control of the wavefronts, OPD and the positions of various optical
elements. Disturbances are caused by the atmosphere, but also by instrumental flexure and vibration. A set of dedicated
control systems deal with these different effects. Depending on the nature of the effect, different correction bandwidths
are required: slow - action is required only in between exposures (∼ every several minutes); fast - continuous real time
correction at several 10 to 1000 Hz; moderate - action during exposures at ∼ 1 Hz.
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1.3 Wavefront Control using MCAO

Two identical layer oriented MCAO Systems8, 9 are used for wavefront control in the two arms of LINC-NIRVANA.
Each MCAO System consists of a ground-layer wavefront sensor (GWS, Figure 2), a high-layer wavefront sensor
(HWS, Figure 3) and deformable mirrors which are associated with each sensor. The ground-layer wavefront
control loop uses the adaptive secondary mirror10 of the LBT as actuator, which is conjugated to a distance of
100 m. A commercial deformable mirror, conjugated to a distance of 7100 m, serves as actuator in the high-layer
control loop.

LINC-NIRVANA implements the multiple field-of-view approach, in which different fields are exploited for
ground- and for high-layer wavefront control. Each GWS is designed to optically combine the light of up to 12
natural reference stars in an annular field with an inner diameter of 2 arcminutes and an outer diameter of 6
arcminutes. The central 2 arcminutes will be used to optically combine the light of up to 8 natural reference
stars for high-layer wavefront control. All sensors are mounted on a common optical bench (Figure 4) and are
based on the pyramid wavefront sensing technique.11

In pyramid wavefront sensors, the light of a reference star is focused on the tip of a four-sided pyramid. The
pyramid splits the light into four beams which form four pupil images on a pixel array detector. Each pupil
image is covered by a number of pixels, and each pixel is associated with a sub-aperture of the telescope pupil.
The local tilt of the wavefront for a subaperture can be measured by comparing the intensities of the pixels
in the four pupil images that correspond to this subaperture. These wavefront slopes are determined for all
subapertures. The full set of subaperture slopes is used to perform a modal reconstruction of the wavefront
across the pupil. In a next step, the reconstructed modes are used to calculate a compensation signal which is
applied to the adaptive mirror in the loop.

Figure 2. Ground-layer wavefront sensor. An annular mirror at each entrance of the instrument directs the outer 2’ to 6’
field to the ground-layer wavefront sensor. The fields are derotated by rotating the sensors themselves.
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Figure 3. The high-layer wavefront sensors. Dichroic beam splitters, which are located close to the pupil, direct the visible
light towards the HWSs. The beam directions can be manipulated by tilting the dichroic beam splitters. Two K-Mirrors
are used to derotate the fields of the HWSs. Right: one of the HWSs, currently in use in a test setup.

Figure 4. Optical Bench of LINC-NIRVANA. Two identical sets of ground-layer and high-layer wavefront sensors (one set
for each arm of the interferometer) and additional, associated optical components are mounted on the optical bench. The
actual beam combination takes place in a cryostat below the bench.
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2. FIELD ROTATION

LINC-NIRVANA, as any other imaging instrument at an Azimuth-Elevation mounted telescope, has to deal with
a changing parallactic angle while the target is tracked on sky. But because of the aforementioned homotheticity
constraint, coherent imaging over an extended FoV is only possible if the double-aperture exit pupil remains
time invariant. As a consequence, it is not possible to compensate the field rotation by implementing a field
derotation mechanism at the entrance of each beam into the instrument (Figure 5). Instead, each focal plane in
the instrument has to be derotated individually. This includes each wavefront sensor and the science detector.
The fringe tracker follows the circular trajectory of its off-axis reference target by a continuous repositioning
of the sensor. The fields used for high-layer wavefront sensing are optically derotated by K-Mirrors (Figure 3),
whereas for the GWSs and the science detector, field rotation is compensated by rotating the sensor and the
detector respectively.

Figure 5. Schematic view of the derotator positions. The need of a static exit pupil requires individual derotation of each
focal plane in the instrument.

The need for individual derotators for the wavefront sensors and the science channel adds extra complexity to
the instrument:

• In the case of the MCAO systems, field derotation is introduced between the sensors and the corresponding
deformable mirrors. As a consequence, the pupil images that are analyzed by the pyramid wavefront sensor
rotate and, therefore, the mapping between sensed signal and mirror actuation pattern is not static anymore.
The control matrix has to be adjusted accordingly. The modes that have to be applied for wavefront
correction need to be numerically rerotated to match the calibrated injection patterns. Furthermore,
different calibrations for different field derotation angles may be required.12

• The alignment tolerances for the field derotators of the high-layer wavefront sensors (K-Mirrors) will not
allow for a perfect coincidence of field rotation center and projected derotation axis. The derotation will
stop the rotation of the field in the focal plane of the wavefront sensor, but because of this discrepancy,
it will also drag it along a quasi circular trajectory. This motion will be sensed by the wavefront sensor
and “corrected” as a slow tip/tilt signal. Because of the derotator being in the non-common path between
science channel and wavefront sensor (cf. Figure 7), such a derotator angle dependent tip/tilt signal will
cause slow image motion on the science detector.

• Independent from the need of separate derotators: A mismatch between field rotation and derotation
trajectories results in a differential rotation of the field in the focal plane of the sensor. The natural reference
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star images will then be dragged in different directions, away from the tips of the pyramids. In the GWS,
the footprints of all natural reference stars in use completely overlap in one combined pupil image. Such a
field dependent dragging would result in the superposition of pupil images with field dependent slopes. The
combined signal will then contain a tip/tilt signature which is dominated by either the brightest reference
star or the one with the largest angular separation. For this reason, accurate timing13 and derotator motion
control is required.

The parallactic angle trajectory has to be distributed to various subscribers, as outlined in Figure 6. This will
be coordinated by a beam control module.

Figure 6. Derotation as part of the control systems of LINC-NIRVANA. The derotators require information on the
parallactic angle trajectory and the control matrices require input on the current derotator angle. So does the beam
steering function, which removes image motion on the science detector.

3. TIP/TILT CONTROL SCHEME

Tip/tilt takes a special position in the control scheme of LINC-NIRVANA. At first sight it appears to break
the rule of the wavefront control loops being completely disentangled and independent from each other. In the
following, the control scheme is outlined and the reasoning behind it is given.

Fast and slow image motion is the result of various effects, the instrument will be sensitive to:

• atmospheric tip/tilt
• vibrations
• flexure
• derotator alignment
• atmospheric differential refraction (ADR)

In principal, fast, atmospheric tip/tilt could be sensed with either the GWS or the HWS. There are two main
reasons to use the HWS for this purpose:

• Sensing tip/tilt with the HWS has the advantage, that it is measured within a lower angular distance to
the science target than it can be the case for the GWS. Tip/tilt is a global slope across the pupil, which
is obtained by an optical averaging of the pupil images of the reference stars used for correction. Because
of the multiple FoV approach, the 2-6 arcmin FoV of the GWS will lead to an averaging in a much larger
cone than it is the case for the HWS. Because of the larger angular separation of the individual references,
the field dependent variations will produce a higher noise of the GWS tip/tilt signal, compared to the noise
of the HWS tip/tilt signal.
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Figure 7. Tip/tilt control scheme for LINC-NIRVANA. The common path (blue) is sensed with the HWS and corrected
with the adaptive secondary mirror. A beam control module takes care of non common-path (red) tip/tilt and absolute
positioning of the two images on top of each other.

• Using the HWS as tip/tilt sensor has the advantage, that a longer part of the optical path is in common
with the science channel. Other image motion effects, such as instrumental flexure or vibration of common
optical elements, will be sensed by the HWS. Only non-common path effects such as non-common path
flexure or ADR will remain to be controlled by other means.

However, only the adaptive secondary mirror, which is associated with the GWS, has a sufficient stroke to apply
the expected tip/tilt corrections. The foreseen tip/tilt control scheme is sketched in Figure 7:

1. Tip/tilt in the common path (blue beam) is sensed by the HWS.
2. The average slope (s̄x, s̄y) is determined in the pupil images.
3. This average slope is then sent to the slope computing unit of the GWS. The GWS slope vectors are

extended by (s̄x, s̄y).
4. The offset between the derotator angles of GWS and HWS have to be considered!
5. The reconstructor of the ground-layer wavefront control loop suppresses the tip/tilt modes that are inherent

to the GWS signal. Instead, it reconstructs the tip/tilt modes from (s̄x, s̄y). At the same time, the control
matrix of the high-layer wavefront control suppresses the HWS tip/tilt modes. Tip/tilt will only be
corrected via the adaptive secondary mirror.

What remains uncorrected are tip/tilt effects in the non-common path (red beam). These effects (flexure,
derotator effects, ADR) are expected to be much slower than atmospheric tip/tilt. Furthermore, once calibrated,
they are expected to be predictable to an extend.

6. A slow image motion sensor, located on the same hardware as the fringe tracking sensor for OPD control,
will provide the position of the two fields in the combined focal plane at a rate of 1 Hz. This signal is
provided to the beam control module “beam steering”.

7. “beam steering” assures that the two fields in the combined focal plane overlap and remain static. It
combines a calibrated flexure model and an ADR model and computes absolute tip/tilt correction signals:
the slope offsets. These slope offsets are used as zero-point for tip/tilt control by the ground-layer wavefront
control reconstructor. The signal of the slow image motion sensor will be used to detect deviations from
the required positions. These deviations will then be controlled in closed loop.
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Figure 8. Left: Star enlargers in the HWS. Each star enlarger consists of a pyramid and additional relay optics. Each
star enlarger has to be positioned in the focal plane of the wavefront sensor, such that the tip of the pyramid coincides
with the image of a natural reference star. Right: Star enlarger arms (without optics) in the GWS.

8. Once the slope offsets get too large, they can be offloaded to the dichroic beam splitters, which are close to
the pupil and which are the first optical elements that are not in the common path. Since “beam steering”
knows about the slope offsets of both sides, it has also the possibility to offload common slope offsets by
correcting the pointing of the telescope.

4. STAR ENLARGER POSITIONING

Another control aspect to be mentioned in the context of LINC-NIRVANAs MCAO systems is the positioning
of the sensor optics. To be able to use arbitrarily distributed off-axis reference stars, some optical components
of the wavefront sensor have to be movable. A pyramid and additional relay optics has to be centered on each
reference star, that is used to probe the wavefront. The movable optics units in LINC-NIRVANA are called star
enlargers9 (SE, Figure 8). They are moved in the focal plane by XY micro-positioning stages. For the positioning
of the SEs, the following points have to be considered:

• For each given distribution of reference stars, an algorithm has to be used to find the optimum assignment
of SEs to the reference targets. This assignment has to take into account some constraints imposed by the
mechanical design.

• For a given distribution of stars, the assignment of SEs could be optimized by choosing the optimum field
orientation. The field orientation angle can be changed with the derotator.

• Collisions must always be prevented during repositioning.

• Each SE has to be positioned in the centroid of the reference target. A de-centered SE will produce a static
tilt signature. The optimum position has to be found in a sequence for each SE individually. This is done by
scanning the region around the reference target with the SE and by analyzing the average slope as function
of the position of the SE. At this point the reader should be reminded, that in each wavefront sensor the
light of several reference stars is optically combined. Every correctly positioned SE contributes to the pupil
images. The higher the baseline signal, the more difficult it is to isolate the slopes caused by the SE that
is to be positioned. For this reason, the positioning procedure of each SE will end with a movement, which
decenters the SE by a known and sufficiently large distance. Once the optimum positions are determined
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for all SEs, they are commanded to move back to these operating positions. An alternative approach would
be a positioning sequence in which the reference targets are acquired in the order of increasing flux.

In the HWS, the positioning is simplified by the use of a patrol camera. The patrol camera observes the
same field as the HWS and allows to determine the exact locations of the reference targets in the focal
plane. Once the SE coordinates are mapped to the patrol camera coordinates, a “sighted” SE positioning
procedure can be applied.

• As discussed in the previous section, tip/tilt is sensed with the HWS. Any non-common path tilt will
cause the GWS reference stars to drift away from the tips of the pyramids. Although the resulting tip/tilt
signature is ignored by ground-layer wavefront control, it needs to be reduced once the wavefront sensor
leaves the range of linear response. The reduction is achieved by repositioning the SEs.

A tip/tilt signal that is sensed by the GWS but not used for tip/tilt control could be used to “autonomously”
drag the SEs of the GWS as a group. In this case, the signal has to be fed from the modal reconstruction
into the software module that takes care of the positioning. However, it has to be guaranteed, that the
sensed tip/tilt signal is actually caused by a tilt. As mentioned in Section 2, a tilt signal could also be
mimicked by a derotation error.

5. CONCLUSION

Wavefront control is one of three types of control systems that are needed for LINC-NIRVANA. The others are
OPD control and beam control. There are a variety of different control tasks around the core MCAO wavefront
control loops. Each of them is mandatory for closed loop operation. Although ground-layer control loop and
high-layer control loop are disentangled in principal, they require the presence of a superordinate system which
coordinates (among other tasks) derotation and beam steering. The presented tip/tilt control scheme allows
to sense tip/tilt with the HWS and to use the adaptive secondary mirror as actuator that is associated with
ground-layer wavefront control. Part of the sensor optics has to be accurately positioned to be able to make
use of a randomly distributed set of reference stars. An acquisition procedure has to be carried out before the
wavefront control loop can be closed.
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