






Figure 3. Different bandpass setups and the corresponding coherence lengths. Top panels: the transmission curves for all
8 bandpass filters that are part of the FFTS filter wheel. The narrow-band filters will be used for alignment purposes.
The right panel shows the fringe contrast as a function of the OPD. Middle panels: The filters with the broadest bandpass
cover two neighboring atmospheric windows (J+H and H+K). The actual fringe contrast distribution, when observing a
grey source, has to include the atmospheric transmission7 (black line). Bottom panels: In addition to the atmospheric
transmission the distributions of 3 stellar blackbody continua are also considered. The effective wavelengths of these
source-filter combinations are indicated in the right panel. It shows that the fringe contrast drops to 65% when OPD
corresponding to one fringe is introduced.
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Figure 4. Main components of the FFTS hardware. With the exception of the piston mirror, computer and electronics,
all hardware related to the FFTS is located within the vacuum recipient of LINC-NIRVANA. Some parts, such as the
detector head, have to be within the cryogenic environment of the beam combining camera. Commercial micropositioning
stages are implemented to position the detector head with the required accuracy. These stages have to be kept at ambient
temperature. A moving baffle is used to prevent photons from intruding into the cryogenic environment.

An increase in the usable FoV directly has a positive impact on the sky coverage of the full instrument. The
larger the FoV, the higher the probability to find a suitable reference star. The FFTS can exploit an elliptical
FoV with a diameter of 60”× 90”. Since it is far too expensive to cover the full usable FoV with FPAs, the
FFTS FPA has to be moved to the position of the reference star PSF in the focal plane (cf. Fig 4). The FFTS
will acquire images of this PSF at frame rates of up to 200 Hz. These frame rates can only be realized for a
small subwindow of the FFTS detector. In order to be able to continuously acquire the light of the reference
star, the FFTS detector subwindow needs to follow the trajectory of the PSF in the focal plane. A recurring
repositioning of the detector followed by a continuous shifting of the subwindow on the stationary detector itself
was considered to be not feasible for many reasons (such as detector size, readout speed, clock-pattern upload).
Therefore, the detector chip with a fixed subwindow has to be moved continuously along the PSF trajectory
(note that it can stay fixed for an on-axis reference). The flexure tracking (cf. Sect. 3) performance is dependent
on the level of precision to which the position of the PSF on the subwindow is known. Therefore, it is required
to keep deviations from the actual position of the PSF due to positioning inaccuracies of the detector as small
as possible. Subpixel (1 pixel = 18.5 µm) positioning accuracy of the detector is a challenge for any positioning
device with a large travel range like in this application. But much stronger are the constraints imposed by the
need of a cryogenic environment for the detector. In the solution that is forseen10 (cf. Fig. 4), the positioning is
done by off-the-shelf micro-positioning stages. For this solution the detector has to be mechanically connected to,
but thermally isolated and shielded from, the positioning device, which needs to be kept at ambient temperature.

2.3 Image analysis
Differential piston can be identified in the position of the fringes with respect to the Airy envelope function. The
direction of the white light fringe in the case of a large differential piston of several λ can also be determined

Proc. of SPIE Vol. 7013  701327-5

Downloaded from SPIE Digital Library on 13 Aug 2010 to 149.217.40.222. Terms of Use:  http://spiedl.org/terms



Figure 5. Polychromatic PSF profiles contain information on the absolute differential piston between the two arms of the
interferometer. For cophasing the knowledge of the absolute differential piston value is required to identify the zeroth
fringe. The simulated PSFs shown here represent a G2V source observed with the HK-filter through the atmosphere.
The left panels show the zero OPD case, the right PSFs result from an OPD of λeff=1.84µm. The averaged PSF profiles
clearly allow the distinction of the two cases. The bottom panels represent the same conditions as before but also include
a certain degree of atmospheric dispersion. In addition to the aforementioned full profile analysis, a comparison of the
“short wave” profile (top part of the PSF) with the “long wave” profile (bottom part) also allows to identify the direction
of zero OPD.

Figure 6. Piston analysis in simulated PSFs with a pixel sampling and image size corresponding to the FFTS plate scale
and window size. Superposed is a Gaussian noise contribution resulting in pixel-to-pixel signal to noise ratios of 15 and
2. The PSF profiles contain the pixel column averages calculated for the pixel rows in between the white lines. Although
the fringe patterns in the low S/N cases become almost invisible, the frames contain sufficient information for obtaining
reasonable results with the differential piston fitting algorithm.
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Figure 7. Hard- and software components in the FFTS control loop. The arrows indicate the direction of information flow.
Also shown are the institutes that are responsible for the individual components: Max-Planck-Institut für Radioastronomie
(MPIfR), 1. Physikalisches Institut d. Universität zu Köln (PH1), and Max-Planck-Institut für Astronomie (MPIA)

directly in the PSF of the reference star. A larger differential piston gives rise to a more asymmetric PSF as can
be seen in Fig. 5. The degree of asymmetry is determined by the coherence length of the source-filter system. If
the differential piston is of the order of or larger than the coherence length, the interference fringes vanish.

Column averages of the two-dimensional frames result in one-dimensional PSF intensity profiles (cf. Fig.
6). The profile of a monochromatic PSF of the LBT along the direction of the interferometric baseline can
be expressed analytically. Such an expression is implemented in a fit algorithmus to determine the underlying
differential piston.

2.4 Fringe tracking control loop

The fringe tracking control loop11 consists of several hard- and software components. Figure 7 shows the 3
main parts of the servo loop (FFTS detector, FFTS computer and piston mirror) and the sequence in which the
various components interact with each other.

Detector and readout electronics The FFTS detector and associated readout electronics12 will be provided
by the Max-Planck-Institut für Radioastronomie (MPIfR). Currently forseen is an engineering grade HAWAII-
I NIR FPA to be used as FFTS detector. At this detector grade two quadrants (512×512 pixel) are fully
operational, which is sufficient, since only small subwindows will be used for fringe tracking and flexure tracking.
The detector and its fanout board is part of the detector head that is moved along the focal plane of the
beam combining camera within the cryostat of LINC-NIRVANA. The fanout board is connected to the ambient
temperature part of the readout electronics that is directly mounted to the vacuum recipient of LINC-NIRVANA.
Here the analog signal is amplified and digitized. A fiber link is used to transmit the obtained image data to a
data interface box located next to the FFTS Computer. The data enters the FFTS Computer via a PCI DMA
board.
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Figure 8. The piston mirror. Made of light-weighted aluminium, the movable load with the two reflecting surfaces is
mounted to a piezo-electric nanopositioning stage.

FFTS Computer All image analysis, piston fitting and control tasks run on the FFTS workstation. It will
be a multi-processor or multi-core system with Linux as operating system. Several software processes that are
associated with the fringe tracking control loop are time critical and require high scheduling priority. These
processes can be assigned to designated processors or cores. The software will take advantage of real-time
functionality that is implemented in the 2.6 Kernel.13

The control engine will also be realized as process on the FFTS computer. The choice of the control strategy
that will be implemented depends on the actual differential piston power spectrum that is to be dealt with. Many
instrumental factors may contribute to the power spectrum14 in addition to the atmosphere. These additional
factors are currently under investigation.11

Piston mirror The piston mirror (cf. Fig. 8) is the actuator in the fringe tracking servo loop. Each of the two
reflective surfaces is part of the optical path of the left or the right interferometric arm respectively. The two
collimated beams are approaching the mirror from almost diametrically opposed directions and are redirected in
parallel towards the beam combining telescope (cf. Fig. 2). The common structure is mounted on a piezo-electric
nanopositioning stage. An axial motion along the direction of the approaching beams shortens one of the two
optical paths while lengthening the other path by the same amount at the same time. This effect is used by the
FFTS to introduce controlled path-length variations for the compensation of differential piston. The piezo stage
from Physik Instrumente has a stroke of 75 µm – this corresponds to an overall OPD correction range of 150 µm.
The mirror assembly consists of aluminium (AlSi35) and has a mass of 3350 g that is to be moved by the stage.
It is clear that such a high mass limits the frequency response of the actuator in the servo loop and with this
the control bandwidth that is achievable. Figure 9 shows the Bode Plot of the piston mirror. It was obtained
in open loop and represents the mechanical response neglecting further bandwidth limitations imposed by the
position control electronics of the device. The first resonance peak appears at ∼ 140 Hz. A reliable operation of
the piston mirror can only be realized below this limit.

3. FLEXURE TRACKING

Flexure monitoring or control is necessary to prevent common or differential image motion effects on the science
detector. The optical axes of each of the the two arms of the interferometer have to remain aligned and must not
change their position during the science integration. Such changes result from instrumental flexure but also from
atmospheric dispersion. In the original concept to deal with slow image motion, it was forseen to monitor the
position and shape of the fringe tracking PSF. As soon as a deviation from the nominal position of one or both
of the two beams exceeds a certain threshold, the system gets notified and the instrument can be readjusted.
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Figure 9. The Bode-Plot of the piston mirror. The open loop measurements show that the first resonance peak of the
piston mirror assembly is at ∼140 Hz. This value resembles an upper limit of the actuating bandwidth of the piston
mirror hardware. A vibrometer was used to determine actual distance variations of the actuator as response to an analog
signal with continuously increasing frequency.

However, a recent detailed analysis of the instrument’s behavior revealed, that instrumental flexure and
factors like atmospheric dispersion require a closed loop tip-tilt correction with a bandwidth of ∼1 Hz. It was,
therefore, decided to adapt the flexure tracking concept and dedicate a certain fraction of the light of the reference
target exclusively to the flexure tracking task. The new concept requires additional optical components (cf. Fig.
10). In the new concept, a beam splitter is used to direct part of the light of the converging beams into the
flexure tracking channel. To be able to distinguish the two beams and, therefore, to be able to immediately
know which of the two channels is flexing, the two beams should be “imaged”∗ individually. This can only be
achieved, if the flexure sensor is not located in the combined focal plane, as it is the case for the fringe tracking
sensor. To still be able to use the same FPA (a different quadrant for fringe and for flexure tracking) the optical
path has to be folded. The flexure sensor could be either in an intra-focal or in an extra-focal position. This
position defines the way of folding the optical path (cf. Fig. 10). Both options are currently investigated.

The solution has to be able to work in the full FoV that is available to the FFTS. It has to be sensitive enough
to guarantee a position deviation of the two optical axes on the science detector of less than one pixel (=5 mas on
sky). Moreover, the separation of the two individual spots has to be sufficiently large to unambiguously identify
each of the two beams. Last but not least such a solution should always be able to close the flexure loop starting
from the blind pointing of the instrument. To achieve this, it has to cover a range of ∼1 arcsecond around the
nominal position of the optical axes.
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Figure 10. Different conceptual designs for a dedicated flexure tracking channel. Before the converging beams reach the
focal plane, a beam splitter is used to direct a certain fraction of the light of the reference source towards the flexure
tracking channel. The goal is to monitor the position of the two beams individually, either in an extra-focal or an intra-
focal plane. To be able to use a singe FPA for the fringe- and for the flexure tracking task, the optical path has to be
folded.

Figure 11. Mechanical design of the moving baffle and the support structure. Copper-beryllium springs are used to
compensate differential contraction of the components of the baffle. A double walled G10 tube forms the lower part of
the support structure. It is capable to follow the large contraction of the upper aluminum mount when it is cooled to
cryogenic temperatures.

4. HARDWARE STATUS UPDATE

The cryo-ambient mechanical design of the FFTS hardware is described elsewhere.10 Here, only the recent
progress in the development of the FFTS hardware is reported.

Several mechanical aspects had to be considered in the context of the combined cryo-/ ambient temperature
solution. Among them are: 1) differential contraction of the materials used for the moving baffle, 2) a large

∗The flexure tracking spots will not be in focus. It is intended to concentrate the light to few pixels to increase the
Signal to Noise ratio.
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temperature gradient in the transition region between the cryogenic and the ambient temperature environment
(cf. Fig. 4).

The mechanical concept of the baffle has been revised recently (cf. Fig. 11). It now foresees copper-beryllium
springs to compensate any differential contraction between the steel bearing and the aluminium mount platform.
Furthermore, multilayer superinsulation blankets are planned for the two rotating disks, to minimize the radiation
heat load. The design of the baffle is now finished and the various components are ordered.

The support structure (cf. Figs. 4 and 11) represents the mechanical skeleton of the FFTS hardware within
the LINC-NIRVANA cryostat. It also incorporates the boundary between the two temperature domains. These
tasks impose constraints in terms of stiffness and temperature insulation. A double-walled G10 tube is now
forseen to connect the ambient temperature environment to the cryogenic environment. The G10 tube has to
follow the contraction of the cold aluminium interface. Heat conduction to the cold environment has to be
minimized. The G10 tube ordered.

The electronics patchboard is almost finished. It is part of the ambient temperature environment and dis-
tributes the various electrical connections to the motors, encoders, sensors and heat resistors in the system. The
filters, that are part of the FFTS filter wheel are delivered. So are the micro-positioning stages. The piston
mirror is assembled and currently undergoing a detailed performance characterization.

In summary, the overall progress is satisfying. The phase of assembly, integration and testing of the various
hardware components can be started soon.
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