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1. Introduction

After several years on a bumpy road,
the support for the VLT Interferometer
project has increased dramatically over
the last year with the appointment of
eight new staff members, with the foun-
dation of the NOVAI-ESO VLTI Expertise
Centre (NEVEC) at the Leiden Ob-

INOVA is the Netherlands Research School for
Astronomy.

servatory and with institutes and institu-
tions from other European countries (ltaly,
Switzerland and Belgium) on the verge
of joining the project in one way or an-
other.

Major contracts for the Delay Line Sys-
tems and for the Auxiliary Telescope Sys-
tems (ATs) were signed in 1997 and 1998
respectively, the work on the science in-
struments MIDI and AMBER has pro-
gressed very well in the last two years
and the commissioning instrument VIN-
Cl is coming closer to reality. Several
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smaller contracts for the Test Siderostats,
for the Coudé Optical Trains of the four
Unit Telescopes (UTs), and for a Feasi-
bility Study of the dual-feed facility PRI-
MA were also placed.

We are now planning for first fringes
with the commissioning instrument and
the Siderostats before the beginning of
the new Millenium.

In this article we will give a report on
the status of the project and we will de-
scribe the strategy for making the VLTI
the observatory of the 21st century.

Masmrih focus

" Coudd Focus

Figure 1: The optical layout of the VLTI with two telescopes. The telescopes represent both UTs and ATs that have the same optical design.
The Coudé Optical Trains are the mirrors after the tertiary mirror up to the Coudé Focus. Two Delay Lines are shown to demonstrate the prin-
ciple of operation. The VLTI laboratory is represented by the beam-combining lens forming fringes.
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2. The Sub-Systems of the VL TI

The layout of the VLTI is displayed in
Figure 1, for the sake of simplicity with
only two telescopes. A star at infinity il-
luminates the apertures in the two tele-
scopes with a plane wave that is guided
through the Coudé Optical Trains into the
Delay Line Tunnel. The delay in arrival
of the light at telescope 1 with respect to
telescope 2 is compensated by the de-
lay lines so that the beams have zero Op-
tical Path Difference (OPD) when they in-
terfere on the detector in the VLTI labo-
ratory. The field of view of the VLTI is 2
arcsec. However, the dual-feed facility
PRIMA will allow picking two stars at the
Coudé focus of ATs or UTs each in a 2
arcsec field of view and separated by up
to 1 arcmin.

The measurements of the contrast
of the fringe pattern and of its phase,
i.e. the position of the white light fringe
with respect to the nominal zero OPD
position are the tasks of the VLT Inter-
ferometer. Doing these measurements
for many different baselines (different
in length and orientation) allows re-
constructing an image with the angular
resolution of a single telescope with a di-
ameter equal to the longest baseline.
Since the longest baselines are 130 m for
the Unit Telescopes and 200 m for the
Auxiliary Telescopes and since the spec-
ified precision for the measurements of
the fringe contrast is very high, the re-
quirements e.g. for the Delay Line sys-
tems are very tough. Here, the beam tilt
accuracy has to be better than 1.5 arc-
seconds (15 milliarcsec on the sky) and
the absolute position accuracy is 1um
over 65 m of travel in the tunnel. Similar
accuracy values are required for all mir-
rors and mirror mounts of the VLTI, in-
cluding the 8-m primary mirrors. Also, the
environmental conditions have to be very
stable in order to minimise internal tur-
bulence.

It is the advantage of the VLTI that
these considerations have been driv-
ing the design of the Unit Telescopes
and of the Auxiliary Telescopes, as
well as the construction of the infra-
structure. Several measurement cam-
paigns have confirmed that both opto-
mechanical and environmental specifi-
cations are met.

The status of the VLTI sub-systems is
as follows:

Test Siderostats

For tests with the VLTI and the in-
struments, two Test Siderostats were de-
signed and built (for details see [3]). The
free aperture of 400 mm allows for about
20 stars to be observed in the N-band at
10 pm. Since for the VLTI Control Sys-
tem the Siderostats will ‘look’ the same
as the UTs and ATs, itis planned to com-
mission the VLTI with the Siderostats.
They will be located on the AT stations
and will thus be able to use baselines be-
tween 8 and 200 m. The systems are

Figure 2: The carriage for the cat’s-eye of the Delay Line System in the Clean Room at Fokker
in Leiden. The carriage has three wheels running on the 65-m steel rails. The diameter of the
wheels is about 40 cm and the length of the carriage 2.25 m.

readily manufactured and they will be de-
livered to Paranal in January 2000. The
implementation of the Siderostat control
software will be finished by May 2000. It
is planned to have first fringes with the
Siderostats and VINCI in December
2000.

Delay Line Systems

Three Delay Lines have been ordered;
the first two will be installed in the De-
lay Line Tunnel in July 2000, the third one
in December 2000. The systems consist
of the cat’'s-eye mirror system retro-re-
flecting the incoming parallel beam, and
of the carriage transporting the cat’'s-eye
along the delay lines. Figure 2 shows the
carriage on its three wheels in the clean-
room at the manufacturer. The three-mir-
ror optical design of the cat's-eye has a
variable curvature mirror (VCM, see [4])
in the focus of the cat’s eye in order to
re-image the telescope pupil into a fixed
position in the VLTI laboratory while the
Delay Line System is tracking. The
cat’'s-eye can handle two input beams as
required for a dual feed system. A total
of eight Delay Line Systems can be host-
ed in the Delay Line Tunnel.

Auxiliary Telescope Systems

In June 1998, two 1.8-m Auxiliary Tele-
scopes were ordered, and in June 1999,
the option for the third AT was exerted.
A model of the telescope is displayed in
Figure 3. The first two telescopes will be
ready for the VLTI in June 2002, the third
in October 2002. The telescopes are re-
locatable on 30 stations of the VISA (VLT
Interferometer Sub-Array) providing
baselines between 8 and 200 m. Using

three telescopes and thus three baselines
at the same time will allow the applica-
tion of closure phase techniques elimi-
nating the influence of atmospheric tur-
bulence on fringe position. Each AT will
be equipped with a tip-tilt system cor-
recting for the fastimage motion induced
by atmospheric turbulence. Under the
seeing conditions at Paranal, tip-tilt cor-
rection on a 1.8-m telescope in the near
infrared means almost diffraction limited
image quality. One should note that the
ATs are available exclusively for the VLTI,
forming an observatory that is operated
independently of the Unit Telescopes.

Coudé Optical Trains and Transfer
Optics

The five mirrors after the tertiary mir-
ror of the Unit Telescopes form the Coudé
Optical Train with a field of view of
2 arcmin (see Fig. 1). The last mir-
ror before the Coudé Focus is very close
to the telescope exit pupil and can be re-
placed by the deformable mirror of the
adaptive optics system. The image qual-
ity at 2.2 pum is diffraction limited on
the optical axis and better than 97% over
the full field of view. The Coudé Optical
Trains for all four UTs have been or-
dered and will be installed at Paranal in
October 2000.

The transfer optics between the Coudé
Focus and the Delay Lines are current-
ly being designed. The concept is to avoid
the need of human intervention in the de-
lay line tunnel when switching between
AT stations or UTs. Thus, the mirrors in
the Delay Line Tunnel reflecting the light
into the Delay Lines and from the Delay
Lines into the VLTI Laboratory will be re-
motely controlled.



Figure 3: A model of an Auxiliary Telescope during Observations. The 1.8-m telescope (with
an Alt-Az mount like the Unit Telescopes) is rigidly anchored to the ground by means of a spe-
cial interface. The light is directed via the Coudé Optical Train to the bottom of the Telescope.
From the Coudé Relay Optics it is sent on to the underground Delay Line Tunnel

VLTI Laboratory

The concept driver for the optical lay-
out of the VLTI Laboratory (see Fig. 4)
was to provide the same beam diameter

for the interferometric instruments both
when observing with UTs or ATs. There-
fore, a beam compressor reduces the 80
mm beam diameter from the UTs to
18 mm matching the diameter of 18 mm
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provided by the ATs. The nominal posi-
tion of equal optical path length is set for
all beams at the same distance after the
switchyard (indicated by the red line
ZOPD in Fig. 4) to simplify the optical
alignment of the interferometric instru-
ments.

3. Phase A — Two Telescope
Interferometry

In accordance with the recommen-
dation by the Interferometry Science
Advisory Committee (ISAC) laid out
in the VLTI New Plan [12], the VLTI
in its first phase will combine two tele-
scopes, and near- and mid-infrared in-
strumentation will be available. An adap-
tive optics system for the UTs and a
fringe sensor unit (FSU) will be imple-
mented as well. In the near infrared,
adaptive optics on the UTs is mandato-
ry if the effective telescope aperture is not
to be reduced to the size of the Fried Pa-
rameter, r,, which is about 1 min the near
infrared.

Figure 4: The layout of the VLTI Laboratory.
The switchyard can direct the beam into four
directions: (1) to the interferometric instruments
on the left without beam compression, (2) to
the interferometric instruments after beam
compression, (3) to the Differential Delay Lines
(DDLs) after beam compression, and (4) to the
Differential Delay Lines without beam com-
pression. The beam compressor reduces the
beam diameter from 80 mm to 18 mm and it
re-images the telescope pupil into the PRIMA
FSU, MIDI and VINCI (the position of the pupil
is indicated by a diagonal line). A possible lo-
cation for a visitor instrument is shown on the
right. v
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VINCI — The Commissioning
Instrument

The commissioning instrument of the
VLTl is a conceptual copy of FLUOR, the
near-infrared interferometric instrument
of the IOTA interferometer on Mount Hop-
kins in Arizona (US) [2]. The ideais to lim-
it the technical risk and to facilitate the
commissioning of the VLTI by using the
design of an existing well functioning in-
strument (see e.g. [6]). The main com-
ponent of VINCI (see Fig. 5) is a fibre
beam combiner using the light from two
telescopes as input and producing four
outputs, two photometric and two inter-
ferometric signals. By varying the OPD
between the beams with an internal mod-
ulator, a temporally modulated fringe pat-
tern is produced on the detector. In ad-
dition to serving as the interferometric in-
strument, VINCI provides alignment
tools and reference sources for the VLTI
and the scientific instruments. VINCI will
be delivered to Paranal in October
2000.

MIDI

An interferometric instrument in the
mid-infrared at 10 pm in combination with
8-m telescopes is a novelty, promis-
ing exciting results on new types of ob-
jects.

MIDI is being designed and built by a
European consortium led by the Max-
Planck-Institute for Astronomy in Heidel-
berg. The design philosophy is to have
a simple instrument concept combining
two beams and providing a moderate
spectral resolution (= 200). The chal-
lenge lies in controlling the high thermal
background. It is estimated that the in-
dividual beams will have an emissivity of
about 50%, which corresponds to an
equivalent photon noise on the sky of
53 mJy per Airy disk (with A/D = 0.26" for
an aperture of 8 m) for a broad band 10
um filter (AN = 4 um). Since the signal-
to-noise-ratio scales as S/NO D2 the avail-
ability of the Unit Telescopes is a huge
advantage over smaller apertures. The
details of the instrument are described in
[7]. MIDI will be delivered to Paranal in
June 2001, first light with the Siderostats
is planned for September 2001.

AMBER

The near infrared instrument of the
VLTI, AMBER, will operate between 1 and
2.5 um, at first with two telescopes with
a spectral resolution up to 10,000. As not-
ed above, for UT observations in the
near-infrared adaptive optics is manda-
tory. The magnitude limit of AMBER on
the UTs is expected to reach K = 20 when
a bright reference star is available (i.e.
with a dual feed facility) and K = 14 oth-
erwise. The European consortium in
charge of designing and manufacturing
this instrument is led by the Universities
of Nice and Grenoble. AMBER has been
designed for three beams to enable im-

VIMNCI - the
VLTI Test
Instrument

Figure 5: The concept of the VLTI commissioning instrument VINCI. The beam combining unit,
VINCI, and the reference source unit, LEONARDO, are placed on individual tables. Their re-
spective positions in the VLTI Laboratory are shown in Figure 4. The main elements on the
VINCI table are the fibre beam combiner and the dewar of the infrared detector. The inserted
photographs show details of the FLUOR instrument at the IOTA interferometer. VINCI is a con-

ceptual copy of FLUOR.

aging through phase closure techniques
[10]. Itis planned to start commissioning
AMBER with the Siderostats in February
2002.

MACAO

The adaptive optics system MACAO
will have a 60-actuator bimorph mirror
and a curvature wavefront sensor. The
deformable mirror will replace one of
the mirrors of the Coudé optical train,
thus requiring no additional optical ele-
ments. As noted above, MACAO is es-
sential for all near-infrared instrumenta-
tion to be used with the Unit Telescopes
including the Fringe Sensor Unit operat-
ing in the H-band. This means that also
a mid-infrared instrument like MIDI
needs adaptive optics in order to improve
the limiting magnitude by using a Fringe
Tracker.

The first MACAO system will be in-
stalled on one of the Unit Telescopes in
December 2001. It is planned to have
MACAO ready for interferometric obser-
vations with two UTs in June 2002.
Clones of the MACAO system will be
used for future VLT instrumentation like
SINFONI. MACAO is an in-house de-
velopment [1].

4. Phase B — Imaging

The main drivers for the second
phase of the VLTI are increasing the sen-
sitivity of the interferometer and adding
imaging modes. In addition, an astro-
metric mode will open the door for many
thrilling scientific programmes.

Increasing the sensitivity of the VLTI
calls for a dual feed facility. Then, the

sensitivity is improved by using a bright
guide star for fringe tracking — simi-
lar to the guide star in adaptive optics for
wavefront sensing — in one of the two
‘feeds’ allowing increasing the expo-
sure time on the science object in the oth-
er feed up to 10—-30 minutes depending
on the position in the sky. With a
high-precision laser metrology system
used to determine the internal optical
path length, a dual feed system also pro-
vides an imaging mode. The VLTI dual
feed facility PRIMA is described in the fol-
lowing.

Imaging with an interferometer relies
on filling efficiently the UV plane with
many different baseline vectors. Al-
though this can be done by observing with
two telescopes in many different positions
using a dual feed system, it is more effi-
cient to use three or more telescopes at
the same time and eliminate the influence
of atmospheric turbulence by applying
phase closure techniques. Therefore, the
third and fourth delay lines as well as the
third Auxiliary Telescope are included in
this phase.

PRIMA

The Phase Referenced Imaging and
Micro-arcsec Astrometry (PRIMA) facil-
ity is a dual-feed system adding a faint-
object imaging and an astrometry mode
to the VLTI [5, 11]. PRIMA enables si-
multaneous interferometric observations
of two objects — each with a maximum
size of 2 arcsec — that are separated by
up to 1 arcmin, without requiring a large
continuous field of view. One object will
then be used as a reference star for fringe
tracking whilst the other object will be the
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Figure 6: Principle of phase referenced im-
aging and astrometry with an interferometer.
The difference in the positions of the white light
fringes of object and reference star are de-
termined by the OPD given by the product of
AS, the angular separation vector of the stars,
and B, the baseline vector, by the phase ¢ of
the visibility function of the science object, by
the OPD caused by the turbulence, and by the
internal OPD.

science target. As a detector for PRIMA
either the two scientific instruments
MIDI and AMBER can be used making
use of the fringe stabilisation provided by
PRIMA, or a dedicated PRIMA detector
for high-precision astrometry that will be
designed in the next years.

PRIMA s the key to access: (1) High-
er sensitivity, the limiting magnitude will
be about K =20, (2) imaging of faint
objects with high angular resolution
(<10 milliarcsec), (3) high-precision as-
trometry (= 10 parcsec over a 10-arcsec
field).

The principle of operation relies on
finding within the isoplanatic angle (=~ 1
arcmin) of the science target a sufficiently
bright star (H = 12) that can be used as
a reference star for the stabilisation of the
fringe motion induced by atmospheric
turbulence (see Fig. 6). Controlling all op-
tical path lengths of the reference star and
of the science star inside the interfer-
ometer (OPD;,) with a laser metrology
system introduces the capability of im-
aging faint objects and of determining the
precise angular separation between the
two stars. The measurement has to be
repeated for up to 30 min in order to av-
erage out the variations of the differen-
tial OPD caused by atmospheric turbu-
lence (OPDyyp)-

PRIMA can be subdivided into the
four sub-systems (see Fig. 7): Star Sep-
arator, Laser Metrology System, Differ-
ential Delay Lines and Fringe Sensor
Unit. These sub-systems contain a num-
ber of technological challenges, in par-
ticular in the area of laser metrology,
that require careful analysis of the
possible technical solutions. Therefore,
a feasibility study for the four subsystems
was performed by Dornier Satellite Sys-
tems, Friedrichshafen, and by ONERA,
Paris, to find the best technical so-
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ready. Then, a ref-
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used for fringe
tracking while inte-
grating on the
fainter science ob-
ject as described
above. If the fringe
pattern can be sta-
bilised over 10-
100 sec the ex-
pected limiting
magnitudes are
about K ~ 16 and
N =~ 8.

Phase informa-
tion required for
imaging and as-
trometry becomes available if the laser
metrology system is installed. An OPD
measurement accuracy of 500 nm rms
over 10 min sets the limiting magnitudes
to about K ~ 20 and N ~ 11. The Strehl
ratio in the reconstructed image can be
as good as 30% in the K-band and
80% in the N-band depending on the
UV coverage. Reaching the final goal of
5 nm rms over 30 min allows 10 parcsec
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Figure 7: Functional block diagram of the VLTI and the PRIMA com-
ponents. The VLTI has the following subsystems: Telescope 1 and 2
—two UTs or two ATs, AO — Adaptive Optics, Delay Lines, AMBER/MIDI
— Science Instruments. The PRIMA subsystems are: Star Separator,
Differential Delay Line, Laser Metrology, Fringe Sensor Unit.

astrometry. PRIMA shall be operational
by 2003.

5. First Fringes and Beyond

The major challenge in making the
VLTI work is the complexity of the sys-
tem. Not only are the individual sub-sys-
tems high-tech instruments but they are
also scattered over an area up to 200 m
in diameter. The quality of the control sys-

Figure 8: The UV coverage on the left and the point spread function (PSF) on the right with a
full width at half maximum of 4 mas respectively 8 mas in the narrow respectively wide direc-
tion of the PSF at 2.2 um. The UV coverage and the PSF are calculated for —15° declination
and 8 hours of observing when combining all four UTs. Producing images with this quality is

the ultimate goal for the VLTI.
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2001. Both science
instruments will be
commissioned with
the Siderostats.
MIDI can be tested
shortly after first
fringes on the
Siderostats with
the UTs even be-
fore the adap-
tive optics system
MACAQO arrives.
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B ing of MACAO with

the VLTI and with

PRI sRRRRRRRR FRRRRERRES

s ow o

Fred pERE

o | T

B EE RN TEE LT E T T R
Figure 9: The type of results obtained with VINCI. The two top rows
display the photometric signals from each telescope, the third row dis-

plays one of the interferometric outputs and the fourth row displays the
same signal as in the third row calibrated with the photometric signals

to obtain a clean fringe pattern.

tem is a key issue for the smooth oper-
ation of the complete system. From the
beginning of 2000 onwards, every 6
months major new sub-systems and in-
struments arrive at Paranal and have to
be integrated into the VLTI. Thus, the
strategy for commissioning has to be de-
fined very carefully.

For the first milestone of the VLTI pro-
gramme, First Fringes with the Sidero-
stats and VINCI, we have adopted the fol-
lowing approach: after installation and
commissioning of the Siderostats, of the
Delay Lines and of the Transfer Optics,
the optical alignment of the full system will
be done with a Technical CCD. Then, all
degrees of freedom but one can be ad-
justed and the dynamic behaviour of the
delay lines can be tested with a star ob-
served with the siderostats. With the
commissioning instrument VINCI the last
remaining degree of freedom, the optical
path difference, will be adjusted to pro-
duce interferometric fringes before the
end of 2000. After first fringes, in the first
half of 2001, the VLTI will be optimised
by using different AT stations for the
Siderostats and by integrating the third
Delay Line into the system. While this is
taking place the Coudé Optical Trains in
the UTs and the remaining transfer op-
tics are being installed.

The next instruments to arrive at
Paranal are MIDI in the middle and AM-
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VINCI in the sec-
ond half of 2002,
AMBER will be
tested on the UTs.

Also in 2002, a
total of three Aux-
iliary Telescopes
will be commis-
sioned, first indi-
vidually then with
the VLTI and VIN-
Cl. The science in-
struments will fol-
low suit. The first
sub-systems of
PRIMA arrive as
well in 2002. Dur-
ing the course of
2003 both dual
feed and closure
phase operation
can be tested with
the VLTI.

In order to operate the VLTI as an ob-
servatory, support astronomers, instru-
ment operators and engineers are re-
quired for regular operations and for
maintenance. Although the number of
nights with two (or more) UTs is proba-
bly restricted to a small fraction of the to-
tal number of available nights in the first
few years, first the Siderostats and then
the Auxiliary Telescopes are available
every night for VLTI observations. Thus,
the planning for the VLTI has to foresee
a full-time coverage with technical and
scientific personnel. One has to keep in
mind that the VLTI is running in parallel
to the VLT observatory with Unit Tele-
scopes and requires the same level of
technical support for telescopes and in-
struments.

The final goal of the VLTI is to pro-
duce images with a few milliarcseconds
resolution. Figure 8 shows a simulated
point spread function when observing
for eight hours with all four UTs. The re-
sult shows a very impressive albeit elon-
gated PSF with a full width at half max-
imum (FWHM) of about 4 x 8 milli- arc-
sec for a wavelength of 2.2 um. Having
this goal in mind, one must not forget that
for several years the results will be in-
dividual measurement points in the UV
plane represented by curves like those
in Figure 9. However, this does not di-
minish the scientific content of these

results. The full scientific potential of the
VLTI in its different phases is described
in [9] summarised by F. Paresce [8].

6. The Future

The scenario of VLTI observations de-
scribed in the article will without any doubt
provide a wealth of scientific discoveries
but it still does not exploit the full capac-
ity of the infrastructure at Paranal. The
layout of the interferometric tunnel and
of the VISA array allows combining more
than three telescopes providing either an
even better coverage of the UV plane or
the operation of different instruments at
the same time.

Therefore, the four final Delay Line
Systems and all remaining Auxiliary Tele-
scopes for a total of 8 ATs shall be in-
stalled for VLTI operations. The comple-
tion of the final phase will allow VLTI ob-
servations with 28 simultaneous base-
lines. The planning also has to include
new, the second-generation, instrumen-
tation allowing the combination of six to
eight telescopes and at the same time
providing a dual feed facility for each pair
of telescopes.

Beyond the fully equipped VLTI there
have to be kilometric arrays with 8+ m tel-
escopes in order to drive the angular res-
olution into the sub-milliarcsec range and
to improve the sensitivity well beyond K
=20. The VLTI will be the stepping stone
towards these observatories.
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