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ABSTRACT

We present a 1:3 scale model of the LINC-NIRVANA interferometer. This laboratory Fizeau, or image plane,
interferometer allows us to test many aspects of LINC-NIRVANA before the final instrument is integrated. We
have used this testbed interferometer to practice alignment procedures, verify the optical design, show that point
spread functions with low (10%) Strehl ratio can maintain high fringe contrast, and test the fringe tracking
algorithm by running the interferometer in a closed piston loop.
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1. INTRODUCTION

LINC-NIRVANA is a near-infrared image-plane beam combiner with Multi-Conjugate Adaptive Optics (MCAO)1.
Starting in 2006, LINC-NIRVANA will combine the light from the two 8.4 m primary mirrors of the Large Binoc-
ular Telescope (LBT)2 in so-called “Fizeau” mode. This configuration preserves phase information, and allows
true imagery over a wide field of view. Given the unique telescope and scientific goals of this instrument, almost
every sub-system of LINC-NIRVANA has required a novel approach. Examples of critical elements of LINC-
NIRVANA which have never before been integrated into an astronomical instrument include an active fringe
and flexure control loop which maintains the interferometric point spread function (PSF)3, MCAO which yields
a larger potential field of view and greater sky coverage4, a 6×4m2 carbon fiber composite bench required to
meet the flexure demands of what is effectively a 23m class instrument, many active cryogenic motors required
for proper alignment and following the rotating image plane5, and a closed-cycle dry Helium cooling concept
capable of meeting the cooling specifications on our 2m dewar6.

A critical task, therefore, in the eventual construction of LINC-NIRVANA is to better understand these
unique sub-systems. Towards this goal, we have undertaken a concerted effort to prototype and test many of
these subsystems. In this paper, we will discuss a testbed Fizeau interferometer constructed at the Max Planck
Institute for Astronomy which serves as a 1:3 model of LINC-NIRVANA. This interferometer has been used
to demonstrate various basic proofs of concept. Specifically, we will present the results of tests relating to the
de-rotation of fringes, the effect of AO on fringe contrast, and the scanning and tracking of interferometric fringes.

2. SETUP

The basic optical design of the testbed interferometer, and LINC-NIRVANA stripped of its MCAO system,
consists of two collimators fed with coherent light. These two beams are then combined; the two pupils generated
by the twin collimators serve as the entrance pupil to a camera which then creates an image of the PSF on the
detector. The design of the testbed interferometer was driven by several factors: 1) We desired to use commercial
lenses and mounts. We therefore decided that the largest optic in the system would be ∼ 150mm. We adopted
D=50mm lenses in the collimator and D=135mm optics for the combined beam. 2) To perform basic proof of
concept tests of the LINC-NIRVANA optics, we wanted to preserve the number of fold mirrors in the collimator
and create a collimator with the longest feasible focal length. We therefore chose to use precision achromats
with f= 700mm. 3) Finally to sample the PSF well on the optical CCD, we needed a F-ratio greater than 30.
This requirement led us to a camera consisting of a Cassegrain telescope + 135mm camera lens (Figure 1).
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Figure 1. A 1:3 model of the LINC-NIRVANA interferometer is mounted on a single Newport optical bench with tuned
damping. The input signal is either generated from a stabilized HeNe laser beam inserted into a 1:2 single-mode fiber
coupler (pictured at center right) or from a diode laser beam (λ = 670nm, coherence length=0.2mm) fed through a
beam-splitter and refocused into two polarization preserving single mode fibers (upper right). From the input light source
the beam (illustrated on one half by the solid white line) passes through a collimator/camera. These elements serve as a
simple atmospheric and telescope simulator. By placing phase screens or pupil stops into this collimated beam, we can
simulate an imperfect AO correction and control the entrance pupil. The light is then redirected into a second collimator
(which is the first optical element in LINC-NIRVANA). After a few fold mirrors, which recreate the optical geometry
of LINC-NIRVANA, the beams from both arms enter a camera consisting of a Cassegrain telescope and 135mm camera
lens (center) which focuses the combined beam onto the detector where the CCD detects the Fizeau interferometric PSF
(lower left).

A brief description of the testbed interferometer sequential optics begins with the light sources. Coherent
light must be delivered to the two input foci. Two different methods have been used to deliver this coherent light:
The first source is a stabilized HeNe laser coupled to a λ = 633nm 1:2 single-mode fiber coupler. This creates a
very efficient coupling that requires no alignment, but unfortunately single mode fiber couplers are optimized to
work at a single wavelength and yield an unequal split of the light at other wavelengths7. Therefore, our second
light source divides a collimated light beam of any wavelength equally with a beam splitter and refocuses the
two coherent beams onto polarization preserving single mode fibers (Figure 2). We achieved a high coupling
efficiency of ∼ 40% (close to the theoretical limit) only after careful alignment. This second setup has the
advantage, besides operating at any wavelength, of also allowing one of the injector lens and fibers to be moved
as a unit. We use this unit as a delay line to scan for fringes and find the zero path length difference (0 OPD).

Light from each of these two fibers feeds a separate arm of the testbed interferometer. Before building a
model of LINC-NIRVANA, we mounted a simple atmosphere and telescope simulator consisting of a collimator
and camera combination. This setup lets us place phase screens in the collimated beam to simulate atmospheric
turbulence and pupil stops so the entrance pupils are clearly defined. The light from this simple atmosphere and
telescope simulator is then focused and re-collimated by the 700mm achromat. After two fold mirrors, which
are placed to give the testbed interferometer the same optical geometry as LINC-NIRVANA, the two collimated
beams reach the “piston mirror.”

At the center of both LINC-NIRVANA and the testbed interferometer is this piston mirror. It redirects the
two beams from the collimators along a single direction into the combined-beam camera (Figure 3; In LINC-
NIRVANA, this combined-beam camera is cryogenic). Lateral movements of this mirror change the path length

Proc. of SPIE Vol. 5491     1761

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



Figure 2. Two light sources used with the interferometer. For studies where coherent light is sufficient, we use the
stabilized HeNe laser with the 1:2 single-mode fiber coupler. For tests where a shorter coherence length is required, light
from a diode laser is collimated, passes through a beam splitter and is re-injected into two polarization preserving single
mode fibers.

between the two arms. We have incorporated the piezo piston mirror stage (PI P-750) to be used in the final
instrument into our testbed interferometer. This stage has a maximum travel of 75µm (corresponding to a total
path length change of 150µm) with nanometer resolution. This PI piezo stage will be integrated into the final
instrument. It is capable of moving the ∼ 2kg piston mirror a few microns at 100Hz.

The pupil plane created by the two collimated beams lies just after the piston mirror, and serves as an
interface between the two collimators and the combined beam collimator. If homotheticity is to be achieved,
the two pupils must be scaled geometric replicas of the entrance pupil to the interferometer. After this pupil,
both beams are treated as one, and are focused onto the CCD by the combined beam camera which consists of
a Cassegrain telescope and a 135mm camera lens.

As for any interferometer, alignment is critical. Each arm of the interferometer has an alignment error of < 5
arcminutes. Initially, a laser was mounted parallel to the table. The axis of this beam defined the midline of
the interferometer. A beam splitter was placed in this beam to reflect light into the atmospheric and telescope
simulator. Alignment of each optical element was achieved through retroreflection. The use of long baselines and
precise measurements of spot locations placed limits on the alignment error. Shear plates were used to ensure
that the light was collimated in each collimator. Once the optics in each arm were aligned in reference to this
central axis, the laser beam was replaced with optical fibers. The collimator lenses were then focused until shear
plates confirmed that beams were collimated.

Once both arms of the collimator were aligned, the piston mirror had to be mounted. A double-sided mirror
was mounted perpendicular to the beam axis at the pupil of the two collimators. This location is directly in
front of the combined-beam camera. The piston mirror was adjusted until both beams were retro-reflected back
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Figure 3. Detail from testbed interferometer focusing on the piston mirror. The piston mirror is mounted on a PI P-750
piezo stage (75µm travel). A copy of the entrance pupil of the system is recreated just after the two beams reflect off of
the piston mirror. To achieve wide-field interferometry, the homothetic condition needs to be satisfied at this point. The
light from the two arms of the interferometer only interfere at the focal plane on the CCD after the pupil is re-imaged
with a single camera.

onto the input fibers. Finally, the combined beam camera was aligned by placing an illuminated fiber at the
focal plane in place of the CCD, and retro-reflecting off the backside of the pupil mirror. Once alignment was
achieved for the optics before and after the collimator pupil, only minor adjustments were required to align
the full testbed interferometer. A small amount of astigmatism remains, but the images from each arm of the
interferometer are close to pure diffraction-limited Airy disks.

3. VERIFICATION TESTS

As the LBT and LINC-NIRVANA track a star field, the field will rotate over time. Although optical designs
showed that the image of a star field as imaged through each arm of the LINC-NIRVANA beam combiner would
rotate together, as Hill8 pointed out, there is a danger of not having the correct orientation and number of
reflections. Therefore, the first simple test with the testbed interferometer verified the field rotation concept for
LINC-NIRVANA. Rotating “F”-targets at each input focus did indeed rotate together on the detector.
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Figure 4. Simulation of the LINC-NIRVANA PSF and fringe cross section as a function of de-rotation angle. All focal
planes in LINC-NIRVANA need to be de-rotated, but the fringe pattern remains fixed with respect to the primary mirror
geometry. Therefore, as the science detector is de-rotated to ensure that stars do not move across the detector, the fringe
pattern will smear. Simulations of this effect placed a requirement on the maximum de-rotation angle of 30◦. The speed
at which cryogenic rotation stages could rotate 30◦ with sufficient accuracy placed a limit on the minimum zenith angle
of 1◦. The parallactic angle of objects closer to the zenith than this distance will have a maximum rotation rate greater
than 12◦/minute.

It should be noted that while the star field will rotate at the focal plane as the sky is tracked, the fringe
pattern will remain fixed. Therefore, when the detector is de-rotated, the fringes will smear. A simulation of this
effect placed a requirement of 30◦ on the maximum allowable rotation angle allowed during observations (Figure
4). Rotating the detector at the same rate as the sky with a precision of 15 arcsecond places tight constraints on
the cryogenic rotation stage5. Aligning the center of the optical axis of the telescope to the center of the rotation
stage is even more critical. A misalignment of 0.01 arcseconds in the position on sky will destroy the observed
fringe contrast as the detector rotates.

Having successfully shown that star fields observed from each LBT telescope will rotate in the same direction
on the focal plane, the next goal of the interferometric testbed experiment was to produce an interferometric
PSF. First detection of the characteristic LINC-NIRVANA fringe pattern was produced using a HeNe laser with
the 1:2 fiber coupler. After fine-tuning the alignment and the injection of light into the single mode fibers, we
have produced high quality images with fringe contrasts of 90% using the diode laser with the 0.2mm coherence
length (Figure 5). Here, we define fringe contrast to be the ratio of the difference between the central maximum
and the first minimum in the interference pattern divided by the central maximum. High fringe contrast was
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Figure 5. Image (left) and cross section (right) of the interferometric point spread function obtained with the testbed
interferometer and the diode laser with a coherence length of 0.2mm. The fringe contrast of this interferometric PSF is
90%. Slight astigmatism remains, which may lower the fringe contrast slightly. Achieving fringe contrasts greater than
50% is difficult, requiring perfectly overlapping images, zero path length difference, equal coupling of light into the two
input fibers, stable conditions over the exposure time, and correct polarization matching of both arms.

achieved with this system only when we adopted polarization preserving single mode fibers. Without these fibers
using the “pink” light of the diode laser, we could only achieve 50% fringe contrast.

The design of LINC-NIRVANA incorporates MCAO rather than traditional AO because a much greater sky-
coverage is achieved, and faint objects can be observed as long as a sufficient number of AO guide stars are in the
field. This greater sky-coverage is possible because rather than using a single bright star to correct the wavefront,
a collection of fainter stars within three arcminutes of the central source can be used. While MCAO also delivers
a much larger FOV than traditional AO (2 arcmin vs 20 arcsec), we expect the Strehl ratios in the science field
to be ∼10% to 20%. We therefore needed to understand the potential impact low Strehl ratio could have on the
interferometric PSF. Specifically, while a lower Strehl ratio of course lowers the point source detection threshold,
we needed to understand if a low Strehl ratio also lowers the fringe contrast. Through simulations (Figure 6)
and images obtained with the testbed interferometer (Figure 7), we show that low Strehl ratios do not have a
significant impact on fringe contrast, i.e. achieving high Strehl ratios is not critical to obtaining high contrast
interferometric PSFs. The non-coherent light scattered out of the central Airy disk by the atmosphere is spread
over a relatively large angular area on the sky while the central fringes have a very high spatial resolution and
are relatively uncontaminated by the scattered light. We made measurements in the lab using images of different
Strehl ratios and could detect no statistical change in Strehl ratio.

4. FRINGE SCANNING

Maintaining high fringe contrast places two requirements on the LINC-NIRVANA fringe tracker: 1) the optical
path difference must be smaller than the coherence length, and 2) the fringe pattern must be stable to < λ/10
over the length of the exposure. The LINC-NIRVANA fringe tracker therefore has two tasks: Find fringes by
scanning through a delay line (this will usually be done with the piston mirror), i.e. limit the optical path
difference to less than the coherence length in the desired filter. Secondly, the fringe tracker must switch modes
and keep the fringe pattern stable by keeping the path length difference less than λ/10. Ideally, the fringe tracker
will find and maintain fringes at zero OPD, but it would function with reduced fringe contrast if operated an
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Figure 6. Simulated LINC-NIRVANA PSFs with Strehl ratios of 1 (left) and 0.2 (right). These simulations show that a
drop in Strehl ratio does not impact the measured fringe contrast. In this simulation, the fringe contrast drops just 2%,
from 100% to 98%.

Figure 7. Phase screens can be placed in the first collimated beam of the testbed interferometer (Figure 1). These can
be used to simulate an imperfect AO correction. In this case, we have a measured Strehl ratio of 40%, but the fringe
contrast of the lower Strehl ratio measurements (67 ± 10%) were statistically the same as measurements taken without
phase screens (73 ± 4%).
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Figure 8. Fringe contrast measured as a function of delay distance in the diode laser fiber injector setup. The distance
between one of the output fibers and the beam splitter is varied, acting as a delay line. The laser has an advertised
coherence length of 0.2mm which agrees reasonably well with our measurements.

integer number of wavelengths from zero OPD within the coherence length. In this section, we explore how
quickly the fringe pattern degrades due to path length differences greater than the coherence length.

The diode laser used in this testbed experiment has a coherence length of 0.2mm, which is approximately
40 times greater than the J-band coherence length. We treat one injection lens and fiber as a delay line by
mounting them on a controlled stage; we can scan through the coherence length and measure the fringe contrast
at each step of the stage (Figure 8). As MIDI data (courtesy of W. Jaffe) and atmospheric simulations9 show,
the atmosphere will produce path length differences of order 10µm with frequencies less than 20Hz. With our
testbed interferometer, we can simulate the effect the atmosphere will have on fringe contrast if fringe tracking
is not active by applying MIDI’s piston sequence (scaled by the ratio of coherence lengths of the diode laser and
the J-band; Figure 9). We find that fringe contrast is quickly lost in < 1 second if fringe tracking is not active.
Therefore, there can be no delay in the switch between the fringe finding mode and the fringe tracking mode.

5. FRINGE TRACKING

One of the ultimate goals of this laboratory interferometer is to test the performance of the LINC-NIRVANA
fringe tracking algorithm10. This algorithm fits the cross section of the interferometric PSF with an analytic
expression for the PSF. Potential free variables in the fit include background, amplitude, center, Airy disk radius,
ratio of individual to baseline pupil diameters, and of course, piston (Figure 10). The cross section of the PSF
has two salient features: the distance between the primary peaks and the position of the peaks relative to the
center. Many of the fit parameters relating to the first point can be fixed, as the offset of the fringe pattern from
the center of the PSF primarily determines the piston offset.

For these experiments, we treat the CCD as the fringe tracker detector. The fringe tracker control loop begins
by taking an image. A fit to this image of the interferometric PSF expression described above yields an absolute
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Figure 9. Walter Jaffe provided us with a fringe sequence measured from the MIDI interferometer at VLT. The steps
in this sequence were scaled by the difference in coherence length between the J-band and the diode laser. A series of
images taken with the sequence show that fringe contrast will be lost rapidly on sky unless fringe tracking is active.

piston measurement (At this point this function only determines an offset ±nλ because the analytic expression
still assumes monochromatic light.) The calculated correction is then applied to the piston mirror stage, and
the process is repeated. Because this algorithm was operating on different platforms with a master loop calling
separate routines to control the CCD, the fitting algorithm and the piston stage, the rate at which the loop
could iterate was limited to less than 1 Hz. In LINC-NIRVANA, the bandwidth of the fringe tracking loop will
be ∼100Hz, which will be sufficient to keep fringe tracking residuals due to path length differences induced by
the atmospheric less that λ/10.

Closing the piston loop at this low operating frequency required that pistonic variations per cycle did not
exceed λ/4. We quickly discovered that normal lab conditions produced variations on a scale much greater than
this. After enclosing the experiment with plexiglass, removing all heat sources from the bench, and turning off
the air conditioning, conditions were stable enough to close the fringe tracking loop (Figure 11). Even under
these conditions, however the total cumulative piston was large. Without fringe tracking, an integrated PSF was
completely blurred in 30 minutes as the total path length differences had systematic variations of ∼ 1µm/hr due
to slow (< 0.2◦/hr) temperature drifts.

6. SUMMARY

We have constructed a 1:3 testbed model of the Fizeau LINC-NIRVANA interferometer at MPIA. Experience
gained from the setup of this testbed interferometer will be a benefit in preparing the LINC-NIRVANA alignment
and calibration plans. This interferometer has been used to verify the optical design of LINC-NIRVANA by
showing that fields will not de-correlate when tracking. We also showed that high contrast interferometric PSFs
can be obtained even if Strehl ratios are low. The testbed interferometer has been used to demonstrate functions
of the LINC-NIRVANA fringe tracker. We learned that the transition between the fringe detection algorithm
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Figure 10. A cross section of measured PSF (solid line) with the fringe tracker algorithm best fit overlaid (dashed line).
The algorithm does an excellent job of matching distance between fringes and the location of the peaks, which allows for
an accurate measure of the path length difference. The difference in fringe contrast between data and model does not
affect this measurement.

Figure 11. Left Panel: An instantaneous snapshot of the PSF. Center Panel: Slight changes in temperature act to
blur the fringe pattern over a period of 30 minutes. Right Panel: With the fringe tracking active, no loss in fringe
contrast is measured after 30 minutes and the corresponding signal to noise increases.
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Figure 12. With the fringe tracking active, residual path length errors were smaller than 18.8nm (thin line; loop frequency
of 0.2 Hz). Over 30 minutes, the total piston applied to the interferometer was close to 1µm (heavy line; the commands
to the piston mirror stage represent half of the path difference).

and the fringe tracking algorithm must be seamless otherwise fringe contrast will be lost. We also verified that
the fringe tracking concept works well. A sequence of images obtained in the lab taken with the fringe tracking
algorithm operating in closed loop yielded a high fringe contrast image with a residual pistonic error of <20nm.
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