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ABSTRACT

LINC-NIRVANA is an imaging interferometer for the Large Binocular Telescope (LBT) and will make use of
multi-conjugated adaptive optics (MCAO) with two 349 actuators deformable mirrors (DM), two 672 actuator
deformable secondary mirrors and a total of 4 wavefront sensors (WFS) by using 8 or 12 natural guide stars each.
The goal of the MCAO is to increase sky coverage and achieve a medium Strehl-ratio over the 2 arcmin field of
view. To test the concepts and prototypes, a laboratory setup of one MCAO arm is being built. We present the
layout of the MCAO prototype, planned and accomplished tests, especially for the used Xinξtics DMs, and a
possible setup for a test on sky with an existing 8m class telescope.
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1. INTRODUCTION

LINC-NIRVANA1–6 is a Fizeau interferometer for the LBT7 on Mount Graham in Arizona. It will combine the
light from the two 8.4m eyes of the telescope into one focus point and thus offers the perspective to achieve a
angular resolution equal to that of a 23m telescope at least in one direction. The full resolution in all directions
is then recovered by observing the object at different parallactic angles.8

In order to achieve diffraction-limited imaging in the combined beam, each of the single arms has also to work
at the diffraction limit. Otherwise the resolution won’t be better than the seeing-limit, which is usually between
0.5 and 1.5 arcseconds in the visible. To achieve this diffraction-limit performance, LINC-NIRVANA will be one
of the first instruments that will make use of Multi-Conjugate Adaptive Optics (MCAO) and employ more than
one deformable mirror (DM) and wavefront sensor (WFS) like in classical AO systems. In the layer-oriented
approach the DMs and the WFS are optically conjugated to the most turbulent layers, usually one near the
ground and the other one at a height of between 8 to 15km. By correcting the turbulence introduced by each of
the corresponding layers separately, the field-of-view (FOV) within which the correction by the Adaptive Optics
is useful, is significantly increased. However, in the case of LINC-NIRVANA, the increase in the usable FOV
serves primarily to increase the sky-coverage of the AO system, and is not completely exploited by the science
detector.

In a first realization, LINC-NIRVANA will use in each of its two arms a deformable secondary with 672
actuators9, 10 at the pupil position and additionally one Xinξtics11 DM with 349 piezo-actuators conjugated to
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the high-layer turbulence. In a foreseen extension, a third Xinξtics DM can be inserted to correct also a mid-layer
turbulence (4 - 8 km). The Xinξtics DMs can be moved along the optical axis, because the perceived height of
the turbulent layers depends also on the prevailing elevation of the observed science object. Thus the conjugated
height of the DMs has to be adapted to the actual observation. Depending on the atmospheric conditions of the
observation night, the conjugated height of the high- and mid-layer DMs can be furthermore adjusted for best
performance in terms of isoplanatic patch. This adaption is anticipated, since the increase in the isoplanatic
angle by adjusting the DMs daily or monthly can be quite significant as shown in a recent study by Masciadri
et al.12

2. THE SINGLE-ARM EXPERIMENT

Since no working MCAO exists as of today (but planned for VLT (MAD13, 14) and for Gemini South15), an
experiment to test only the MCAO system without the further complication of interferometry is desired.16

This so-called single-arm experiment will thus only include one of the two arms of the final LINC-NIRVANA
instrument. It will be set up in the laboratory and is planned to be ultimately installed at an existing 8m-class
telescope to test a prototype of the optics and mechanics, the mid- and high-layer WFS including the control
loop concepts and the two Xinξtics DMs in the lab and on sky.

A further goal of the single-arm experiment is to work out and test the concepts for the alignment and
calibration procedure. Moreover, it will provide an excellent testbed for the different proposed approaches of the
control loop17 (nested, sequential, mediator loop control) and how well each of these work in reality.

In the following, some of the components of this experiment, the planned optical setup in the laboratory and
on an 8m-class telescope and the already accomplished and planned tests, in particular of the two Xinξtics DMs
are described.

3. OPTICAL SETUP IN THE LAB

The main components of the single-arm setup in the laboratory (fig. 1) are the telescope simulator, a collimator,
the two deformable mirrors and the wavefront-sensor system. The telescope simulator consists of a fiber plate to
simulate a stellar constellation and two off-axis parabolic mirrors to create a f/15 beam with the correct pupil
position and FOV (2’) for an 8.4m telescope, like one of the single dishes of the LBT. To conjugate the two
Xinξtics DMs to the corresponding heights, a collimator consisting of a quasi-collimator and a parallelizer – both
from the final LINC-NIRVANA instrument – will be used. After the beam-splitter a optical de-rotator is situated
to simulate a rotating pupil (in the lab) or correct this (at the telescope). Further along the optical path, a f/20
camera is placed to feed the light into the WFS system. This system contains the single wavefront sensors and
the related CCD cameras conjugated to the two DMs. For the simulation of the atmospheric turbulence, static
phasescreens are placed in the parallel beam between the two parabolic mirrors, at a position corresponding to
the desired height in the atmosphere.

4. TEST AT THE TELESCOPE

Once all the components are under control in the laboratory, a test of the single-arm experiment under real-world
conditions at an existing 8m class telescope is envisioned. In order to adapt the sampling of an existing seeing-
limited camera operating at a typical f/15 telescope, a beam-compressor is needed for sufficient sampling of
the now diffraction-limited PSF. This beam-compressor will be again constructed out of three off-axis parabolic
mirrors to focus the parallel light leaving the single-arm experiment to roughly the desired f/60 beam for the
science camera (see fig. 2).

Since with the higher angular resolution, the field-of-view of the camera in turn gets smaller, it is planned
to mount the science camera on motorized stages and move it across the 2’ FOV offered by the MCAO system.
Only then the larger isoplanatic angle offered by the MCAO system can be fully exploited. However, at this
point it is not yet anticipated to take images with both such a high angular resolution and field-of-view, but to
prove that the concepts of MCAO are working.
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Figure 1. The opto-mechanical setup of the single-arm experiment in the laboratory. The grey-shaded tubes represent
the light-path. The main components fiber-plate, off-axis parabolic mirrors, the collimator, the two deformable mirrors
and the wavefront sensor system are indicated.

5. THE WAVEFRONT SENSORS

LINC-NIRVANA will use pyramids18 for wavefront sensing in the optical wavelength band. In order to get a
large F-ratio onto the tip of the pyramid to increase the sensitivity, but at the same time keeping the pupil size
on the detector small, a small lens system – the so-called star enlarger – will be used19 (fig. 3). In total, the
WFS system for the single arm experiment will comprise of 8 such star enlargers, which are mounted on movable
stages to place them at the position of the guide stars within the field-of-view. Afterwards, in the WFS camera
(CCD 39 E2V by SciMeasure20), for each of the four pupil images created by the pyramids, the light from the
– up to 8 – guide stars is optically co-added. This mid-high layer WFS of LINC-NIRVANA is very similar to
the layer-oriented WFS of the Multi-conjugate Adaptive optics Demonstrator for the VLT (MAD). Thus slight
modifications in the mechanical setup of the star enlargers for LINC-NIRVANA were done to optimize the design
and solve the shortcomings encountered during the integration and alignment of the WFS of MAD.

6. DEFORMABLE MIRRORS

The first components that were delivered and tested are the two deformable mirrors manufactured by Xinξtics11

with 349 piezo-actuators situated on a 21 × 21 quadratic grid. The diameter of the whole mirror surface is
150mm, but to exclude any effects at the border, only the inner 140mm will be used. The electronics driving the
two DMs are designed and manufactured by Cambridge Innovations.21 These electronics in turn are controlled
through a reflective memory interface by a 4 Xeon CPU PC running real-time Linux.22

Most of the measurements described in the following section were done with a commercial Twyman-Green
interferometer by FISBA-Optics23 working at a wavelength of 633nm with an accuracy of around 20nm and a
lateral resolution of 150 micron. Further results of these tests with more emphasis on the characteristics needed
for an Extreme Adaptive Optics (XAO) system can also be found in Stuik et al.24

6.1. Mirror Surface
The quality of the mirror surface with various applied voltages was measured at room temperature. The optical
quality of the mirror surface without any applied voltage is comparable for both DMs (see table 1). Due to
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Figure 2. The opto-mechanical setup of the single-arm experiment at the telescope. The grey-shaded tubes again indicate
the light path. Furthermore, the science camera, the off-axis parabolic mirrors and the oil-tower are indicated.

Figure 3. The opto-mechanical design for the star enlargers. For each guide star such a lens system will be used to
expand the beam from F/20 to F/255 on the tip of the pyramid. The last tube containing the pyramid can be decentered
and rotated in order to achieve a good optical co-adding of the pupil images from the different guide stars on the WFS
cameras.

the differences in sensitivity of the single actuators (see also section 6.4), when the bias voltage of ≈70 Volts
is applied, the mirror surface has a significantly worse rms value for LN DM1 than for LN DM2. Using the
iteratively calculated flat pattern, the surface roughness of both DMs can be reduced to less than 0.02 micron
in the relevant inner 140mm of the DM.
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mirror rms of the mirror surface in micron

no voltage @ bias 70 V after flattening inner flat pattern

LN DM 1 0.0576 0.2155 0.0211 0.0171

LN DM 2 0.0823 0.0801 0.0207 0.0166

Table 1. RMS values of the mirror surface in micron for various applied voltage patterns.

6.2. Influence Function

One measurement we carried out was the shape of the influence functions, that is the mirror surface when only
one actuator is poked. Due to the influence of the adjacent actuators, this influence function is not perfectly
circular, but slightly square-shaped (fig. 4 left). Its width is 1.04 ± 0.01 actuator distance in x- and y-direction,
and around 3% larger along the diagonal, due to the larger distance to the next actuator in that direction.
Nevertheless, the shape of the influence functions can be very well approximated by a two-dimensional Gaussian
function. With its determined width, the influence on the adjacent actuator can be estimated to be about
11 ± 0.2%. After subtractions of the Gaussian fit, the residuals are of the order of the variations of the flat
pattern (fig. 4 right), that is around 0.02 micron rms. The overall shape, the width and also the amplitude of
influence functions for all actuators are remarkably uniform (fig. 5). Except from the deviations at the very edge,
the differences between the actuators are of the order of less than 1%. None of the actuators or glue sites seem
to be damaged or malfunctioning. Furthermore, all the measured properties of the influence functions are within
the measurement limits of the FISBA interferometer the same for both of the DMs.

Figure 4. Left: The influence function of one sample actuator that is poked by +0.3 of full stroke. The position of
the other actuators are marked with small plus signs. Right: The same influence function fitted with a two-dimensional
Gaussian. Shown are the cuts in x- (top curve) and y-direction (bottom curve). Again the plus-signs indicate the position
of the actuators. The thick lines are the measurements, the thin lines the Gaussian fit and the corresponding residuals.

928     Proc. of SPIE Vol. 5490

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 07/14/2015 Terms of Use: http://spiedl.org/terms



With the help of the influence functions, also the precise position of the single actuators was determined and
found to be very well represented by a quadratic grid with an inter-actuator distance of 6.67 ± 0.03mm.

6.3. Linearity and Hysteresis

The linearity of all actuators was measured in the range of 80% full stroke. In order to exclude any influence
of the mirror surface (influence functions, see above), half of the mirror surface was deflected, while the other
half remained at the bias voltage to serve as a reference level for the FISBA interferometer. The determined
deviations from perfect linearity for all of the actuators are small (fig. 6). At room-temperature they can be
fitted by a pure quadratic term with an amplitude of around 6% at full voltage. Further tests to see how this
behaves at the expected operation temperature at the telescope down to ≈ ±0 ◦C are underway.

The hysteresis of the single actuators was measured with the same method, and found to be close to the
measurement limit of the FISBA interferometer. As an estimate, hysteresis seems not to exceed 1% of full stroke
(fig. 6).

Figure 5. A composition of the influence functions for all the actuators of LN DM2 when pushed by +0.3 of full stroke.
Except from the deviations at the very border, all of the influence functions have the same shape and amplitude. None of
the actuators or glue sites seems to be damaged. The variation in color at the border is an artefact of the data reduction.
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Figure 6. Left: The linearity of one sample actuator at room temperature without the influence of the mirror surface.
As one can see, the response of this actuator can be very well described by a pure quadratic function. Right: The
resiudals after subtraction of a pure quadratic function. The resulting deviations including hysteresis are with around 1%
full stroke close to the measurement limit of the FISBA interferometer.

6.4. Sensitivity

Beside the deviations from perfect linearity, also the slope of the linearity curve – the so-called sensitivity –
of the single actuators is of interest. As it turned out, the differences in this sensitivity is for the actuators of
LN DM2 around 1%, but for LN DM1 it is with around 5% significantly worse (fig. 7). In the relevant closed-loop
operation these variations are corrected, but would reduce the performance of the AO control loop. However,
theses variations will have a more severe impact on the calibration procedure of the WFS system. Since the
maximum stroke depends on the temperature (see section 6.6), in turn also the flat pattern depends on the
temperature. With a variation of 5% in the sensitivity of the single actuators, and an assumed maximum stroke
of ±3.5 micron at 0 ◦C, the flat pattern calculated at room temperature would have a rms value of around
0.2 micron when applied at 0 ◦C. This would require a re-calibration of the DM, as soon as the temperature
changes by a few degrees. As it is for LINC-NIRVANA not desired to use permanently an interferometer at the

Figure 7. The sensitivity of the single actuators of LN DM1 (left) and LN DM2 (right). For LN DM1 the differences
in the sensitivity are around 5%, which could give problems for the calibration of the DM.
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Figure 8. Left: The dependency of the sensitivity of the single actuators on the temperature for the two DMs. Right:
The degradation in Strehl-ratio, starting at 30%, when the whole mirror is moved up and down with the flat pattern
applied. The dotted line are the measured rms-values of the mirror surface, the dashed line is the calculated resulting
degradation in Strehl ratio in K-band.

telescope for calibration, possibilities to correct these variations are currently investigated. One solution would
be to generate a look-up table for different temperatures containing the sensitivities of the single actuators at
that temperature and then to correct in each step the applied voltages accordingly.

6.5. Piston-correction

Since the final LINC-NIRVANA instrument will combine the beams from the two telescopes interferometrically,
a – albeit short – delay line is needed to compensate the differential piston between these two beams, introduced
primarily by the atmosphere and the telescope. Although for LINC-NIRVANA there will be a dedicated system
to accomplish this,25 it is planned to off-load the high-frequency part of the differential piston above ≈100 Hz
to the DMs, which are planned to run with a loop frequency of between 500 Hz and 2 kHz.

To assess how appropriate the DMs are for this purpose, the flat pattern was applied and then a constant
voltage was added to all actuators and the resulting surface roughness was measured. As it turned out, the
degradation in Strehl-ratio can be neglected only for LN DM2 (fig. 8). For LN DM1, due to the significantly
larger variance in the sensitivity of the single actuators (fig. 7), the Strehl ratio degrades rapidly when moving
the whole DM up and down. Further tests if the different sensitivities can be corrected with the considerations
presented in the previous section and subsequently the Strehl-ratio be kept at a high level for a larger piston
stroke are currently underway.

6.6. Temperature Dependency

The dependency of the sensitivity on the temperature was measured so far only for LN DM2. Altogether,
measurements were conducted at three different temperatures: room temperature (22 ◦C) and at two lower
temperatures (17 ◦C and 10 ◦C). As a general trend the maximum stroke increases with decreasing temperature
(fig. 8). This temperature dependency is common for the used PMN actuators.11, 26 At the moment tests at
lower temperatures are being set up to extend this curve down to the temperatures expected at the telescope.

6.7. Next Steps

The next steps in the characterization of the DMs is to measure the sensitivity and the hysteresis of the single
actuators also at temperatures close to what can be expected at the telescope. In the above section 6.6 and in
previous studies,26 these parameters showed a significant dependency on the ambient temperature. It is thus
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highly desired to know this dependency in order to be able to correct them. Moreover, a more detailed analysis
of the different sensitivities of the single actuators and possibilities to correct them are currently underway.

Once the wavefront CCDs are delivered, dynamic tests of the DMs in conjunction with the DM electronics are
envisioned. This will help to assess the closed-loop behavior of the whole system comprising real-time computer,
the DM and its electronics.

7. CONCLUSIONS

The single-arm experiment is currently being set up with the goal to test the prototypes, concepts and control
software for the final LINC-NIRVANA instrument at the LBT. It will contain only one of the two MCAO system
with two wavefront sensor systems and DMs, but not the interferometric beam-combiner. The setup in the
laboratory will comprise an additional telescope and atmosphere simulator. In order to test the system also
under real-world conditions, a setup at the telescope is planned. This will contain a beam-compressor to create a
f/60 beam for the right sampling when using a camera that is built for the typical f/15 of an 8m-class telescope.

One of the first delivered components that were extensively characterized are the two Xinξtics deformable
mirrors with 349 piezo-actuators each. The conducted tests comprised the measurement of the influence functions,
the linearity of the actuators, their hysteresis and sensitivity. Except for the large variance in the sensitivity of
the single actuators for one DM, everything is within specifications. The dependence of the sensitivity of the
single actuators on the temperature could be shown, but further tests at lower temperatures in the range of what
will be expected at the telescope are still needed and will be thus the next steps.
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