Chapter 10

Amplitude and Flux Calibration

Anne Dutrey

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

Calibration compensates for imperfections and unkopowns In the nstrument se, Inclixding antenna defecis

[sirface quality, focis), polnting ermors, atmesplerie transmission and fectuations, recelver and backend

galn and lstabilities, ete.... In addition, calibrated data are ako expressed In a rellable physical wnit.
ThE keciure ls then ¢t In three paris, of equal Importanee:

1. The single-dkh callbration of the amplitede: iis errors amd blases
2. The i density callbration
3. The final amplitede calibration of interfemmetric data

10.1 Definition and Formalism

From B.Lucas lecture 7, Eq. 7.1), the baseline-hased obeerved vEIblity 1_’,-‘,-[.:3 15 Inked to the true visihiliy
Vi; ol the source Ty :

Vig (1) = G Vi + i (1) + g (1) (10.1)
In antenna-based calibration, &y can also be written as:

Gij = milt)] (1) = ayit)ay(£)e®iti-ait (10.2)
Therefore, for antenna i, the antenna- based amplitede correetion for the Lower sideband a® is given hy

al ()= TG (1, OB(t) (10.8)
and for the Upper sldeband:

al (1) = Ty (G (w,0) B t) (10.4)
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where T:L‘, anmd T:;i‘, am the eorrections for the atmospherile absorption [gee lecture 8 by M.Gadlin, in
the Upper and Lower sldeba nds respectively. B the antenna galn (affected by polnting ervors, deloe ising,
surlace status and systematic elevation effects). Note that Ege 103 1004 do not inelsde the decorrelation
factor [ (see lecture Thy B.Lucas) hecase this parameter s haseline-hased. We assume here decorrelation
Is small emough, Le. f = 1; [ mot, a baseline-based amplitude calibration may be reguined.

GF (e, 1) and GY(1, 1) are the electronics gaing (IF chain+recelver) in the Lower and Upper sideba nds,
respectively. The recelver sideband gain ratio 1s defined as &5 (0, 8) = GF (0,00 /GF (1, 1), The sldeband
galn ratlo 1s o first order Independent of the Teguency » within the IF bandwidih, The derivation of the
recelver gaing Is glven In Chapter T. At Bure, the recelvers and the IF chain are wery stable and these
values are constant with time (and equal to GF* GY and GF, respectively, singe we also peglected their
fregquency dependence). They are measured at the beginning of each project on a strong astronomical
soume. Moremver in Eq 0031004, we use the fact that for & ghven tuning, only 1he pecelver gains and the
atmosplerl absorption have a slignificant dependence as a Nmetion of fTreguen:y.

Section 10.2 will fseus on the correctlors for the atmosplerie absorption (T (1) TE (1)) and the
pussible hlases they can Introdiee In the amplitede.

In the eguations abowe, the amplitudes can be expressed eltler In Kelvin (antemna temperature seale,
T, g = ) or In Jy (Aux density unii, 1 Jy= 10-** Wm—*Hz—'). The derbation of the conversion
[actor hetween Jy and K, In Jy/K, [T (slngle-dish mode) and T, (Interferometde mode) and iis hlases
will he detailed in section 1003 which is devoted 1o the Bux density calibration.

Finally Section 10,4 will deal with the understanding of the termes 5;(2) and [, the amplitude calibration
of Interferomeirk data.

10.2 Single-dish Calibration of the Amplitude

Thi ealibration ls dome automatically and in real-time but 1t can be redone a posteriort i one or several
parameters are wrong using the CLIC command ATMOSPRERE . However, for 99 % of the projects, the single-
dkh eallbration & cormeet. Momwover, we will s in this seetion that In most cases, even with erronesus
calibmtion parameters, it s almost Impossible to do an error larger than ~ 5%,

For detalls about the properties of the atmesphere, the reader has o reler to the lecture by M. Bremer
[Chapter 9) while the transmission of the atmosphere at mm wavelengihs B deserfbed in the lecture of
MLGlin [Chapter 8). Most of this keture Is extracied from the documentation “Am plitede Calibration™
by S.Guillotean for single-dih teleseope and from [Guillotean ot al 1993).

Hinee all this part of the calibration & purely antenna dependent and in order 1o sim plify the equa tons,
the subseript ; will be systematically lgnored. In the same splat, the equations will be expressed In T
scale taking f; = fg.

The atmospheric absorption |eg. for the Lower side-band T ) can be expresed by

ULy _ L _ (ULl
= [Thﬂd[l + 7 :I T.rrm o TITH-‘:I [lﬂﬁ-:l

Th

il a—rr [uim| Elavalism)

where Thes Is the bot load and T5 . and TV . are tle molse temperature recelved from the sky In the

lower an wpper skdebands respectively [(for the IRAM interferometer, the difference in [bequency between
the upper and lower sldehands B ~ 3 (2Hz).
The system temperature Ty Is given by:

M
Th =k g Em [ 10.6)
e T M a — Mg

The main goal of the single-dish calibration & to measure Ty (benee T, a5 aceurately as possible.
At Bure, during an atmespheric ealibration, the measured gquantites are:

o Plase 1, &, ¢ the power recelved from tle sky
o Plase 2, M. the power meoelved oom the ot load
# [Phase 3), M.q4 the power repelved rom the cold load
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Trae, the molse tem peratire of the recelwer, 18 dediuced from the measirements on the hot and eold loads at
ihe beginning of each project and regularly checked. The recsiver ddeband ratlo Y% & also measured at
the beginning of each project (see B.Lscas lectiure T). Timi, the efective temperatume seen by the antenna,
s glven Ty

amd Miad

e [10LT)

Moregver, Tami which Is measured on the bandwidih of the reeelver, can be exprossed as the sum -:51']"_";“1.
and T (a slmilar expression exdsts for Ty, ):

Thy + T + GV
Temi = 13 QUL [10.8)
Tymi I8 divectly lnked to the sky temperature emBsivity (or brightoess temperature) T, Ty
Tl'ﬂ'l.'i —[1l—1 X j:
Ty = (L= nyp) x Tead [ 160.9)

1‘”

were T & the physical tem perature inside the cabin and 5y, the lorward efficiency, which are hoth known
[or measirahle) quantities.

Owr calibration system provides then a direet measurement of Tomi and henoe of Toy, which iz de-
duced from guantites aceurately measured, Henee, In Eq.10.5 the only unknown parameter remalns 7%,
the ppacity of the atmesphere at zeniith, which s lteratively computed togeiher with Tiem the plysi-
cal atmospheric temperature of the absorbing layers. Thi caleulation ls performed by the atmoespheric
tramsmksion model ATM (see Chapter 8) amnd the documentation “Amplitede Callbration™).

The opacliy % [or more generally 1,.) comes from two terms:

u=Aut+Buxw (10.10)

Ay amd B, are the respective contributlons to O and He O, the water vapor ¢ontent w s then adjusted with
Tatm by the model ATM to mateh the measured Topy. The ATM model works as long as the hypotlesk
dome on the siructure of the atmesphere In plape-parallel layers Is Justified, as it s uswally the case for
standard weather conditions.

10.2.1 Low opacity approximation and implication for T

When the opacity of the atmosplere is weak (7, < (0.2) and eqgual 1o hoth Image and signal bamds, Tew B
mostly dependent of Tam and bhoth of them can be ponsdered as Independent of v and henee .
In the conditions mentioned abowve, 7 can be eliminated from Eq. 105 The equation becomes:

Lo TH.-[J. + G”L:I x Tal'm.
eal e %[l —gr = 1--"'—'I!-“:I

Taar—T 2.0

(1011}

[detalls about the derivation of Eq.l0.11 are given in the documentation “Amplitede Calibration™ by
SGullotean). In Eq.lill, the unknown ls Tigm, the physical temperature of the abeorbing layers, Tpim
Is mostly dependent on the outslde temperature, prssure and site altitode and weakly on 7., For thie
reason, Ty and Tyye remain comect even i w and henee v, are not properly constrained.

Figures 10,1 and 1002 Mustrate this polnt. Thick lises correspond to the exact equation [Eq. 105) and
dashed lnes to the approcimation [Eg.10.11). The comparkon hetween Eq. 10011 and 1005 was done for
three common cases 1) at 87 GHz, with &Y% = 102, 2) at 115 GHz, with & = 0.5 and at 230 GHz,
with GUE = 0.5, For the 15-m dishes, the forward efficlendies used are fp = 0.93 at 3mm and 5, = (.29
at L.3mm. Figl0.l is dome for a source at elevation = 3® and Fig.10.2 for a souree at elevation = 6F.

The followlng points can be dedweed om these Hgures:

L. As long a8 T,f, = Ti,, the equation 1011 remains valid even at high frequencies > 200 GHz and
for w = 5 mm.
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Figure 100.1: Calibration temperature as funetion of water vapor (or opacity) at 87, 115 and 230 GHz for
a source at 20 degrees elevatlon. Parameters are taken for the Bure Interferometer.
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Figure 100.2: Calibration temperature as funetion of water vapor (or opacity) at 87, 115 and 230 GHz for

a source at 60 degrees elevatlon. Parameters are taken for the Bure Interferometer.
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Tiem Tea | Tree | gy
Typleal Error 2K | 0K | 0l
Induced varation (in %) | 0.7 | 0.3 | 13

Table 1.]: Percentage ermor on amplitude scale Introdieed by erronesus input parameters.

2. ThE comes from the fact the T B mostly independent of the atmespherk water vapor content.

3 As &:n::ums.i"_’;“I # T4 ihe equation 1011 is not valid. Note ako that the emor is about constant with
ihe opacity becase lﬁum Is mostly Independent of the atmospherle water vapor content. Moreover
at 115 GHz, the atmospherie opacity I8 dominated by the 118 GHz Oxygen line and cannot be helow
0.2, the amount of opacity added by the water vapor 15 small. T, remalns mostly constant with .

At mm wavelengils, the derbation of tle Ty [or Tye) sing an atmespherie model & then quite
aafe,

10.2.2 Absolute errors on T, due to instrumental parameters

The eguations above show that Teq Is also dependent of the Instrumental parameters T, 5y and Theea.
These parameiers can ako lead 1o errors on Ty, Derlvatives of the appropriate equations are given in the
IRAM report “Amplitude Calibration™. Applylng these equations and taking Tam = MO K, T = 20K
and Tymi = M K, tle pessible resulting errors are given In the table 1001,

As a consequence, the most critieal parameter of the callbration s the Forward Efficiency 5y, This
parameter B a metlon of requency, becaise of optics surface accuracy, but ako of the recelver Tlumina-
tion. I gy 1s underestimated, Ty, Is underestimated and you may obtaln amomalosly Jow water vapor
content, and viee-wirsa.

The sideband gain ratio GV L Is ako a eritical pammeter. U5 §s not only a scaling [actor (see Eqg.10.5),
bt B also lmaolved 1o the derlvation of the atmespherie model slnee the eontributions fom the atmosphers
in image and signal bamnds are eomsldered. ThE effect Is important only i the opacities In both bands are
slgnificantly different, as for the J=1-0 lne of C0.

Eaq. 1005 shows that as soon as the recelvers are tuned in single slde band (" < 10~% or rejection
= BB, the effect on chf_, 15 Inglgnificant. Errors can be significant when the tuning & double-side hand
with values of Y% around ~ 0.8 — 02, For example, when the emBsivity of the sky s the same in
hoth hands [T_’:v = ii';";wj, ihe derivative of Eqg.10.8 shows that an ervor of 0.1 an G5 = 0.5 keads to
AL r AT 0 G5R.

“Howe ver, this problem k only relevant tosingle-dish oleervations and cannot happen In interferometry
becaise as soon as thres antennas are working, V% can be accurately measiured (so0 Chapter 7). At Bure
the accuracy on Y% & better than about 1 % and the system is stable on seale of several hours.

10.2.3 Relative errors or errors on 75 /70
Following Eg. 105, the slde band ratio will he affected by the Jollowing term:

gl =)

T= S Eleratior) (1012}

where Afr* — +%) & the error on the sideband zenith opacity difference. This difference 1s maximum at
Tregquencies corresponding 1o a wing of an atmespherie Iine, for example when observing around 115 (GHz,
nmear the O line at 118 (GHz. As example, taking the Treguencies of 112 and 115 GHz for a souree at 3
inelevaiion and a senith epaclty differenge (+% — %) = 0150, an error of 0.030 on 1his diference [eoming
from A0 will give an ervor of less than 1% on the gain &Y%, Moregver errors on Oxygen Ines are very
unlikely hecause the content In Oxygen In the atmesphere 1s relatively well known and only varylng with
the altitude of the slie.

At the same [reguencies, an ermor of 5 mm (which would be enormous) on the water vapor content will
only Induce an error of 1% on the gain, Around such low Teguency and for small Trequency offsets, the
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water abeorption B essentlally achromatic. Improper calibration of the water vapor Ructuations will then
resuli In even smaller errors sinee the & a random effect.

10.2.4 Estimate of the thermal noice
The esulting thermal molse B given by

T,y (K) (10.13)

. =rp_-1~,|"ﬂ.ux.t

where k B the Bolizmann's onstant, A k the geomeirk colleciing area of the telescope, i the glohal efll-
cleney factor (including decorrelation, guantization, ete...), S the bandwlidih in e and § 1he Integration
time. The resulting phase molse Is lnversely proportional v the dgpal 1o noke ratio.

10.3 Flux Calibration (visitor’'s nightmare)

More detalk ape found in the docpmentation  “Flux measurement with the IRAM Plateau de Bure
Interferometer™ by A Dutrey & 5.Guillotean.

10.3.1 Imtroduction

Because of the foeus and polning ervors, and possihle drifis In vecelwver gains, amplitude calilration
has always been difficult ar mm wavelengihs, In addition to these basie single-dish effects, the varlable
amounl of decorrelation iInrodueed by phase molse [aimospheric andf/or Instrumental) make it difflewlt, I
not Impessible, for an Interferometer to measiure absolute fim densities.

All measirements meed 1o be relative to some souree of koown Bux. Inpractiee, planets are wsed hecause
they are among the lew astronomical objects suflclently stromg at mlimeter wavelengils for which fux
demsity predictions are possible amd sufliclently accurate. They are then sed as primary callbrators to
bosptstrap the Hux of the stronger gquasars which are polnt spurees. Sinee the gquasars are highly wrlable, a
regular monitoring (each month) s needed. These observations require a very good weather with a small
amount of precipitable water vapor (< 4 mm) and a stable atmospheric phase. IT not properly taken Into
aceoimnt, the guasar variahility can produce an emor in the flux scale during one configuration which does
not result in a slmple scale factor in the final Image, bt introduces artifacts.

10.3.2 Calibration procedure at Bure

Some basbe polats  Becaise of the physics of gquasars, the speciral Index may he varlable with time as
the souree Intensity. Slmultanesus measurements at 2 egquencies are this meeded toestimate i aceurately,
IRAM nstruments (3m and PABI) use the Mequencles of 86.7 GHz and 228 GHz At the 30-m, flux
density measurements are done during the polnting sesslons while they are performed in special sessions
at Bure, usually afier haseline measurements.

The results of the fux sessions are regularly reduced amd published In an internal report [wseally each
4 montls). These reports are eurrently available on the weh, in the local IR AM page [ see®).

How we procesd at Bure In pmotiee, 1t B Impessible (and not necessary) to follow all the gquasars
used as amplitude callbrator at the IRAM Interferometer. Montoring of the RF handpass callbrators
which are strong quasars with iz density > 2 Jy (o more than 4-8 sources) B enough. In the meantime,
planets are ohserved as primary callbrators. These sesslons require to calibrate the atmosphere (T, ) on
each souree and to check regularly the focus

At the Bure lnterferometer, the Hix demsliy mesasurements on gquasars are done by polntings in inter-
fergmetrie mode. Pointings on plameis are actually done In total power mode becaise they are resolwed
by Interferomeiry and strong enoiggh. Total power Intensity 15 not affected by the possible decorrelation

gy ram S P TRl flu i mid
hidpeyfiram /LT fast ro. im]
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Antenna | 3mm efficlency | L3mm efflckency

mumber [N [dy /K
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2 21 v
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Tahle 10.2: Conversion factor from K to Jy for the 15%-m antennas of Plateaun de Bure

die to atmespherie phase molse. However, it I8 then necessary to accurately determine the efficiencies of
the Individual antenpas (eomversion metor in Jy /K In Interferometrie mode (7)) and in single-dish mode
[Ts).

Determining the antenna efficlencies (Jy/K)  Bor each flux session, Jz & measured on plameis by
com parison with the models (see GiLDas programs ASTRO or FLIUTX).

For a given antenna, the interferomeiric efflchency [ 15 always > Jg. Polntingg measurements in
Interferometrle mode are mot limited by the atmespherie decorrelation hecase the timescale of the atmo-
spheric decorrelation ls usually slgnificantly larger than the time duration of the hasic polnting Integration
time (< & lew sec). On the contrary, all Instrumental phase polse on very short timescale can Inirodoce
a slgnificant decormelation and degrades [7p. This I8 what may happen from time io tlme at a peculiar
frequency dise 1o a had optimization of the reelver tuning.

For example, in the indtial 1.3mm observations, strong decormelation was introduced by the harmone
mixer of the leeal gecillator system which degraded 7r by a factor of 2 — 4 depending of the antennas.
Thk problem has been solved recently. Now at 3mm, it 15 reasonable to meglect the Instrumental molses
and take Ty = e, Al L3mm, the new harmonk mixers have heen Installed only recently and statktic
qn the site are rare bt laboratory messurements show that the loss In efllcleney should he small. The
Tahle 102 glves the antenns efflclencles Tg, a5 measured In Aux sesslons or by holsgraply. Thess values
are the current efficlencies (slnce November 1997); older values ave glven In ik reporis. They assume
that the foes B optimum and do ot nclude any Insrumental phase molse. 7, agrees isually within 10
% oat Amm and 15 % at L3Imm with 7z, note that 7, mst be = T,

Being able 1o cancel ot most of the Isirumental phase polse even at LL3Amm makes the IRAM
Interferometer a wery mellable insirument. It s reasomable to think that, In the mear future, the fux
calibmthon will he systematically performeed at Bure at the heginong of each project by melerence to
the antenna efficlencies. This & Indeed already the case: after polnting and oeusing, we systema tically
measure the Qux of calibrators when starting & mew project (data labeled FLUX in files). Up to now, lor
typical weatler conditions, most (more than % %) of the Mux measured at Imm are oorrect within 10 %
and more than 60 % at 1.3 mm are within 15 7.

CRL 618 amd MWC 349 as secondary flux calibratora Finally, lor each project, a eom plementary
e check & systematieally done using the contimium sourees CRLGLE or MWC MY (polnting + cross-
correlations). However these sourees mist be used with some cauntlon. CRLGLA & partially resolwved in A
and B configurations at 3 mm and in A BC at 13 mm. Moresver it has sirong speciral lines which may
dominate the average comtimmm fux: this must be checked belore sing it for Biee estimates. MWCIG
Is wnresolved amnd remains & meliable relerence In all amtenna configurations. The only stromg lnes for
MW 349 are the Hydrogen recombimation llmes, The adopted Bux densities are:
For CRLG1E [see flux reporis 13 and 15):

« CRLGLA F(&T (GHz) = LAS Jy (+/ —(L15)
At BT GHz, the fux density of CRL G618 [free-Tree emBalon oom the HIT reglon) has Inereased since
1900 (whepe It was ~ 1.1 Jy nstead of L5G Jy).

#« CRLGLE F(231.9 GHz) = 2.0 Jy [+ — (0.3},
from [Martin-Fimado et al 1988]. Sinee the flux density has nereased at 87 GHe, this value needs
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1o he oleerationally confirmed. Beware of the Ine contamination which can he high in CRLGLA.
For MW
# Spectrum of MW Fle) = LG69[w/237 GHz)"#
& MWOMS FAT GHz) = 0,95 Jy
& MWOMS F (227 GHz) = 169 Jy

These values agree within 1 & with the measurement performed at 87 GHz [Altenofl et al 1984], (0AT
+0.00 Jy).

10.3.3 Determining the absolute Aux scale on a project

The method Fig 13 1s a printout of the “standard calibration prosedurs™ 1sed in Cl.lt:'i'?:]s.pn::uium
uses the CLiC ¢ommand S0LVE FLUK which works on emss-cormelation only as Tollows:

1. The Bix of the reference souree Is fixed 1o F[Rel)

2. F[Rel) B wmed to measure the antenna ¢ficlency by dividing by antenna temperature of the selemenes
(ThiRel)): Jr =T (Rel)/FiRel)

3 0y Bosed to compute the e of all other sources In the Index: Flgource) = Ty = Ty(source)

The fiee demsity of the amplitede calibrators will be med in the final step of the amplitude callbration to
iz the D of the souree of astronomical Interest.

The practice Inthe antomatle procedum, the relerence sourees are the calibrators where Fheoed fux
Is set 1o YES and the relerenee valiss are in the varlable Input Flux. Flux In file ¢ormsponds 1o the
value stored with the data [hy using the olservational command FLUX, see lecture 6 hy B.Nerd lor detalls).
The calewlation is perlormed by clicking on SO0LVE and the resulis are diplayed Iside the varlable Solved
Flux.

IT you wani to terate sing one of these valies as relerence, you need to write 1t In the varlahle
Input Flux and st Fived Aux to YES. Like in the CLicC command S0LVE FLUK, the Individial antenna
elficlencles (7, ) are computed; tlese valies are only averaged values on ile time nterval using all sourees.
They are then affecied by many small hiases 1ke polnting or e errors and atmesplerlc decorrelation.
They are then usually worse than the canpnieal values given In table above [lor blases, see end of thi
seriion ).

When you are satisfied by the s ealibration, you nesd to click on the lollwing sequence of Tt tons:
1) Get Resultein order to update the Internal varlahles of the CLic procedure, 2) Svore 1o save the flux
values Inslde the beader file (hpb file) amd 3) Plot to display the result of your calibration. The plot shows
the inverse of the antenna efficlencies (1.7 versus time for all selecied sources. IT the Hux calilration
Is eorrect, all sourees must have the same vale eq 107, This plot 15 systematically dome in mode
amplitwde scaled (written on the top lelt cormer). In this mode, the antenna temperature of each souroe
Tl geigree) In K s divided by s assumed [varlable Tnput Aux) D density Flaoerees) In Jy (ile value
yoin lave st stored), the result Is then T (sourea)” [ Flamres) = 1T souree) which must be the same
for all soumes amd equal to 1/.7. I it s mot the case, lor oo mple 1 ome souree appears systema tically
lower or higher than the others, this means that its Hix s wrong and you need 1o llemie.

Moie that the sean range, applied on all ealibrators, which is by default the secan range of the “stamdard
calibmtion progedioe™ can be changed. This option s wselul when there B some shadowlng on one
callbmior hecase the shadowing can strongly affect the resuli of a SOLVE FLUX. If you change the scan
range, do ot forget 1o elick on UPDATE.
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Figure 10.3: User Interface of the “standard eallbratlon procedurd™ of CLic cormsponding o the fux
calibm tion.
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10.3.4 Paossible biases and remedies

Flux densitles are more Iimportant than efficlencles  In the final amplitude calibraton performed
on the spuree [gee nexi section), the i of the source & determined by reference 10 the fux of the
amplitude calibrator which is uswally also the phase callbrator. This means that the averaged efficiencies
S computed by S0LVE FLUX and the autonatle procedurs are not divectly used and In many case vadations
of 7y does mot affect the accuracy of the Anal amplitude calibration becase they are corrected. I s then
Tundamental 1o have a good estimate of the e of the amplitude calilbrator but not necessarily 1o koow
pmecisely the averaged 7, .

Possible biases Using the automatic proceduss, the possible hlases are the Tollowing:

1. There k some shadowing on the relerenee souree, the estimate of the 7 can be wrong, Use another
referenoe.

2 Ome or sevemml antennas ave off eeus: [ I8 larger than Tz bt Hix densitibes can still he correct
i there & no slgnificant drift during the time interval sed to measure the Huxes. IT the data are
affected by a significam focus drifi, 1t also affects the acguracy of the e measurements. De pending
af the olservation time of the wlerence and of tle sourees, the stimated Bux densties can he eliher
too low [relerence taken at the beginning when the loeis s cormet, souroes at the emnd when the
foeis B ofl) or too high (opposite slivation). In both cases, it B meeessary to check the locus [data
called FIOCTS or have a ook io the show. pe file). Inthe fist case, the measured Huxes are oorrect.
In the second case, the fux callbration mist be done on a smaller Interval of time where the locus
drifis remaln negligihle.

3. The polnting on the relerence s bad, 7 B oversstimated Implylng that the fux of all ether sourees
[with good pointing) is also overestimated. Check the pointing on the possible relerence sourees
[data called POINT or have a look to the show. pe ik ) and select a better mlorence.

4. There Is a strong atmospherle decormlation. Flux measurements are performed on ¢ ross-correlations
ol about 4 mimdes and the atmespbede phase Buctations are high [check them on an individial
erpss-oorielation taken on a strong quasar e.g. the RF eallbrator), there are two possibilities: 1) the
atmesplerl correction works well [elear sky), this Is sually the case and it s necessary to apply it
to measure the Diwes or 2) the atmespherle correction does ot work [clowsdy sky), tle data can he
ised at 3 mm and the ux scale ean be compuied by selecting the best scans on a small Interval of
time but at 1.3mm data are seless.

5. The interferometric elflclencles [T are really very diferent 0 7s because there Is 8 wonderDal mixing
ol the points mentioned above... Ask to anexpert [your loeal contact first, mysell later § needed... ).

Mote that the hiases 3) and 4) do ot affect D estimates when they are performed on pointing data
(ke In the case of the flux seslons).

10.3.5 The program FLUX

Thk program s mot used by the edternal wsers of the PABI but IRAM astronomers 1o provide rellable
iz density of quasars to visitors [see Hux eports). A description of the program Is glven In “Flux
measurement with the IRAM Plateay de Bure Interferometer™ by A Dutrey & S.Guillotean

10.4 Interferometric Calibration of the Amplitude
For antenna i, the antenna-based amplitude correcibon B glven by (Eq.l0.3 and 104).

alf (1) = TG (v, 0)Bi(t) (10.14)

Thidpefiram fr PT BT s /s bi ml
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where K = T or L. The decormelation factor [ (see B Lucas lecture T) 18 not taken Into acopunt here
hecaise it Is lundamentally a haseline-based parameter.
I a baseline-based decompesition, the complex gain of baseline i3, &; Is glven Ty

E,-'f[.tj:fx () (£) el @t -aith (1015
and the amplitede of the basellse if 1s Ai;

A () = 1T TR (06K (1,06 K (v, 0Bi(0B; 1) (10.16)

We will diseuss first the term 5; and estimate then the decorrelation lactor [, belore giving a glohal seheme
ol the amplitude calibraiion.

10.4.1 Correction for the antenna gain 5(t)

The antenna galn Bi(i) correspomnds 1o losses die 1o the antenna, mainly focs (F;) and polnting ()
errors coming from thermal varlations of the antenna structure and surface.

Bi(t) = Fyjr) = Fit) (L.LT)

At Bure, we now check and correct automatically the polnting and the ocus each hour. This eorpection
s then done mainly in wal time. This has improved a lot the gquality of the data at 1.3mm. However, it
s mepessary In some ¢ases 1o add a beak In the amplitede (bt ot In the phase ) fitieg in order to take
Into account a focus error or a Jos of amplitude dee 1o peinting errors.

Note that, an error on the Tocus of 0.1 mm at 1.3 mm will Intreduce a phase error of 42 » 152 . 24°
and a s In amplitude of ~ 3 — 5%,

10.4.2 Estimate of the atmospheric decorrelation factor |

Detalk about the origin of f are given in M. Bremer lecture 9. T will disciss here the pmetical Imple men-
tation of the atmespherie phase eorrection done in real-time and In CLic. More detalk ame glven in the
IRAM report “Praciical implementation of the aimespherie phase correction for the PABI™ by R.Lucas.

The atmospherie phase Huctwations are due to different time varylog water vapor content n the -
al-slght of each antenma through the atmesphere. Between antenna 1 and 7, this Intredses a decorrelation
fagtor [~ e 1% —#0%F gn the vEibIity ¥ This term, mon-limear, eanmot be factedzed by antenna.
Moregrer dise to the plysleal properties of the atmesplers, there ame several tmescales (e can cormect
pariially some, bt not all, of them.

At Bure the basle Integration time i& 1 secomd and the scan duration ls usually 6 seconds. The
radipmetric correction works then on timescales of a lew secomds 1o one mimote. It eomecis only the
amplitude: the plase ls mever changed because phase jumps between Individial scans are dominated by
Istrumental lmita tons (mainly the ecelver stablity on a few minuites + ground plekup wriatioms). The
Implications on the Image quality are deweloped in ithe lecture by S5.Gulllotean 16, Lomger atmospherie
timeseales of abowt 2 — & hours are removed by the spline Tunctions fited nslde the plase amd the
amplitude.

Intermediate timescales Ductvations from about one minste [the scan duration) o 1 hour are ot
remowed. The resulting rms phase are measured by the fit of the splines in the phase. These timescales
are not suppressed by the radiomeirle corvecton, and they contrilbute 1o the decorrelation facior [ jsee
Ea. 11.16). as the main eom ponent.

The method The diffrences In water vapor content are measurahble by monioring the variations of
the sky embsivity Tigy. A monloring of the total power in fromt of each antenna will then lead 1o a
monitoring of the phase Muctuations. At Bure, we monitor the total peser P owlith the 1.3 mm recelvers
[mote that P s also called Mam 1o tle frst part of this lectuee). The variation of Ty, ATy (egual to
ATemil B linked to the total power Ty

AP [Mlm'i + ﬂj:ﬂ.ll:l

= o (118}



Id. INTERFER(OMETRIC CALIBRATION (OF THE AMPLITUDE 117

The monitoring of the atmespheric phase Quctuation works only when AT due 1o the nstromentation
Is megligihle on the time seales at which the phase ¢orrection ls caloulated and applied [iypically a bew
secamds 1o one mimie ). Slow drifis on scale of lours ave o eflecis.

With standard atmespleric conditlons and Tollowing |Th-:5mps:m et al lgﬂﬁ] [thelr Eq.13.30), tle wari-
atbon of the path length through the atmosphers at senith s approsdmated ly:

AL = 6.36w (10.18)

wiere fiw B the varlatlon of water vapor eontent. AL s related to the phase fuctuation iy above the
antenna i by

2a
Wit = TMM [ 1020)

For example, under standard ¢onditions (see g 101 or 10.2), a warlation dw = (L1 mm cormespomnds 1o
AL 630 pm, ATy = LK and ¢ = 25 at 1.3mm. Thi value s enormous and would oot allow o
produce Images of good guality.

T meduee the phase Huctuation to a measonable valee having a negligible impact on the Image gquality
eg s o~ 20, o needs 1o get AT, + ATy ~ (LS K cormesponding to a global path length variation
of ~ Gl For a typleal Ty ~ 150 K (DEB in the antenna plase, not 558 outside the atmosphere as for
astrongieal 1se ), the nstrumental stabllity required (AT /Ty s) mist then be of order of ~ 5. 11,

At Bure, on time seales of a few minies, AT 18 dominated by the stabllity of the recelvers which
must he earelully tumed 1o get the best stahiliiy. The 13 mm reeelvers are systema tleally tuned to get a
stalility of a few 107" the stahility Is ¢hecked by doing antocormelaiions of 60 seconds on the hot load.
Aghleving the required stability may prove impossible at some regquendies.

Practical implementation  Ideally one would ke to use T,y measured each seeond on each antenna
to compute iy (i) and correet the measured baseline plases. Practically, 1t B oot sp simple becase yy(f)
can do many turns and nstrumental effects aflect the measured Ton;.

Insiead we 1=e a differentlal procedurs: onee the antenna tracks & given souree, one calibrates the
atmesplere to caleulate Tyipulto), AL{to) and AL dTwy (o). Phase corrections are then relerenced 1o fo.

_ 2 dAL Tyyito) B
=3 ﬂ"_.mi_lh[”” P(Rel)) (1021}

where P[Rel) s chosen in order 1o minimize as much as possible all the slow effects contributing to AT ..
A long term atmospherie effect can ako be ncluded in P{Rel) hecause these effecis are not removed by
the radipmetrle phase correction bt by the traditional phase relerencing on a nearby ealibrator. The
main steps are the lollwing

Ay

1. The tetal power P s contimmmsly moniored on ealibrators and on sources [each one seoopnd).

2. Uslng the standard calibration method [see st part of the lectume) P oamd Tipg (measured each
second | are ised Lo compute Ty and w.

3. The atmospheric model has also been upgraded 1o compuie the path length AL and lis derlvative
dAL ST i, AL LR computed by Integrating the relfractive Index of the wet alr along the line of dght
acmes the atmosphere.

4. Imslde the 6 seconds scan, the new phase [Eqg U021 15 computed and the correction applied to the
amplit ude.

Quasi-real Time Callbratlon  For the guasi-real time eormection,

# ihe delault valie for P{Re ) 1s the measured atmospherie emission at the time of the last calibration,
e, P(Rel) = Plia).
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Figure 10.4: The ampliinde and phase versus time on baselines B12 and B13 with (black) amd without
[red and hlue) the radiomeiric phase corvection. The phase remains unchanged b the amplitede &
slgnificantly Improved.

Calibrating wsing CLIC The CLc command “MONITOR delia — fime™ allows 10 re-compute all
the parameters. This command Is weliul when you want 1o select a better value for PiRel).

« The command & used to prepare the atmospherle radiomeirie phase correction. It processes the
calibration seanms o compuie the eorrection lactors (Le. the change of path length lor a glven change
I emisslon temperature of the atmosphere at the atmesplerie mond tor Teegueney (oomally 1.3 mm ).

# The seans In the ¢urpent Index are growped In intervals of maximum duration delta — fime [(in
seponds); spuroe changes will ako e waed to separate Intervals. In each Interval a siraight line B
fted In the varlation of atmespherle emission as a function of time; this line will he the reference
value Ior the atmespherie eorrectlon, Le. the oorrectlon at time § s proportional o the diference
hetween the atmoespheric embsion at time £ and the relerence at time £ Thi scheme 1s used o avold
contaminating the correction with total power drifis of mon-atmespherk: orlgin (changes In recelver
ke and galn, and changes In ground nolse).

« MONITOR O will ise for each scan the average of the atmospheric emksion as the mlerence value [Le.
P{Rel) == Pt} =40an). This will cause the eorrection to average 10 zéro n one scan: the average
phase B ot changed, only the coherenee 1s restored leading 10 an improved am plitode.

The atematle calibration procedure ses the ecommand HONITOR O

10.4.3 Fitting Splines: the last step

In the real-time processing, only the recelver gain and bandpass, the atmospherle tranemksion and the
radiometric correction have been callbrated.

Fiitimg of the tem poral varlations of the global antenna gain (the so-called amplilade calibmtion) B
performed In CLie by fiting splines hmetlons with time steps of 346 ours (SOLVE AMPLITUDE [ /WELGHT]
[fPOL degres] [FEREAK fiime] ) amd can be done elther in baselime-hased or In anienna-hased mode. Note
that In the latter case, the averaged am plitude closupes are computed, as well as thelr standard deviatlons.
The amplitede dosures should be dose to 10, Strong deviations of amplitude dosums from 105 are
an Indieation of amplitude loss on long haselines, dee 1o phase decorrelation during the time avemging,
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Flgure 10.5: Calibrated amplitude [Jy) versis time

The fit ihen shows systematle errors; if this oecurs, haseline based calibration of the ampltudes might be
prelerred.

The amplitusde calibration imvolves interpolating the time variations of the antenna gains measured
with tle amplinde callbrator, assuming the lts Hix s known, The fitted splines must be as smoothed as
possible in order 1o minimizse the ervors Introduced on the souree which Is olserved In hetween callbrators.

10.4.4 A few fAnal checks

Onee the amplitude ealibration ¢urve is stored, one ean perform some simple checks on the calilrated data
of the ealibrator. These cheeks must be done in Jy (mede “AMPLITUDE ABSOLUTE RELATIVE™ to ihe fux
density of the calibrator).

Amplitude versus time On each haseling, the amplitide ¢urves should he fat amd equal 1o assume
1l M density of the ealilirator.

Amplitwde versus IF frequency O each haseline, the ampltude euros should be Qat, ot they are
not meoessarily equal to flux of the calibrator beease the decorrelation factor s not taken into account
here. Toretrleve the fux density of the calibrator, they must be multiplied by the corresponding e —/2# "
where Ad Is baseline rms phase nolse determined during the phase calibratlon.
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Figure 10u6: Calibrated amplitede versus IF freguency. The decorrelation factor 1s ot calibrated out, and
varies from haseline to baselime.



