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ABSTRACT

The LINC-NIRVANA Pathfinder experiment is a test-bed to verify a very complex sub-system: the Ground-layer
Wavefront Sensor, or GWS. Pathfinder will test the GWS in its final working environment and demonstrate on-sky the
performance achievable with a multiple natural guide star, ground-layer adaptive optics system with a very wide FoV.
The GWS uses up to 12 natural guide stars within a 2.8'-6' annular field of view and drives the LBT adaptive secondary
mirror to correct the lower layers of atmospheric turbulence.
This paper will trace the path of the instrument on its way to First Light on-sky in November 2013, from its installation
on the telescope to the calibrations to its final operation, focusing in particular on opto-mechanical and software aspects
and how they lead to the main achieved results.
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1. INTRODUCTION
LINC-NIRVANA (LN) [1][2] is a high resolution, near infrared imager which will be installed at the Large Binocular
Telescope (LBT) by the end of 2015. LN takes advantage of a multiple field of view, layer-oriented, multi-conjugate AO
system [3] consisting of four pyramid [4] WaveFront Sensors (WFSs - two for each arm of the LBT, each conjugated at a
different height). The system employs up to 40 star probes (namely Star Enlargers, SE), looking at up to 20 Natural
Guide Stars (NGSs) simultaneously.
The Ground-layer Wavefront Sensor (GWS) searches for up to 12 NGSs within a 2.8'-6' annular field of view (in order to
allow a 2’ unvignetted FoV to the high-layer sensor) and optically co-adds their light to allow the use of fainter guide
stars and consequently increase sky coverage. The sensor drives the 672-actuator LBT Adaptive Secondary Mirror
(ASM) [5] at a maximum frequency of 1 KHz, to correct atmospheric turbulence and is conjugated about 100 meters
above the telescope pupil.
Due to the complexity of LN and for the value of testing a such innovative system in its final working environment, the
LN team launched the so called Pathfinder experiment [6] as a test-bed to demonstrate on-sky the performance achievable
using a multiple pyramid natural guide star ground-layer adaptive optics system with a very wide FoV.
The GWS [7][8] has about a hundred opto-mechanical degrees of freedom, each requiring fine alignment and calibration.
These degrees of freedom allow us to position multiple pyramid star probes within the FoV and to track reference star
trajectories (bearing derotation) during observations. The annular field of view imposes a further challenge to daytime
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calibration, since the sensor requires an off-axis light source. These calibrations include the computation of interaction
matrices and simulating closed loop operation, also injecting artificial turbulence by the means of the ASM.

2. PATHFINDER GOALS
Pathfinder, consisting mainly of GWS, an on-axis camera and the Annular Mirror (AM) along with a mechanical
structure, other components and the electronic and software infrastructure, has been implemented at the right, rear, bent
Gregorian focal station of the LBT to operate as a stand-alone system.
Its main goals include:
•
•
•
•
•
•
•
•

verify telescope control system and ASM communication
upload of wavefront reconstructors to the ASM
verify WFS calibration strategy
verify and refine field and guide star acquisition
demonstrate/optimize rotating interaction matrix strategy
test/fine-tune LN software compatibility with observatory
commission LN focal station and gain on-sky experience
finally close the loop on multiple stars (see Section 7)

-

...

al .11rN- -orrvik
.17.;11.....0.31111r i

.. .---...........mir--

_

-'

-

/

b..`!"..4(40.,

............. ,......;...

r

Y-

_

11\inialig:
1

Figure 1: Pathfinder installed at the right bent Gregorian focal station of LBT (Photo: courtesy of T. Herbst)

3. PATHFINDER ALIGNMENT TO THE TELESCOPE
After preliminary tests and installation at the Gregorian Focal Station [9], the GWS was aligned to the telescope optical
axis in October 2013. The definition of an alignment procedure has been quite challenging because of the absence of onaxis optical surface due to the annular field of the instrument.
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The main ideas behind the procedure are:
•
•
•

to materialize the GWS axis, settled by the AM inclination;
to materialize the telescope axis, settled by the ASM and M3 nominal positions;
to tune AM and M3 tip-tilt until the two axes coincide.

A small laser-diode with an adjustable beam-expander (in order to focus the beam at the required distance), rotating
jointly with the GWS bearing, is used as a light source for the alignment. A folding mirror equipped with a motorized
tip-tilt stage is installed on a small bench connected to the bearing in the central area of the GWS FoV and it reflects the
light to M3 through the AM. A translucent screen is located at the telescope prime focus, below the ASM, and, thanks to
a camera looking at it, it allows tracking the laser spot movement during a complete (120°) bearing rotation. On one
hand, the center of the circle drawn by the direct beam on the screen surface facing the primary mirror defines the GWS
axis, while, on the other hand, the center of the circle made by light reflected from the ASM defines the axis of the
telescope. When these two centers overlap, the Pathfinder is aligned to the telescope. The just mentioned setup
components are shown in Figure 2.
At that stage, the LBT Infra-Red Test Camera[10] (IRTC) has been co-aligned to the GWS CCD both in focus, to have
parfocality between the two CCDs, and in centering, to visualize the FoV center, defined by the rotation axis of the
bearing. However, we will not describe in details the steps to achieve such a result since, for practical reason, during the
commissioning nights the IRTC has been replaced by a commercial DSRL camera, located at the focal plane behind the
AM.

Figure 2: Setup used for the Pathfinder alignment to the telescope. Left: a structure holding a translucent screen and a
camera is installed at the prime focus location. Center-bottom: camera looking at the screen. Center-top: sum of images of
the spots reflected by the ASM every 10° of bearing rotation, recorded by the camera (scale is given by crosses grid,
separated by 5mm). Right: the light path of the laser beam reflected by a small flat mirror, the AM, M3 and directed toward
the translucent screen.

4. INTERACTION MATRIX CALIBRATION
The key activity performed during daytime calibrations concerned the Interaction Matrix (IM) calibration, computing a
mapping between known shapes (Karhunen-Loève modal basis) applied to the ASM with a push-pull scheme and the
signal measured by the Pyramid wavefront sensor.
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The major challenges to be faced are related to the GWS annular FoV and to the sky derotation. In fact, we need an offaxis source to calibrate interaction matrices at different rotation angles during day-time.
4.1 Setup
An on-axis source is obtained using a fiber (fed either by a powerful laser or white light) mounted at the focal plane
location behind the AM and a retro-reflector (RR), installed at the telescope prime-focus location. A beam is sent toward
the ASM, focused onto the RR and reflected back through the same path to the GWS. In order to illuminate a SE, which
can only span the 2.8’-6’annular FoV, a beam-splitter (BS1) is located on-axis in front of the AM sending the light
toward the left-side of the GWS FoV (see Figure 3). Another beam-splitter (BS2) is introduced in the path to observe the
day-light source onto a commercial broadband visible camera. Before illuminating the 4 pupils on the CCD, major
telescope aberrations such as coma and astigmatism have to be minimized. Astigmatism is reduced applying the proper
Zernike mode to the ASM shell shape, while coma is reduced looking at the out-of-focus spot and adjusting ASM
centering and M3 tip-tilt. Afterwards three different SEs can be illuminated by the calibration source without any bearing
rotation. This setup has been used also during the first light obtained in November (Section 5).
To compute IMs at different bearing angle, the SE needs to be centered (using its x and y stages) with respect to the
incoming source.

Fiber

BS2

BS1

Figure 3 Setup used for day-time IM calibrations and during Pathfinder first light. A fiber, located at the focal plane behind
the AM, shines light towards the ASM, which focuses onto the RR. The back-reflected beam is intercepted by an on-axis
beam splitter (BS1) sending the telescope on-axis beam toward a SE (which can only span the 2.8’-6’ annular FoV). BS2
sends part of the light toward a visible camera in order to verify loop closure during the day.

4.2 Interaction matrix
During the commissioning runs in November, December and March, interaction matrices have been calibrated on a
single SE illuminated by white light.
A few issues had to be solved live at the telescope before obtaining reliable IMs, such as scripts to precisely center pupils
on the CCD to counteract flexures during rotation and to cope with the fact that the pyramid pupils were rotated (∼1.5°)
with respect to the CCD pixel orientation (visible in Figure 6). We remind here that GWS CCD50 was used in a 2x2
binning, meaning 64x64 pixels, 24 sub-apertures on each pupil diameter. IMs were computed increasing gradually the
number of modes applied to the ASM during the different runs reaching 400.
In Figure 4 are shown the Single Value Decomposition, confirming the validity of the signals computation, except for the
last very few modes, as well as the signals of few modes, to highlight the fact that due to de-centering at the order of a
fraction of subaperture of the pupils, some areas become indefinite at about mode #160.
Inverting and averaging 12 IMs, we computed different reconstructors, starting at 10 modes and up to 150 modes.
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Figure 4: 400-mode interaction matrix. Left: signals related to modes #2, 12, 75, 85, 150, 295 are shown. Due to centering
issues after mode 160 in some areas the signal is lower than expected because sensitivity is smaller. Right: Single Value
Decomposition shows good results for essentially all modes except the last very few ones.

4.3 Rotating interaction matrix issue
The GWS uses off-axis stars and since the sky rotates, in order to track off-axis stars during night observations, the
GWS, as well as all the wavefront sensors of LINC-NIRVANA, are equipped with a derotator. Due to the fact that the
ASM does not rotate, there is a continuously changing, rotating relationship between the sensor sub-apertures and the
ASM actuators (a concept drawing of this effect is shown in Figure 5).

L6T pupil
(dSM)

1/15 FP114311111%.Pupil
Re- imager

CCD

Figure 5: The GWS uses off-axis stars and since the sky rotates while the ASM does not, the projection of the ASM
actuators into the re-imaged pupils varies.

For this reason, different matrices have to be computed for the entire GWS derotation range (120°) and two possible
strategies were originally foreseen:
1.
2.

calibrate the IMs every 2 degrees for the full rotation range
obtain few interaction matrices at different angles in a narrow range, derive an interpolated matrix and then
rotate it numerically [11] to obtain synthetic reconstructors for every degree of rotation.
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After intensive tests, the second option was found to be extremely robust and used to successfully close the loop with a
100-mode reconstructor up to 60° rotation during days and nights. After a first phase where manual upload was required,
Pathfinder wavefront control software was upgraded in order to allow for an automatic seamless upload of the correct
reconstructor to ASM during derotation.
4.4 Closing the loop in day-light
The LBT ASM Software is used to control the ASM shell and to load on the ASM Basic Computational Unit (BCU) the
reconstructor matrix file and the gain vector file. Moreover, loading to the ASM a disturbance, essentially a modal
history of commands simulating a randomly generated Von Karman power spectrum, an evolving turbulence on the shell
can be simulated. We used 0.8 seeing and 15 m/s for the tests (Figure 6 and Figure 7).
During the different pathfinder runs many tests have been performed on the efficiency of the computed reconstructors
and loop was closed in daytime up to 150 modes while the bearing was derotating and SE automatically continuously
centered with respect to the incoming source. Additionally, the 100-mode reconstructor computed on a SE was tested on
a different SE and the loop was closed.

Figure 6: Day-time snapshots showing pupils when turbulence is applied in open-loop and when the loop is closed. The 1.5°
pupil rotation wrt CCD pixel orientation is also visible.
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Figure 7: Example of results obtained closing the loop on a simulated turbulence using a 100-mode reconstructor, showing
RMS computed on the slopes measured by WFS on 4000 frames (~4.5 sec at 884 Hz). In yellow is plotted the open loop
curve, while the other colors represent different sets of closed-loop. They essentially all overlap: on the high order a gain of
a factor 10 is visible, while for the low orders the gain is not evident because of partial saturation of the signal. In fact, actual
tip-tilt rms in open loop is about 10 times larger than the measured value.

4.5 ARGOS on-axis calibration source
In April 2014, during the last run before this writing, we could perform a few calibration tests using the ARGOS on-axis
calibration source [12]. Even though the power of the on-axis source was low and fiber too small, causing the saturation
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of the signal, we could close the loop up to 100 modes and for a continuous derotation of 25° (this limit is set by the used
setup for the calibration). Of course the availability of this source, properly modified for LN needs, would facilitate
future calibrations. For pathfinder, its presence would allow observing at the same time the on-axis camera and the WFS
pupils and avoid the use of a setup located in front of the AM, helping out for a proper day-time characterization and
considering the fact that LN has a total of four WFSs, it would be very important to exploit it.

5. FIRST LIGHT AND NIGHTS
The main goals of the Pathfinder commissioning nights are:
•
•
•
•
•
•
•
•

Commissioning of the focal station
Resolution of geometrical issues
Star acquisition and tracking
Close loop on a single bright on-axis, non-rotating star
Close loop on a single bright off-axis, rotating star
Close loop on a single faint star, rotating
Multiple star acquisition
Close Loop on multiple stars

Since the software for the automatic pointing, acquisition and tracking of the guide stars was in a preliminary state,
proper tools were installed in front of the star probes to assist in these operations (see Figure 9). During December runs
we devised small arms containing a BS and a commercial camera with a long pass filter 0.6 μm installed, to be
positioned in front of the 2 SEs to be used during night observation. They were connected with the bearing in order to
follow the sky rotation. In the April run they were replaced by small white screens (called “cheerio-viewer” for their
characteristic shape) and an infrared surveillance camera installed on the platform looking at them, in order to acquire
star even if the pointing was not accurate.
Four mirrors reflections, different rotation angles and focuses, made challenging to understand the sky orientation of the
pathfinder focal plane. For this reason, we used nighttime to define the relationship between focal plane and sky,
installing a DSRL camera in the place of the fiber used for day-time calibration. We confirmed our plate-scale and we
succeeded moving a star from the on-axis camera to 4 different off-axis star probes.
On November 16th, Pathfinder saw its first light [13] on a very aberrated image of an on-axis star (Capella), viewed with a
commercial broadband visible camera with about 5” FoV. Afterwards, with a 2.3” seeing, we closed the Pathfinder AO
loop for the first time on sky on an on-axis third magnitude star, ε Aurigae (Figure 8). As a first attempt a 10-mode
reconstructor was applied and shortly after a 50-mode one. In the following nights and runs we succeeded in acquiring
different off-axis bright stars (down to 5th magnitude in V-band) and in maintaining a closed-loop up to 100 modes with
a rapidly rotating FoV.

Figure 8: First Pathfinder closed-loop onto an on-axis star, ε Aurigae, V~3mag. Images are taken with a visible broadband
camera; the seeing was 2.3”. Setup is the one shown in Figure 3.

In December run, star-light reached SE through the annular mirror reflection. With a seeing of approximately 1.5” we
succeeded closing the loop correcting up to 60 modes on an off-axis star, γ Andromedae (V∼2). Another success was the
closed-loop (even if only for 10 modes) on a different SE with respect to the one the reconstructor was computed with
and tests to confirm rotation tracking of an off-axis star. In March we started gaining valuable experience acquiring stars
on different SE and moving on and off-axis. In the next runs, along with implementation of a new software for the
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acquisition based on previous experience [14][15], we plan to close the loop on a single faint star (blind acquisition, testing
the sensitivity of our WFS) and, moreover, acquire and close the loop on multiple stars, being this a key operation in the
LN multi-conjugate adaptive optics. Moreover, a commercial filtered NIR camera (Xenics Xeva 1.7-320; 1.5-1.7 μm)
will replace the DSRL with the aim of characterizing the ground layer correction with NGSs.

Figure 9: Setup used for night-time activities (except first light). Top: A B-S and a broadband visible CCD (mounted on an
arm connected to the bearing) are positioned in front of the star probe to assist in the acquisition of off-axis stars. Bottomleft: a commercial DSRL camera is installed on-axis, and the fiber used for the day calibration is removed. Bottom-center:
in April run the arms have been replaced by “cheerio viewers”. Bottom-right: A 5th magnitude star imaged on the cheerioviewer with a 10 seconds exposure.

6. LESSONS LEARNED AND CONCLUSIONS
The main lessons learned performing these activities are the fact that sorting out geometry and procedures for acquisition
and star‐tracking on a 12 pyramid WFS (with about 1” FoV each) is challenging; the importance of day-time calibration
and, as a consequence, the need for tools for an “easy” day-light calibration, in particular considering the fact that LINCNIRVANA will have four WFSs. Additionally, a notable result is the fact that synthetic generation of rotating interaction
matrix (at least up to the 100 modes we corrected so far) proved to be extremely robust at different temperatures and
configurations, as well as time efficient: only a few interaction matrices had to be computed to cover the full range of
rotation.
Concerning the day-activities we were able to achieve all the foreseen baseline goals, we aligned pathfinder to the
telescope, commissioned the focal station (presetting the telescope and reading trajectories), communicated with ASM
and TCS, calibrated rotating IMs and automatically seamless uploaded them to the ASM depending on the bearing
rotation angle. Additionally, we performed valuable tests using the ARGOS calibration source, aiming to simplify future
calibrations.
Out of five complete observing nights (November & December 2013 and March 2014) only one full telescope night
could be used due to bad weather. Nevertheless, and despite all the issues encountered, mainly related to the fact of the
Pathfinder being an experiment, we could accomplish all baseline goals, except one: the test of sensitivity. We could not
acquire dim stars, mainly because of clouds during our observations. We realized the mapping of the sky orientation of
the pathfinder focal plane and acquisition and track of rapidly rotating stars; we achieved first light closing the loop onto
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an on-axis bright star correcting up to 50 modes (seeing 2.3”) looking on a visible broadband camera and we closed the
loop up to 60 modes on an off-axis bright star tracking the sky rotation, looking on a long-pass filtered camera. In the
next runs the goal is to acquire and close the loop on multiple off-axis (possibly faint) stars, installing an on-axis infrared
camera to characterize Ground-Layer Adaptive Optics correction.
Concluding, we had to overcome challenging problems during the commissioning runs performed so far: many things
must work simultaneously and with high accuracy before the loop can be closed. This makes the Pathfinder experiment
extremely important to accelerate integration and commissioning of the GWS into the full LINC-NIRVANA system and
offers us the possibility to gain valuable on-sky experience. It also provides an excellent testing and demonstration
facility for ground layer adaptive optics based on natural guide stars, hopefully to be done in the next few months.
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