


Overview

Elements of an interferometer
Telescopes

Delay lines

Beam combination

Adaptive optics, spatial filtering, fringe tracker and variable curvature
mirror

Optical path, array layout, alignment and interferometer control

The Very Large Telescope Interferometer



Some acronyms

OPL - optical path length

OPD - optical path difference

Z0PD - zero optical path difference

UT - Unit Telescope (8.2m)

AT - Auxiliary Telescope (1.8m)

MACAO - Multi Application Curvature Adaptive Optics
STRAP - System for Tip-tilt Removal with Avalanche Photo diodes
VINCI - VLT INterferometer Commissioning Instrument
AMBER - Astronomical Multiple BEam Recombiner
MIDI - MID Infrared interferometric instrument

FINITO - Fringe sensing Instrument Nlce TOrino

IRIS - InfraRed Image Sensor

ISS - Interferometer Supervisor Software

VCM - Variable Curvature Mirror






Interferometric telescopes

Collect photons

Rigid design to avoid any introduction of optical path difference due to
vibrations

Use the same telescopes with the same orientation of mirrors and the same
coatings to control differential polarization



Interferometric telescopes




OPD variations

Vibrations coming from:
MACAQO cabinets (50Hz)
acoustic waves from pumps through cooling circuits (96Hz)
M1 cell Eigenmodes
M3 tower Eigenmodes
UT instrument cryocooling systems (e.g. CRIRES on UT1)
new: FLAMES (OzPoz) pump

Possible solutions:
damp vibrations
determine vibrations with accelerometers
determine vibrations with other sensors, ie MACAO and FINITO






Delay line types

Delay line schemes per beam
— One fast tracking DL with a wide range of OPL (e.g. VLTI)

— One fast tracking DL with a short range of OPL and adaptation of the
telescope positions (e.g. GI2T)

— One fast tracking DL plus one fixed DL (e.g. KeckI)
Delay line optics
— Cat’s eye
— Roof mirror
Number of delay lines
— N moving
— (N-1) moving plus one fixed
Delay line controls
— Linear motor
— Voice coil
— Piezo
Delay line stages
—e.g. two for VLTI (LM and piezo)
— e.g. three for Keckl (LM, voice coil, piezo)



Delay lines
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Closed loop control based on global reconstruction

— Influence function measurements (on one
support)

— Construction of IM / CM (assuming same
response on all supports)

— Scan results multiplied by CM to produce
correction sequence (control gain = 1)

— Corrections clipped to 10% of max error
(or 7 microns ~ limiting accuracy)

Delay Lines : DELIRIUM on VLTI DLs 1-6
[

Two 2D capacitive sensors

One inclinometer for roll measurement
Metrology (laser or coarse)

Complete trajectory reconstruction

command Y
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command Z

0 10 20 30 40 50 60 70
support number

Carried out daily by Maintenance Department.
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Variable curvature mirror (VCM)

Distance from telescope entrance pupil to beam combination instrument
variable due to moving delay line

Without active element in optical train no pupil imaging (e.g. on a cold
stop) possible

Variable curvature mirror sits in image plane and changes its radius of
curvature so pupil is relayed to a given position



VCMs

Without the VCMs functioning the field of view of the ATs is
limited to about an arcsecond (approx the diffraction limit

of a 1.8-m telescope at 10 microns). J moon in |R|S

flux

AT2 pupil on ARAL ’
through DL6

FWHM = 7.6 arcsec



AT field of view on MIDI
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Multiaxial beam combination
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AMBER beam combination




Movie of simulated AMBER {ringes










MIDI Beam Combiner
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VINCI fringes
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Tip/tilt and Adaptive Optics

Tip/tilt: stabilize the image, €.g. on a spatial filter

AQ: enhance number of photons which are interfering

Tradeoft:

—AQO sensor at the telescope: no correction of wavefront

errors from the optical path

—AO sensor in the laboratory: sensitivity loss and possible

alignment problems

Possible solution: AO at the telescope and slow tip/tilt in the
laboratory



Spatial filtering

Wave front errors lead to degradation of the measured visibility.

A spatial filter ideally removes the inhomogenities of the wave front while
reducing the amount of light available for beam combination.

A spatial filter 1s a low pass filter for the wavefront.
Implementations:
— Pinhole

— Single mode fiber



Fringe Tracking

A fringe tracker stabilizes the fringes within a fraction of a wavelength so the
scientific instrument can integrate much longer than the coherence time of the

atmosphere would allow.
Possible scenarios:

— Fringe tracking in wide band while science instrument uses high spectral

resolution

— Source can be tracked at the fringe tracker wavelength while not at the

scientifically interesting wavelength

— Fringes are tracked on two shorter baselines while the science instrument is

integrating on a long baseline (baseline bootstrapping)

— Fringes are tracked on another source in dual feed mode



Lots of optics

/ 4 |/ Siderostat

N </‘\|

, From
Tt Tip Mimmor —_ /

N

Vertically Adjustable
Platform

To Array Center and
Optical Labratory

_ Drive Screw

Entrance to Vacuum Light Path

for
Southeast Arm







Beam transport - vacuum




Beam transport - air
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Interferometer layouts - Y
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o - Unit Telescopes (1-4) AT Rail Track

O - Auxiliary Telescope
Stations

Beam Combination
Laboratory

Delay Line Tunnel

Circle with
¢ 200m diameter




Aligning

Strategies:

— Have light sources and degrees of freedom everywhere to be able
to align the optical system

— Have an undisturbed and well engineered system which does not
require frequent alignment

A well designed interferometer has an image alignment and a pupil
alignment device and everything else is static



Aligning tools
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Controlling an interferometer

Since interferometers tend to be highly complex systems, one has to invest
some effort into the software and hardware which ties the pieces
together.

Example: MIDI with fringe tracker on VLTI 8m and chopping
— MIDI and fringe tracker on source, integrating
— Fringe tracker opens loop, AO opens loop
— Telescope chops off source, MIDI integrates a sky fringe
— Telescope chops back on source
— AOQ closes loop
— Fringe tracker closes loop
— MIDI integrates on source
— Repeat with about 2Hz for the full cycle



Interferometer Supervisor
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ESO - The “European Southern Observatory”™
— k=M= BN R RN B

European Organisation for Astronomical Research
in the Southern Hemisphere




A brief history of VLTI

1980s - Interferometry integral part of the VLT project, early linear
array design for UTs goes to trapezium structure

Early 1990s - engineering of the general layout

1993 - council stalls the VLTI, infrastructure implementation (light
ducts, tunnel, lab) continues

1996 - MPG/CNRS/ESO tri-partite agreement for third AT
1997 - MIDI and AMBER proposed by community

1998 - contracts for ATs and Delay Lines awarded, MIDI and AMBER
instruments started

2000 - start of implementation on Paranal (siderostats and delay lines)
March 2001 - first fringes with VINCI on siderostats



VLTI

Four 8.2m telescopes (UT's)
All equipped with AO (MACAO)
Six Baselines 47m-130m

Four 1.8m telescopes (ATs)
Movable to 30 stations
Baselines 8m-202m

Six delay lines

PRIMA dual feed facility
IRIS lab tip/tilt tracker
FINITO fringe tracker
MIDI/AMBER/VINCI




Status

All UTs operational with full AO, all six
baselines and all four baseline closures
used for science

AT1-4 in operations on four baseline triples

4 Delay Lines in operations for UTs,
3 Delay Lines for ATs (all 6 with VCM)

MIDI offered since April 2004 on UTs and
October 2005 on ATs

AMBER offered on UTSs since October
2005 and ATs since April 2007

FINITO offered on ATs and UT's

~50% of nights used for VLTI science
operations

Five operations astronomers, three fellows,
numerous TIOs to run VLTI

100+ refereed papers



VLTI Scheme - Subsystems

Zenith — /9

Telescope lescope 2

Baseline
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Coudé Focus

I | | I . Coudé Focus

I Interferometry fringes

Delay line

Cat's Eye Retro Reflector
Delay line

Optical delay




What does the VLTI infrastructure do?

“Put the light 1n the one place at the one time.”
— Inject the 1mage plane into the lab
— Make the pupils coincide

— OPD variations should only be
atmospheric or their residuals



How does VLTI do 1t?

Each UT has a MACAO system that concentrates the bulk of the photons
within the Airy ring.
The beam is propagated via the relay optics to the delay lines

The delay lines correct in ‘open loop’ geometric OPD (telescope and star
locations)

The VCMs on the delay lines move the pupil in the ‘axial’ direction.

IRIS corrects for drifts in the conjugation between the MACAO reference
and the lab reference

FINITO corrects for atmospheric OPD variations through the delay lines



The VLTI Telescopes




Delay Lines
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MIDI in the VLTI lab

The MIDI Instrument at the VLT Interferometric Laboratory on Paranal g
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AMBER in the VLTI Lab




VLTI Science Instrumentation

limiting
spectral .
Bands # telescopes , magnitude
resolution (UTs/ATs)

35, 1500, 74,1.5/
AMBER JHK 3 12,000 Sl
4 (1Jy), 2.8/
MIDI N 2 30, 230

0.7,0.3




Stabilized fringes on MIDI (Sep 06)
- Running from template

—| ./20060925_perfect_FINITO_tracking. fits |-

File View Graphics Real-time Help
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Amber 3T JHK LowResolution Fringes !

Beaml Beam2  Fringes Beam3



Amber 3T JHK LowResolution Fringes !
Nov 06

Beaml Beam2  Fringes Beam3



Jan 07

AMBER MRK




Apr 2007




VLTI Science Instrumentation

limiting
b . magnitude
Bands # telescopes : o (UTs/ATs/
resolution | s+ FINITO/
ATs+FINITO)
74.,1.5/
35,1500, 5.1,1.6,-/
AMBER JLHK 3 12.000 .
555
4 (11y), 2.8/
MIDI N 2 30, 230
0.7,0.3




VLTI Operations

Long-term Schedule OB SERVATION @ .
Observing Progmms HANDLING Ohbservation Blocks
Am bient dlata
Configuration VLT
R CONTROL
SYSTEM
PROGRAM
HANDLING @ Data Frames

ObsBlocks

Quality status
Cal ObsBlocks
Recluced CalFrames SCIENCE
Technical = 5 ARCHIVE
Programs QUALITY

Recluced

CONTROL e
‘ — Data Frames .

e PIPELINE | Calibration Data

Observations
VLTI follows the VLT data flow: performed in
proposal form, OB preparation and Visitor and

execution, FITS data, archive Service Mode



La Silla/Paranal schedule P77 (now)
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VLTI Scheme - Constraints

Zenith — /9

Telescope 1 lescope 2
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Restrictions










Target Coordinates:

® Declination: -164258 deg min sec

® single Disc: _Diameter:
O Gaussian: FWHM:
O Binary Discs:

Di r, Pr. 2
Diameter, Secondary: V. ﬁ n
Separation:

el Observation Start (Hour Angle): Hour:
Lo Timespan: Hour: Min: Sec:

(fits image cannot be greater than 1000x1000 or equiv.) Filter:

ixel le: 1 mas (Recommended value for MIDI: 5 mas. Set Click on the image icon for a detailed VLTI map.

Results

) UV Tracks

™ Display fits image (if relevant)

™ Fourier tr form of th t (uv-tracks overlai
™ visibility vs. Time (for uv points)

O visibility & a s (£ ¢

O Lo £ Correlated Magnitude vs. Time (for uv points)
O 111 ti

[ Delay lines
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Selecting calibrators - CalVin

Comparative graphs for *Target* vs. 7 calibrators:- Normalized Visibilities Loss of Correlated Magnitudes Target Altitudes Shadow

. Loss of
Normalized I
Ang. |Ang. Xy Correlated |RiseTime N
No. [Name I&A's) g“'s) Dist. |Diam. [Mag_K %"‘”' I&‘]’:;‘S I?l‘;al' ZJZ‘Z‘IQK Magnitude ([SetTime hcd‘;ﬁ‘l‘:;%‘; Shadowing
AT A, (deg®) ||(mas) ype 2 Enpe ave x err ||Duration
& range
0.08 +0.000|(5.58 +-0.00 |35.50UT |[35.50 UT
g;g '5‘8%2 0.0 0.08-0.08 |5.58-5.58 (35.50UT ||max — 17° ma"h‘agfi’i
| graph ascii |graph ascii [0.00brs |graph ascii |0 S
655 |-1542 . NOT NOT NOT  |NOT NOT
, 1202 [12.54 : VISIBLE |VISIBLE |VISIBLE [VISIBLE |VISIBLE
0.97 +0.001/0.07 000 [22.25UT |[22.25UT
hd51546 gf; ;17353 3.89 097097 (007007 [2225UT |max = 150 |72 =%
| ' graph ascii |jgraph ascii [0.00hrs |graph ascii |00 S
0.65+0010(0.93£003 (35.50UT (35.50 UT _
I = ;14785 153 0.650.65 (0.93-093 [35.50UT |max - 17° m;a(;z‘;i
» : graph ascii ||graph ascii [0.00brs |lgraph ascii |22 © o
1915 0.67 +0.0060.86 002 [35.25UT |[35.50 UT max = 0%
’ BT 156 0.67-0.67 |0.86-0.85 [35.50UT ||max = 20° e
| ; graph ascii |graph ascii [0.25hrs |graph ascii |[F 0 oo
' s 09210002 0.18 2000 [35.25UT (35.50UT |
hd46 P 3.17 092092 (0.18-0.18 |[35.50UT ||max = 20° et
» : graph ascii ||graph ascii [0.25hrs |lgraph ascii [0 © o
0.94£0002(0.13 £000 (3525UT (35.50 UT _
hd ;!,9;,8 371 094094 (0.13-0.13 [35.50UT |max - 20° ma"h‘a‘ﬁ‘;i
, graph ascii ||graph ascii ||0.25hrs ||graph ascii .
1523 0.94£0002(0.13£000 (2225UT [22.25UT max = 0%
I Er 332 094094 [0.13-0.13 |[2225UT |max = 15° et
| graph ascii |jgraph ascii [0.00brs |graph ascii | S




Further prospects

PRIMA commissioning ongoing since second half of 2008
» 2"d gen instruments (MATISSE and Gravity) going for PDR in 2009



Some acronyms

mschoell@eso.org
OPL - optical path length

OPD - optical path difference

Z0PD - zero optical path difference

UT - Unit Telescope (8.2m)

AT - Auxiliary Telescope (1.8m)

MACAO - Multi Application Curvature Adaptive Optics
STRAP - System for Tip-tilt Removal with Avalanche Photo diodes
VINCI - VLT INterferometer Commissioning Instrument
AMBER - Astronomical Multiple BEam Recombiner
MIDI - MID Infrared interferometric instrument

FINITO - Fringe sensing Instrument Nlce TOrino

IRIS - InfraRed Image Sensor

ISS - Interferometer Supervisor Software

VCM - Variable Curvature Mirror






