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Principle of Interferometry

Observing the same object with two (or
more) telescopes

=> Collecting more photons
but same image quality

Compensate for optical path difference

=> Interferogram has higher
angular resolution

Requirements for Delay Lines

Position accuracy 1um over 65m of
travel

Tip-tilt <1.5 arcsec




We know it works well in the radio (VLA,VLBI etc). Radio
interferometers look exactly the same as O/IR interferometers from the

front, so...

Compensating
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';Radio vs Ol: some similarities, BIG differences
AL For both, the atmosphere above telescopes/antennas adds a
random phase that has to be accounted for (fringe packet
moves randomly near ZOPD) = need for calibrating the
measured complex visibility with a point source (Transfer

Function similar to PSF).
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In the radio (10-600 THz):
t,=atmospheric coherence time~20min,

Iso-planatic patch~1-2°

In the O/IR;

t,~10ms, iso-planatic patch~30"

This means that phase referencing in the radio can
be done by off-pointing to a calibrator star, in O/IR

this is essentially impossible!







\_\_\_ Why are fringes better?

ALMA

Small star and large star

Angular star diameter varies with
size of star and distance

Images have the same size.

There is a smallest image size
depending on the telescope
diameter. Even a point has this
Image size, called the Point
Spread Function (PSF).

Interferograms are different

Their equivalent PSF is smaller
than that of the individual
telescopes.




»
7

>
=
<
>

uv coverage for
object at -15
8 hour observation with all

4 milli arcsec

8 milli arcsec




Optical/IR Long Baseline Interferometry: (very) Brief History
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ALMA

First serious use of Ol in astronomy: angular separation of
Capella (Anderson, ApJ, 51, 263, 1920); diameter of Betelgeuse

(Michelson and Pease, ApJ, 53, 249, 1921) both with the
Michelson interferometer on Mt.Wilson

. Routine measurement of stellar diameters (Hanbury-Brown and
Twiss, Nature, 177, 27, 1956) with the intensity interferometer at
Narrabri, Australia.

. First direct combination of light from 2 telescopes (Labeyrie, ApJ,
196, L71, ) at Nice Obs.

. First optical synthesis imaging of Capella with COAST (Baldwin
et al., A&A, 306, L13, 1996)

. First combination of very large telescopes (Keck 10m, VLT 8m),
2001

. First 6-way beam combination at NPOI, Flagstaff, 2002



Current situation: large interferometers everywhere!

-
N

ALMA

« VLTI on Paranal (4x8m+3x1.8m, B=200m)

. Keck interferometer on Mauna Kea
(2x10m+4x1.8m, B=140m)

CHARA on Mt. Wilson (6x1m,B=350m)

=  LBT on Mt. Graham (2x8.5m, B=23m)

«  SUSI, Aus, (3x0.15m, B=640m)

. NPOI, Flagstaff, AZ, (10x0.5m, B=440m)
«  SIM, Darwin, TPF in space



VLTI optical schematic
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& The VLT Interferometer
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ALMA

Four 8-m Unit Telescopes
Max. Baseline 130m
fi angular resolution:

1.5 — 30 milli arcsec

Four 1.8-m Auxiliary
Telescopes

Baselines 8 — 200m
fi angular resolution:
1 — 20 milli arcsec

Excellent uv coverage
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ALl The VLTI Delay Line

Cat's Eye \\

Input astronomical bearm \I 7 Prassura tank
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\_e- First Fringes with VINCI and Siderostats

ALM

Getting Sirius with the VLTI !
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First star diameter

VLTI First Measurement
March 18, 2001

05 Hydrae
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Find LD diameter
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R LEO  HD-1 03.04.2001 21:531 36.04 -162.54 01146 0.009 2.2857 -=sc K’
R LED  HD-1 0Z.04.2001 2159 326 20 -163.22 01139 0.009 0.0044 -=zc k'
R LEO  HD-1 03042001 2207 3632 -162.88 01007 0.009 3.9431 -=c K’
R LED  HD-1 0Z2.04.2001 2216 36 42 -162.44 0.0992 0.009 0.0068 -sc¢ K’
R LEO  HD-1 03042001 22:45 2635 -160.97 01031 0.009 1 .5310 -=sc¢ K’
R LED  HD-1 0Z.04.2001 22534 26 2% -160.47 0.0936 0.009 72662 -zc K’

2128 converted 04 _0Z_404Hz fp OB9 HDE1797 0.7955 0.0208 HDES1 797 07955 0.0202 0.0000 0.1 441
2128 converted_04_0Z_404Hz fp OB10 HDE1 797 07933 0.0208 HRE1 797 0.7955 0.0208 0.0000 01437
2128 converted 04 _0Z_404Hz fp OBO HDS1 797 0.7355 0.0208 HLES1 797 07955 0.0202 0.0000 0.1 286
2128 converted_04_0Z_404Hz fp OB1 HIE1 79T 0.7933 0.0208 HDES1 797 0.7935 0.0208 0.0000 0.1 247
2128 converted 04 _0Z_404Hz fp OBZ HDE1797 0.7355 0.0208 HDE1 797 07955 0.0202 0.0000 01321
2128 converted_04_0Z_404Hz fp OB11 HDE1 797 07933 0.0208 HRE1 797 0.7955 0.0208 0.0000 0.1240
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\;; The First Fringe Team at Paranal

March 18, 2001



March 19, 2001
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Precise distance determinations using Cepheids

Radial velocity . Interferometry

Distance

Orthogonal to the plane of the sky

In the plane of the sky
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Wavelength (m)
104 1076

~ 10 arcsec with micro-K sensitivity

~0.005 arcsecs with few K sensitivity

e 1012
Frequency (Hz)




1997 June: Meeting with NRAO iIn
Charlottesville, and signing of an ESO-
NRAO Resolution to work towards a
common project.

Convergence of objectives:

Europe: interest also in submm —>
high-altitude site, compromise on smaller
antenna size and total area

U.S.: Interest also in large collecting area —
compromise on larger antenna size

Issues:

Feasibility of large submm-quality antennas,

homogeneous Vvs. heterogeneous array,
Organizational structure, Europe-US and
Chile

RESOLUTION

s
wl:h that project

will continue

Wete - DllI2ES

R. Giacconi P. Vanden Bout

European Southem Observatory National Radio Astronomy Observatory

26 June 1997




s |
7

r
<
>

The Atacama Large Millimeter/submillimeter Array (ALMA), an
international astronomy facility, is a partnership of Europe, Japan and
North America in cooperation with the Republic of Chile.

ALMA is funded in Europe by the European Organisation for
Astronomical Research in the Southern Hemisphere and Spain, in
Japan by the National Institutes of Natural Sciences (NINS) in
cooperation with the Academia Sinica in Taiwan and in North America
by the U.S. National Science Foundation (NSF) in cooperation with the
National Research Council of Canada (NRC).

ALMA construction and operations are led on behalf of Europe by ESO,
on behalf of Japan by the National Astronomical Observatory of Japan
(NAQOJ) and on behalf of North America by the National Radio
Astronomy Observatory (NRAO), which is managed by Associated
Universities, Inc. (AUI).



= What is ALMA?

o
ALMA
. Baselines from 15m to 15km
. 5000m site in Atacama desert
. Receivers: low-noise, wide-band (8 GHz), dual-polarisation, SSB
. Digital correlator, >=8192 spectral channels, 4 Stokes
. Sensitive, precision imaging between 30 and 950 GHz
. 350 GHz continuum sensitivity: about 1.4mJy in one second

. Angular resolution will reach ~40 mas at 100 GHz (5mas at 900GHz)
. First light system has 6 bands: 100, 230, 345 and 650GHz
. Japan will provide 140, 460 and 900GHz

. 10-100 times more sensitive and 10-100 times better angular
resolution compared to current mm/submm telescopes



Birth of planets

Orion Trapezium
HST+SMA

M I M

planet star

e Orbital radius: 5AU at 50pc distance

= 1.0M,,/.5M,,

Jup

* Disk mass = circumstellar disk around the
Butterfly Star in Taurus

ALMA 850 GHz

@

= 5AU__ Wolf




ALMA Key Science 2: Astrochemistry
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Spectrum courtesy B. Turner (NRAO)

Ori{KL}, 129.9 te 170.65GHz

OrifkL) =

144 150 155
Frequency (i5Hz)

Millimeter/submillimeter spectral components
dominate the spectrum of planets, young stars,
many distant galaxies.

TN Most of the observed transitions of the 125

' T—_— ' known interstellar molecules lie in the
mm/submm spectral region—here some 17,000
lines are seen in a small portion of the spectrum
J Orlon Nebula CISCO (J, K’ & Hz (v=1-0 §(1)) at 2mm

Subaru Telescope, National Astronomical Observatory of Japan January 28, 1999
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Some complex organic molecules
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ALMA Key science 3: Interstellar Medium

Carbon Monoxide (CO) Image of
zTaurus Molecular Clouds
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. Size of Moon in Sky'= ~1000 resolution elements
note incredible detail observed in this star forming region!  Credit: M. Heyer
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M8Z spectrum - 4 x 10" Ly
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= Detect current submm gal

F ALMA Deep field: ‘normal’ galaxies at high z
AR TS HST in

o, "

Lt *ALMA deep survey:
Ly 7 | 3days, 4

SRR = HST: few 1000 Gal, most

. . | ' _
oW v R at z<1.5
N e = ALMA: few 100 Gal,
7. < 1,5 B i | ‘ most at z>1.5

. : - : — = Parallel spectroscopic
ALMA ' T L «- .* surveys, 100 and 200 GHz:

S F w0t e e COlother lines in majority
W AN i LT .+ " "= of sources
% gkl AE . = Redshifts, dust, gas

Aot g <o S W oo masses, plus high res.
oot P Toee oo 0 images of gas dynamics,

f. "ot - star formation
Galaxies =<1.5 b :. _"lf.‘i:ﬁfa}i::ies z:::Ifﬁ. " ‘ . '-;

l‘ ol . " -.lﬁl
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ALMA Site

San Pedro de Atacama

Toconao

Operations Support Facilities
OSF
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Eye alt 15.08mi
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\_ Central part of the array.

\ - Contours shown are at 1m intervals.

ALMA
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Array plus Digital Elevation Model
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The pad positions overlaid on a grayscale showing Elevation

= (Black 4800m — White 5200m)
ALMA

Array plus Digital Elevation Model
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Antenna Coordinates

{uw) coveraga
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Array Configuration of Enhanced ALMA
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The ACA System :
Twelve (12) 7-meter diameter antennas (18 stations)
Four (4) 12-meter diameter antennas (4 stations)
ACA Correlator in AOS building
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Road to AOS

AOS Site (43 km)

OSF Site (15 km)

Completed up to AOS — 43 km



The Operations Support Facilities - Area

General Layout Including Camps and Antenna Assembly Areas




OSF — Vertex Assembly Area




Warehouse

ESO signed construction coct beinig of August 2006
About 6000 m? net surface - Ready Q1/2008



14 to 19 meters
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Array Operations Site—
Technical Building
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12 Meter Diameter, Carbon Fiber Support Structures




Telescope Checkout Schedule

Received at O5F

ADS Checkout




5 ALMA Transporters
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ALMA

*+10 Frequency bands coincident
with atmospheric windows have
been defined.
*Bands
will be available from
the start.
*Bands 4 (2mm), 8 (.65mm) and,
later, some 10 (.35mm), built by
Japan, also available.
“*Some receivers
built with EU funding.
“*All process 16 GHz of data
*2polzns x 8 GHz (1.3mm=B6)
2 polzns x 2SBs x 4 GHz
(3mm=B3, 2mm=B4, .8mm=B7,
1.5mm=B5)
2 polzns x DSB x 8 GHz
(.mm=B8§, .45mm=B9,
.35mm=B10)

=
2
w0
=
0
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b
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Atmospheric transmission at Chajnantor, pwv = 0.5 mm

Frequency [GHz]




ALMA Front End Cryostats

All cryostats will be assembled at RAL and shipped to the
three Front End Integration Centres. First four cryostats accepted.
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ALMA Cartridge Production

» Band 3 (HIA, Canada):
« Assembly of third cartridge in progre

. Band 6 (NRAO, USA):

« Three cartridges assembled.

« Band 7 (IRAM, France):

= Five cartridges assembled. First cartridge accepted at NA
FEIC.

= Band 9 (SRON, The Netherlands):
= First cartridge assembled.
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ALMA Band 7 Noise Performance

Cartridge#1 Pol O Trec Measurements after new HEMT fitted

——T_rec, USB (K)

LMA Spe

330
LO Frequency (GHz)

Cartridge#1 Pol1 Trec performances

—e—LSB T_rec (K)
—a—USB T_rec (K)
—a— ALMA spe

LO Frequency (GHz)
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Horn 2 . - - 15K stage and
- CISO/CINA
Assemblv
OMT '

Support
structure

. A 110 K stage
5B : B Vo 1 ; assembly
Mixers

Base plate
assembly




. Band 8 Pre-Production Cartridge Design

ALMA

DSB mixers
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Amata Transmission: Front — End to Correlator

Technical
Building

Correlator
Tunable Filter
Digital De-Formatter

Antenna

Front - End
Back - End

IF-Processing Local
(8 * 2-4GHz sub-bands) Oscillator

Digitizer Digitizer
8* 4Gs/s -3bit ADC Clock
8* 250 MHz, 48bit out

Data Encoder
12*10Gb/s

12 Optical Transmitters
12->1 WDM Optical MUX

Optical De-MUX
& Amplifier

Fibre




Back End — 4 GHz Digitizer

= Status:

Layout was optimized to reduce
number of parts and assembly
costs.

Improved performance and
reliability.

The first four digitizer units tested
at University of Bordeaux.
Already shipped to NRAO to
replace prototypes and to be
used at ATF.

New features (more diagnostics
and remote operation) under
evaluation.



ALMA The Correlator

First of four Correlators at NRAO

« 2912 printed circuit boards
= 5200 interface cables
« More than 20 million solder joints
= First quadrant completed Q3/2007



ALMA Project Organization
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ALMA
Director:
M. Tarenghi
Project Manager:
T. Beasley

Project Engineer:
R. Murowinski
Project Scientist:

Project Manager (NA)
A. Russell

Project Manager (EU) H.
RykaczweskKi




= Guidelines for ALMA Operations
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, for which the scientific
demand will be very high. The astronomer is not normally
required to be present when his/her observations are executed.

to what is
required to acquire, certify and archive the scientific data of the
scientific teams proposing observations; this includes certain
business functions and other activities requiring proximity to the
array. For safety reasons, the number of ALMA staff working at
the array site at 5000 meters elevation must be kept to an
absolute minimum.

including proposal
handling and support for data reduction and archival research.
on hardware and
software is contracted to the Executives.
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. ALMA Operations

. ALMA array
reconfiguration, site security, correlator — modular design to mitigate
high-site maintenance

San Pedro: Operate array, select
schedule blocks, ensure adequate calibration, quick-look data
monitoring, Quality Assurance 0 (AoD), basic module repair, standard
antenna maintenance, safety, administration

Pipeline, QA1, Archive, Business, Science
office

. Proposal
functions, sched block preparation, basic user support and feedback,
archive copy and research, QA2, module maintenance & repair,
software M&R, OSF staffing (AoD), H/'W + S/W development, advance
science support and development



,.__\._ ALMA Observatory Top-Level

N
ALMA
Joint ALMA Observatory
ALMA Director
Human Resources Office Safety Office
HR Manager Safety Manager

Science Operations Technical Services Administration
Head Head Head
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P ok Antenna
Operations Site
(AOS)

40 MB/s
(peak)

6 MB/s

Operation (ave 12182
Support

Facility (OSF)

ALMA Sites in Chile
ALMA

Santiago Central

Office (SCO)

Arica®

lquique *

Y pweoBIV

PR,
Coguimba,

Valparaiso,

_ISANTMGG
San AntonioN§

*Rancagua

Co I:I'Eﬂ':i'jn 'Tﬂ.ll:}ﬂ.huﬂ.l'll:'

*Lebul
Temuco,

Puerto Montt,

Punta Arznas.




_ALMA Regional Centers
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ALMA

To the user community, the Joint ALMA Observatory will be remote and
accessible only through the ARCs.
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ALMA — Schedule

Completion of OSF, AOS Facilities:

Antenna Acceptance at the OSF:

First Interferometry at AOS:

Call for Proposals and Early Science:

Full Operations:

Q1/2008

Q2/2007 - Q4/2011

2009

2010

2012
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