Chapter 6

The Plateau de Bure Interferometer

Roberto Neri

IRAM, 300 rue de la Piscine, F-38406 Saint Martin d'Héres

6.1 History

The design of the milllmeter wave Interfemmeter started In June 1979, In the year of the lmmdation of
IRAM, the Institui de R adisast romombe Millmdéivkgee. The constroction of the first antenmma was oom pleted
in June 1987, and three years later an Interferometer comlsting of three antenmas was opened 1o gwst
pheervers,  Flst [Mlnges at 230 GHe were obialned in Aprll 1985, and the current configuration of the
Interferometer was attained one year later. Work s currenily In progress 1o extend the north-south track
and for the comstrection of the sixth antenna. Starting with the commksioning period in 1990 up 1o the
end of 1998, the Platean de Bure Inmerferometer was able to carry out more than 450 different projects
which nvobaed more than 2060 lnvestigators om all aroumd the world.

6.2 Description

The Flateau de Bure Interferometer 1s located Inthe Seuth of the French Alpes, near 5t-Etlenne en Dévoliy
in the Dépariment of Haute Alpes. The Interferometers aliltede B 2552m (250 m at the ntersection of
the azimuth and elevation axes of the telespopes) and its longltude and latitede at the array phase center
are (bl 28.5E and 440384020 N. A eable car provides acoss 1o Flatean de Bure. A hangar In which the
slxth antenma Is cuwrrently under comstruction, B sed lor antenna mainiesanee, gverhanl peripds amd, in
general, for antenna repair work which needs to be carried ot In between times bt under safety conditlons.
The hangar hoses a lew workshops Ior ¢ryogenles, mechanies, electmonics, a power station which provides
electrle atonomy o case of Interruptions in the ecternal power supply and Gmally, the eorpelator Do
and the eonirel room for remote array operation. Almost adjacent 1o the hall are ihe living gquarters for
the stall who supports the uninterrupied round the dock operation of the Interfemmeter.

Currently, the Interferometer ¢omsists of fve antennas arranged Ina T-shaped pattern edending over
a max imum of 408 meters east-west and 232 meters portl-south. A4 slxth antenna Is expected 1o be ready
mid 2K, and further haseline extension of the north track & under way.
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Figure 6.1: PdB Imterferometer station layout as of September 1998, The Interferometer orlgin is defiped
as the center of the crele which goes through the stations N30, B2 and W12, the so-called IRAM phase
center, and this gives a unbguee vwetor definition to each station.

The antennas are conceptually dentical: they all have a Tully steerable ali-az mount which neorpo-
rates a sell-propelled transporter for moving the aniennas (130 toms) alopg e tracks between statlons.
Each antenma B a 15m diameter Cassegrain teleseope with the backstructure and quadrupod legs largely
made of carbon fber for high thermal stability. The high predsion of the reflecting antenna surface [40-
fllum) guarantees best peformance: all antennas have essentially the same sensitivity (227w K" at 3 mm,
A Iw K" at 1 mm - see lecture by A.Dutmy), and very similar pointing and focsing characteristics.

All the antennas ave equipped with duaklequency SI5 mweelvers operating simulanesusly in the
B2 0:Hz—115GH: and 306 GHe—245 GHe range.  Typleal double sldeband mecelver nolse temperatures
are between 25 K and 0K at 3mm and between 40K and G0 K at 1 mm. The recelvers upper and lower
sldebands are separated by the correlators with a rejection better than 26dB. The lower o upper sldeband
galn ratlo depends on the recelver and varles typleally hetween 0.2 and 40 under standard operating con-
ditions in the 3 mm band, and ylelds essentially a double-side hand tuning in the 1mm hamwd. Pure slogle
sldehand tuning [with rejection 15 to 25 dB ) 1s also possible In the 3 mm bamd, with pecelver temperatures
arournd G to S0 K.

Sk totally independent correlators units are avallable that provide an 875 owrelation effidency |for
more detalls see H Wisemeyer's lecture ). Each eorrelator unit provides 4 cloloes of band width) chanme]
configirations, a single unit provides an additional configuration with a nominal velecliy resolution of
Mims~" ai TWGHe. The correlators ean independenily be eonpeeted diber to the 3mm 100600 MHz
IFL) or to the 1 mm recelvers | W0-EN MHz IF2).

A central conirol computer ¢oordinates the entire Interferometer [antennas, recelvers and correlators
and quite some other equipment ) and makes the data acquisition. Baw data corpesponding to the Individueal
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dumps of the cormlator bisflers will not be avallable as realtime jobs apply antomatie calibrations (cipping
corredctlon, apodization, FFT, sidebamd separation, small delay cormection, hamdpass correction and other
corredtlons) aml make automatic data quality assessments [marking had data, shadowing, phase ook, st
to ¢lte a few fags) belore data ls written 1o disk. A seeond workstation provides the soliware resourees
for offline data analysls amd lor data archiving belore transler to the Gresehlke headguaners.

6.3 Array operation

6.3.1 Array calibration

The astronomical setup of the Interferometer Involves a mmber of steps that are done under the join
responsibility of the array operator and of the astronomer on duty [AoD) The goal of the setup 15 1o
maximke the nterlerometer performanee in view of sersitivity and positional precision.

Change of array configurat lon

A change of configuration & the responsbility of the operators and of the technical stafl. Sinee most
pmjects, a5 mapping, mosaleing and snapshol olservatlons, requime more ws-eoverage than a slngle con-
figuration can provide, the antennas ave moved typlkally every three weeks or ao, 10 4 new configuration.
Ewvery additioma] configuration inereases the mapping sensitivity and the unilormity of the wss-omerage by
addimg N[N — 1)/2 baselles 1o the sampling lunction [these are 1) baselimes diring the winter period,
6 baselines during the summer perlod when the array s operated with only 4 amtenmas). Configura-
tloms are sually selected among slx types aceording to seweral eriterla: antenna avallability, project type,
atmpaplerk seelng, wo-coverage, pressire in ocal sldereal time, sun avoldanee and other faciors.

Sk primary configurations are needed 1o cover the desived range of angular resolution at the two
operating egquencles with b antennas:

Configuration Stations
D WG W00 E03 NOG N
1 WIS WOL ELD NOT N13
2 W12 Wi ELD NOG W15
Bl W12 ELS EZI NL3 NH)
B2 W23 W12 ELZ NIT NZ5
A W2IT W2 ELG E2 N5

The ¢onfigurations can be combined 1o produce five sets of configurations for different angular resolution:

Het Configurations Purpose

I D detectlon | lowest resalutlon
CD D, C2ar 21 A5 at 100 GHz
[ 1, C2 higher resplution than CT
B Bl, C2 2.0 at 100 GHz
BB Bl, B2, (22 higher resolution amd sensitivity
AR A, Bl, B2 L# at 100 GHz

Hpecial configurations and sets of eonfigurations are used during the anmual antenng malntenanee perid
which & wually between May and October, Diuring this peried olsemvations at 1mm are lor most of the
time mot leasible, specially in the two ectended B oonfigurations. Observations In the A configuration
whether a1 3mm or lmm will In gemeral only he scheduled duing the winter period. Bequested non-
standard configurations are eonsidered only In exoepiional cases.
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Antenna focus

Hemsitlvity 15 one of the most Important concerns, As a mle of thumb, an axial displacement of the
spcandary by ~ A/ 3 results In a 2065 loss of semsitivity. To avold losses larger than 3%, the podtion of
the secondary peeds to be measured to msch better than A/ on egular time ntervak. The positional
precsion, owever, depends on the souree strength, the operating wavelength, the sampling of seopndary
positions and, finally, on atmesplerestabity. In general, the locs s measured at 3mm gn a strong gquasar
by displacing the secomndary in steps of 1mm [(insteps of (L45mm i dope at 1 mm ). This Is systema tically
dome by the operators at the beginning of every project and Is automatically werified by the system every
howr during project eoeeutlon.

Antenma polot g

A high pointing aceuracy ls demanded In view of semsitivity and mapplng quality. Antenna polnting ermors
aflect the glohal sensitivity of the Interferometer and may lead 10 severe ermors in the Image restoration
pmoess. As a rule, a polnting precision of A8 ~ Bggaee /30 Is desrable at the highest Tregqueency. The good
polnting acewracy resiulis om an optimied structural design: a good know ledge of the gravitational load,
a goied positional stability of the recelvers (a good alignment 15 meeded for dualfrequency observations),
a preclse conirol of the secondary, high precklon hearings and position encoders, a good servo system, .. .
and a good software conirol for repeatable antenna polnting errors. The quality of 8 polnting model &
generally limited by wind and thermal ad effecia The absolute pointing aceuracy achlevahle with the
IRAM apiennas is in geseral below the 223" rms at each axk with a slightly higher uncertainy in elevation.
Hueh & polniing accuracy leads to very small Intensiy varlations, mest of the time with necligible effecis
qn the Image reconstroction. Higher accuracy s obtained by regular relative polnting measirements every
Tuoar.

Each anienna ls characterized by a fixed set of polnting parameters. These are measured only in
certain clrcumstanees: when an antenna 1s golng 1o see first light, when modifications are made which
may affect the pointing of an antenna, or more generally In cases of sispecied pointing problems. In
these cases a precke Interfemmetrle pointing sesslon, eventually with a preceding less sensitive fulksky
slngle-dish sesskon, 1s regulred to derbe the Tull set of antenna polnting parameters. Such polniing sessions
are rediced with a dedicated mon-lisear fHtilng program o use at Platean de Bure.

The pointing model s actually based on § parameters only, all othes belng megligihly small. These
parameters are [A T and [EL [the agimuih and elevation engoder soro polot correction ), COH [the antenna
horkontal opllimation), and IVE amd IVN [the anenna East-West and Noril-South inclination). TAZ,
IEL, IVE amd IVN are in station dependent, while COH Is In principle an antenna constant. [TAZ, IEL and
COH are measured in intederomeirie mode by polnting on a few low elevatlon and high elewation sourees.
In general, three sirong guasars at 3 mm are Tully sufficlent. The mmaining two pammetes, IVE and IV
are measured on every project start with an nclinometer by making an amenm turn thooeg b 3607,

Delay measu re ments

Delay measurements alm at the eormection of cable length (elecirk paih) differences hetween two antennas
aflter compensation of the geomeirical path lengih, An Iimproper kowledge of the difference In cable
lengih s visible as & frequency dependent phase slope in the Intermediate freguency hands (IF] and IF2),
and, depemding on the amplitude of the slope, may result In & more or less Important loss of sensitivity.
The delay 1s measured by a cross-correlation on a strong radio souree at the heginning of every project.

Baseline lengihs messurement s

The goal Is to measure ithe pesition of each antenna @ relative 1o 8 common elrence polnt [dstances
Kig, ¥z, &5 between antennas 1 and § or ditances dX;, 41,427 with mespect (o the thesretical station
position) In order to subiract the phase term 2w (see lecture 2 by S.9Guilllotean ) at any howr angle and
de¢lination from the olserved phase. The ahsence of a good haseline solution s equivalent o having large
unpertainties in the haseline separation between different antennas. As a comsequence, the gepmeirical
delay might Improperly be compensated and large time-variable phase errors might affect observations.
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Thowgh the quality of a hasaline solution B easilly found out — the calibrator's visThility phase shoildn't
vary with relerenee to the phase tracking cemter as Tunetion of our angle amnd declination — a good baseline
solithon 15 truly ndepensable for the purpese of phase calibration. Phase errors can often he more dele-
terigus on eompact configurations where souree vEibDitles aw stronger than on extended configurations.
As a pelerence, winter conditions allow haselines in the D configuration to be measuped at 3 mm with a
5 — 87 phase accuracy and with 5% — 307 In the A configuration. In summer conditions the accuracy &
often 2 — 3 times lower,

Though o high accuracy Is meeded for antenna positioning (offset position oom the target location B
routinely within a wavelengih), the actual antenna position has to be known with high precision: within
a small fraction of a wavelengih [TOEM0um ). The precislon 1s limited essemtially by the atmosphere and
by thermal effects.

The baseling parameters can be obtained to high accumey rom observations of a mumber k ol relatively
stromg polnt smress, wel-distribited In howr-angle and declination, lor which accuwrate pesiilons are
avallable. The amalysls of these olservatons ls wsually carried out with CLic, the calibration program,
using a least-square-fit analysls on the geometric phase difference for antenna pairs (1, §):
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where . Iz the assumed geometrical phase between the two stations, H and 4§ the bour angle and
declination of the souree, amnd where ﬂ-@;’# = {%; oos El, are elevation dependent correction terms for the
non-intersec thon of the eevation and azimuth axes In the nodal peint of the antennas. These terms are
will-known and stand for mon-pegligible elevation dependent varlations of the viEibDity phase which need
1o he removed as accurately as possible helore solving for the haselimes

In theory, three sources are sulllclent 1o measure the actual haseline lengihs, in pmctios 10012 sources
are negessary o obtaln an ascurate measurement. Since a displacement by 1% at 1 GHz on a baseline
of 1{im iramslates already 1o a phase ofEet of ~ 5827 [~ 1 rad), the positions of the radio soureces wsed
for haseline measurements meed to be kinown with an accuracy S hetter than (U027,

The baseline equation implies that positional ermors are equivalent to phase errors. Slnee baseline lengih
errors seale with the angular separation between calibrator and souree, the alm E to have callbrators as
close a5 possible to minimise the phase ermors.

Sometlmes, accurate haselines are mot required as in the case of sell~calibration projecis. Sometimes,
however, even i good haselines are required, they slmply canpot be determined precisely enough alier a
change of configuration. Projects olserved in the meantime will then meed o walt for a better baseline
model.  Such projects will in general mot be phase-calibrated by the astronomer on duty, but phase-
calibm thon has o be done later on by the proposers of the observations.

Galn mess urements

Galn measuremenis ((ZAIN seams) are oross- correlations on strong radio sourees which are essentially wsed
to measure the Image to signal sldeband raties Ior both the 3mm and 1.3 mm reeelvers. The mguined
sldehand ratly depemnds on the project, tle achlevahle sideband ratlo depends on tle receiver and the
frequency. Anaccurate measurement of the recelver galn s necessaty Ior a good estimate of the atmospherie
opacity andol the associated thermal noke with which the atmoesphere contributes during the observatlions.
Therelore, resulis of a galn measurement are followed by an atmospherie calibration (sean CALL).
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Recelver atability

As a rule, a high recelver stability < 310~ & never required. Sometimes, however, depending on at-
mospherk conditions, array configuration and observing fequency, a higher stability may he desirable
in view of a very promising radiomeirie phase eorrection. Though sweh a high stability Is mot always
achlevable on all the recelwers, 1t makes possible an improvement in data quality when the atmospherie
phase gorrection techngue becomes practical (see lecture 9 by M.Bremer). Experience at Bure [rom the
last three yeais shows that the radiomeirie phase correction s quite efficlent under clear sky conditlons:
Trom spring to autumn essentially durlng the evenlng and morning hows, In winter almoest always wlen
the weather allows 1o ohaerve.
Hinee observations on more compact baselines sufler less fom the effects of the atmospherle phase
noke — for relerence, an rms of less than 10 rms a1 3 mm is routinely obtained on the shortest baselines
a high recelver stabllity In compact configurations B only exceptionally requived. Typically, under
average ohserying eondiilons with a reeelver stalility of 310~ we may alveady correct atmospherie phase
Nuetuations with a precklon of 10F at 115 GHs.

6.3.2 Array observations
Betting up a project

Hinee projects are spread over typically a few months, it Is Impractieal that astronomers actually ¢ome o
the lnterferometer for thelr observations. In some exceptional case, however, when olservations peguine
rapid de¢isions, the presenee of a visiting astronomer may become meomssary. Up to now and after almost
ten years of gperation, only a hamwdll of projecis requived the presence of a vislting astropomer. Only
no-standard oleervations like mapping of fast moving objects, coordinated observatlons may reqguire a
member of the project team to he present on the site. All oheervations are carried out “ln absentes™, and
a local condact 15 assigned (o each project.

The olserver has 1o specily all aspects of hisher program in an observing procedure. Bor routine ohser-
vatipns, this & usually dome with the belp of the local contact by parameterizing the general olservational
pmeedure. Onee the procedure s wrltien, a eopy I8 made awallable to the operation center at Plateau
de Bure. Belore stan, lurthber verifications will be made by the sclentifle opording tor amd, to inalize the
pmoedure, by the astronomer on-duty who makes a last check hy looking at the technical detalls in the
pmposal, at the technieal report and at the recommendations made by the programme commitiee.

Qudte some time, howeser, may pass bhetween the poeparation of an olserational procediure amd the
actual obeervations. Depending on the mquirements, hetween a few hours and a few montls may go for
the declzion to start tle olserations. On avemge 305 of the projects are completed within 6 months
Trom thelr acoeplance.

Obaervat bons

Fuor the ohservatlons, the array 1s operated by an operator with the assistanee of an astronomer and under
the supervision of the scdentific conrdinator. The operator las the full mesponsibility lor condscting all
ohservations lollow ing pre-established ohserying procedures or with the belp of the astronomer in case of
unpredicted events.

The eperator will execute the olserving procedure acoording to a pre-established planning which allows
for some fexdbility n the scheduling, and to a lew ceiterla (as the measdmum amount of precipitable water
in the atmeosphere, the required atmospheric phase stability, the requested olserving frequencies, the
declimation of the targeis, the sun avoldance lmit amnd a few other aspects) which will kelp both the
gperator and the astrommer in thelr fingl dedsir-making on which project to carry oul as next. Asa
ride, exoellent atmospherle comditions wil be sed lor high grade projects requesting sensitivity at high
freguencies while the remalning time will Iin general be devoled Lo projects which require less siringent
atmoaplerk oo ndiilons.

Onee a project s selected, the operator will start the ohserving procedure which sets up the needed
eguipment configuration [essemially sky requencles, eorrelator setiings and target coordinates according
with the olserver's wishes) amd will start preparing the Interferometer for the observations: the recelvers are
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CALIBRATOR 1

WMEPASS CALIBRATION + IFPE  [2x 5 sec)
TABLE /S0t CALIBRATION s CALL [1+2% 5 meq)
ANTENMA FOCUS » FOCU (S 15 sac)
ANTENMA POINTING » FOIN [2x BO sec)
CORRELATIDNS + CORR [3x 45 sec)

{CALIBRATOR 2

—r

(BANDPASS CALIBRATION + IFPR
(TAHLE /SKY CALIBRATION v ALY

L

{CORRELATKING v CORR)
SOURCE

WMDPASS CALIBRATION + IFPE

Tag :__-"!'- Y O IBRATION v A

CORRELATIONS + CORR [20x 60 =ac)

Figure 62: Stamdard olserations: a oyclic sequence of measurements.  IFPE scans alm at callbrating
the IF passhand, CALT are auto-eorrelations on & ot load [P0 K) and on the sky (on a 15K load only
at the beginning of every project) 1o adjist the temperature response of the array, FOCU and POIN scans
measire foesing and pelnting offsets [done only every 4% minuies) and CORR scans are ¢ross-correlations
[oomplex vwislbilities). In projects reguesting two calibm tors every other callbration 18 made on the seopnd

callbim tor.

tuned, the gains and the @ero-delay of the recelving antenna ls adjisted and veriled, the antenna polnted
and focused, the RF passhamd B measured amd the temperature seale of the nterferometer callbrated.
The Hiee of the primary calibrators are then werified, eventually replaced I thelr fix demsity has doopped
ton much, and the ohservatlons started.

As soon & project Is started, the astromomer oneduty will mondior the exeention of the project and
the data quality by examining the visbility ampltiede and phase of the calibration soiorees, the antenna
tracking in presence of wind, the anenna polnting corrections, and all time-dependent instrumental and
atmpaplerk parameters which cpuld have some Implications on the ohservations. Furthermore, o avold
Turther olserving on a targel with wrong coordinates, the astronomer will verily the presence or absence
ol Ome and for comtimom emdsskon acoording to the expected values quoted In the proposal. Finally,
the astronomer on-duty will provide pre-calibrated data on a best effort hasls. Depemding on project
oo plescity and meeds, lurtber data analysls B sometimes reguived on the site 1o deckde on Inllow-up
ohaervations.

When the olservations are running, commands are regularly Issved to the antennas and to the periph-
eral equipment [phase rotators, correlators and others) lollowing a well-defined, cyelic sequence as shown
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in Figure 6.2, This sequence may slightly change depending on the mimber of calibrators and on the mum-
her of phase centers [Le. the felds of view requested lor different sources or lor mosale-ty pe oleerations)
the olserver wisles to track In a slngle run. Ty pieal ohservations at Plateas de Bure [all In ome of the
Tollowe ing categories:

¢ Detertion: deep Integrations alming at measuring the e densities of falnt targets [contimnom
em Eslon andfor line emission fabspmpiion) with the Interlerometer mostly In compact configurations.

« Hnapshot: olseratlons in o or more configurations, aiming at measuring apparent slees In a small
sample of targets, In some cases even allowlng for mapplmg. The oleerational prosedure sels up
ghort Integrations on Individual ohjects in a cyelle manber.

& Mapping: olservations generally In twoe or more configurations aiming al mapping a single object.

& Mosale: similar tosna pehot oleerations, eaept that the array ewiiches botween adjacent, hall- heam
spaced phase centers to map eld of views which are more extended than the primary heam of the
antennas.

Monitoring project execution

Under normal ¢ireumstances only a few parameters of Interest are megularly verified and eorrected [mosily
automatically ) during the observations, but Instantaneos (every second ) and much more detailed Informa-
tlon can be obiained at any time by conmpecting o the egquipment [recelwers, anlenna control paramelers,
digital ecorrelator units and others). Durlng the operation the array status B continuously monitoped so
that the operator can provide [ast leedback 1o resporse, at any tlme when mecessary. An automatie data
quality assessmenis [(Hageing bad data, antenna shadowing, recelver phase lock and otlers) belore writing
data to dek. The astromomer on-duty has the respomsiblity of periedically montoring tle data aegud-
gltlon and to wrllte a few noles assessing the data quallty during and afier the observations. Mondtoring
the pmgress of a project by making Intermediate data reductions, however, 15 the responsibility of the
gheerver. This s not tle responshility nelither of the asironomer on-duty mor of hisher local contact.

6.4 Proposal submission and contact people

Quite some people are requited to run such a complex Istrument a5 an interferometer. Sooner or later
yoin will meet somee of these people, but lor mest of the projects only a lew wil play an essenilal role.

At proposal submission time, you will first get In touch with the sclentifie secretary who will address
you a eonfirmation of the propesal reception shorily after the deadline. Opee a proposal B reglstered it B
sent te the members of the Programme Committese [elght members: two rom each country of the IR AN
partmer organizations plus two external) amd, at the same time, s easihility assessed by the schentific
coordinator. Technical coslderations as observing sirategy, olserational risk factors and otber lssues are
communicated to the Programme Commitiee, only il necessary and only at the time of the meeting o
avold any technieal remark to Influence the sclentific evalus ton. Shortly after the meeting, during which
the Progmmme Commities expresses ts recommendations, a global proposal evaluation & made by the
IBAM direcior wle takes the final declsion. Thereupon, a motification s addressed 1o you which contains
the recommendations of the Programme Commitiee and a technleal report. I the propesal is oot mejected
from the heglnnng, a local contact (a stall astromomer) will be appointed to the project and his name
commimicated to you.

In the course of the observatlons, only lour persons will play a role for the principal Investigator wio
prposed the ohservations: the local comtact, the selemie conrdinator, the astmpomer on-duty amnd the
array operator. The local contact, who ls the direct Interlocutor of the observer, B a stall astronomer
whose mole B 1o lelp the observer In a coneerted effort to prepare hisf ler ohservations and, later on, in
the Grenoble beadguarters to help (I needed) the observer In calibrating the data.

Finally, anee the oleerations are completed amd helore coming to Gremoble, the prineipal Investigator
ar gne ol his team members will need to get In towch with two persons: the local comtact and the coordinator
for the data reduction activities who will Ooallse the stay of the vElting astonomer at the Grenohle
headguariers.
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Figure 6.3: Soumwe visibility and effective olserving time. The schedullng prioeity Is in general nversely
proportional to the dedination (olservations of low declination sources tend 10 be more difficult, as they
eannot be earrled out at any time - the shaded reglon Is the sky above 15 eleation). The iotal ohaerving
time per track for depends on the declination of the source and s wsually limited 1o 812 lus for sources
of the northern emisphere. For standard mapping projects, oheervational overlead counts in by 285 of
the time. This is equivalent to an effective en-source integration time of about 69 hus.
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Figure G.4: Propesal submkslon and contact persons at TRAM
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