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Introduction

Receiver cabin

Gain ~ 120 dB
Few mW

-
-
-

Backends

Frontends
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Wishes

* Measure some power emitted in a (narrow) frequency
range from a particular location

» Possibly want to make some (spectral/continuum) maps

» Eventually determine some chemical and/or physical
properties

Questions
* Measurement fidelity ?
» Calibration (amplitude, frequency)
» Spatial resolution ?
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Primary focus

A
\/

Secondary focus
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« f/D—f,/D=mxf/D
IRAM-30m, m = 27.8
f/D =0.35, f,/D ~ 10 or 300 m

» Rx alignement easier: 1” on the sky < f, /206265 mm in
focal plane

* increase effective area (or on-axis gain)
+ decrease spillover
* butincrease mechanical load

* obstruction by subreflector (& = 2 m at 30-m) = wider
main-beam
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World map of radiotelescopes

S 120° T8
g Arctic_ Ocean
N Shasn e

g d ™

Russia o>
e

o s

North

Pacific \
k. e ] S

Lo : vt Guts g oo - Mg | Conpose
conmnen R i [
1 e it LT sunte Qo | " can Enpia - o, T o ade
g FASSE e L. o 5
v Eew SsoTane_~ GAbON| - Avanda~ Kenya N o
LTS e ST Indoresi R
cons L s . p—
Brazil fia
angpa "L
pers o " .
Doty R Zembabwe gascar % f
i Indian i /
o Ocean
Szions
3 South tho.
South onie South
Pacific L= Atlantic
Ocean Ocean
N cames Ws  Ceat

by Lo iy




Introduction  General properties  Perfect antenna  Real antenna  Temperature scales  Calibration =~ Summary

Large aperture: f/D< 1

Obs. D v A HPBW Latitude
(m) (GHz) (mm) () (deg)
IRAM 30 70 — 345 407 35 -7 +37

JCM;I 15 210-710 2-02 20-8 +20

Hersche! 3.5 500-2000 0.6—-0.1 43—-11 space
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Central frequency

vo = 80 — 2000 GHz

Instantaneous bandwidth:

Av =1—-32GHz

bolometers
Av ~ 50 GHz

= one polarization (linear, circular)
taper (apodization at the rim)
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» Spectrometers:

« digital: autocorrelators (AC), Fast Fourier Transform
Spectrometer (FTS)
» (analogical: filter banks (FB), acousto-optic (AOS))

» Spectral resolution
dv ~ 3 — 2000 kHz
+ Large resolution power

R = vy/6v ~ 10° — 108
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* Monochromatic (and monomode) power collected by an

area Ae:

p, = %Ae .S,  [WHz ]

* Flux density S, measured in Jy:
1y =10"%Js 'm2Hz!

* Power in the bandwidth Av:

p:%Ae-S,,-Ay W]
« Note: A 1 Jy source observed with a 108 m—2
radiotelescope during 40 yrs (e.g. Orion) with 50 MHz
bandwidth =~ 40 GeV
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* Monochromatic (and monomode) power collected by an
area Ae from solid angle 6Q:

op, = %Ae 1,-6Q [WHz™!]

« Brightness /, measured in Jysr—!:

1Jyst ' =1072Js 'm2Hz !sr!
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Effective area of the antenna: Ae = nAscom

n<1

Question: n =?



Perfect antenna
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Diffraction theory (Huygens-Fresnel, Fraunhoffer approx.):

Ee_¢(1, m) x F[Ean(X,¥)]

Ean (X, y) (grading): bounded on a finite domain Ar

= E;_¢(/, m) concentrated on a finite domain AQ

(Ar - AQ ~ 1)

sharp cut of the antenna domain =- oscillations (side-lobes)
apodization or taper: decrease the level of the sidelobes,
to the cost of increasing AQ
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Antenna power pattern

» Reciprocity: antenna in emission

» Distribution of electric field on the
dish: E,n(X, )

» Far-field radiated by the dish:
Ef,f(/, m) X f[Eam(X, y)]

» Power emitted is a function of
direction: o |E;_¢(/, m)|?

: P(I,m) o< |E¢_¢(1, m)|?
:Qa= [, P(Q)dQ < 4r
DA(L,m) = Ae - P(l,m) < Ae
* Fundamental relation:

AcQp = N2




Perfect antenna

Power pattern P(/, m)

Main lobe axis

(or bore sight)

- Main lobe

P(6)

Half-power

po
beam width (HPBW)
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Given a source of brightness /,(/, m) = 1,(2)

= Source flux density: SOURCE
Sy = Jq, b(R) dQ
» Observed flux density:

S3

1(13,m3)

Sobs = P(Q)L(Q)dAQ2 < S,
Qs

» Power received from dQ;:
dpl, = %A(Q,’) /V(Q,') dQ,’
* Incoherent emission: add intensities
Pointing towards a fixed position of the source at a fixed position
Ae 1

> o (Q) /V(Q) Q2 = éAesobs

pu(I=0,m=0) =




Perfect antenna

SOURCE
S0 S3

» Antenna tilted towards Qy = (lp, Mp)
» Power received from the direction Q;

’
dp,(Q)) = 5 A(Qo — Q) 1,(€2;) dQ;

» Incoherent emission: add intensities

Scanning a source leads to a convolution

Sobs(0) = P(Q — Q) (2)dQ
97
Ae 1
py(Qo) = ? P(Qo = Q) I,,(Q) dQ = EAeSobs(QO)
Qs




Perfect antenna

Convolution: consequences

Point source Infinite telescope Smeoothing

Ead -

o
see the beam see the source smear the source

HObS = \/ erznb + Hszou

Note: When quoting sizes from observations, must quote the
deconvolved size (when needeq).




Real antenna
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Defocus
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Real antenna

Systematic deformations (2)

Coma: misaligned subref.
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Astigmatism

=-Beam deformation (no pointing error)



Real antenna

Beam pattern

* Main lobe

» Secondary lobes (finite surface
antenna)

» Error lobes (surface irregularities)
* main-beam collects power

« if correlation length ¢
= Gaussian error-beam
O ~ \//

» Questions:
Power collected in each e-beam ?
FWHMs of the e-beams ?

A n E
QM i1 Arcseeonds

Greve et al 1998



Real antenna

Error-Beams at IRAM-30m
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Temperature scales

‘THE ASTROPHYSICAL JOURNAL, 161: L43-L44, July 1970
(© 1970. The University of Chicago. All sights reserved. Printed in US.A

CARBON MONOXIDE IN THE ORION NEBULA

R. W. Wison, K. B. JEFFERTS, AND A. A. PENzIAS
Bell Telephone Laboratories, Inc., Holmdel, New Jersey, and
Crawford Hill Laboratory, Murray Hill, New Jersey
Received 1970 Junt 5
ABSTRACT

have found intense 2.6-mm line radiation from nine galactic sources which we attribute to carbon
‘monoxide.
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FREQUENCY DISPLACEMENT (MHz) DISPLACEMENT IN R.A.
Frc. 1 Fic.2
Fic. 1.—Spectrum of CO radiation i in, the Orion Nebula made with the NRAO forty-channel line
receiver. The center frequency is 115, 2 MHz.
—Distribution in right ascension of the peak antenna temperature of CO radiation at a declina-
5°24'21"".
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Johnson noise in terms of an equivalent temperature: the
average power transferred from a conductor (in thermal
equilibrium) to a line within év: 6p = k T év

Antenna temperature defined by

py=kTa [W-Hz'|=[]=[-K'|[K]

On the other hand: p, = 4¢ (P I,) = z5- (P * )
Antenna temperature:

Ta(Q) = / L(Q)P(Q — Qo) 4O

Using AeQ4 = A2, we may write:

1
Ta(Q) = oA /Q P2 —Qp)dQ2
s




Temperature scales

Speaking in terms of temperatures

Black-body radiation at temperature T: B,(T) = 2hy® 1

= T2 ehv/KT_q

» Dimensions of brightness:
Js7'm2Hz !sr!

» Rayleigh-Jeans approximation:
hy < KT

» Flux density of a black-body:

S, = B,(T,Q)dQ=4xB,(T)
Qs
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Brightness temperature Tg of source brightness /,:

I,(Q) = B,(Ts)

Radiation temperature, Tg, in the Rayleigh-Jeans regime
approximation

2kV 2k

IR FTR [Ts 'm2Hz 'sr™]

,(2) =

Relationship between Tz and Tg:

hv 1 To

Tr = d(Ts) = - exp(hv/kTg) — 1 exp(To/Ts) —

In the following: 1,(Q) — Tr(2)
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1000 K

J(M/T

0.1
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* Monochromatic power received by the antenna:

py(Qo) = Qi,q/g P(Q) TR(QO = Q) dQ

» Observed flux density (p, = 1/2A¢S,)

2k
Sobs(QO) = F/(; P(Q) TR(QO — Q) dQ
S
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» Antenna temperature:

Ae

Ta(Q0) = 2 o

P(Q) Tr(Q — Q) dQ

» Using AeQ4 = A2, we may write:

Ta(S20) = QLA /Q P(Q) Tr(Q — Q) dQ

* Note that:

Jo P(Q) Tr(Q — Qo) dQ
f47r P(Q) dQ

Ta(Q) =
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» At frequency v:

Ta = ns{Tre ™ +(1 — ) Tum}
Tatm ~ 300 K + (1 —Ws)Tgr

opacity tau

ATMOSPHERE

» Correct for atmospheric attenuation:

TA = TAeT"

* Note: for space-based telescopes (e.g.
HIFl/Herschel): T, = Ta
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» Correct for rear-sidelobes: measure the monochromatic
power recieved from the forward 27 sr. Hence,
Qp = Par — Por = f271' P(Q2)dQ:

!
Q)= 22 = 1 [ (@) Ta( - 2)d0
Feff PZTF Qs
e
=% "1
A Feff A

« Forward efficiency: Feft = Por/Pax
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Take into account main-beam and error-lobes

Same as T; but in Q;, instead of 2. Hence,
Qa — Pmb = [, P(Q2) dQ2:

T, fﬂs P(Q) Tr(Qo — Q) dQ
Bt Prmb ’

Beam efficiency: Betr = Pmb/Par

Useful relation for a Gaussian beam:

Tmb(QO) =

Qup = [ P(Q)dQ = 1.13362,
mb
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Definitions
g 7327r
Forward efficiency: Fpr = ——
7D47r
Beam efficiency: By = Prb
P47T
Consequences

e F [Sid x ’Pzﬂ o
T = B« Ti= Pt T




» Small sources: Qg < Qmp
o Top P(O)QSTR - T gs
L Gausman SOUFCGS & beam
st P(Q)Tr(2 — Q)dQ2 = 1.133(9520u + 0I2nb) and
Pub = 1.13362, hence Ty = Tmbez—"g-ibeT:

sou

* Large sources: Qg > Py
s Tim TR—fz" I;iil) 9~ Tr

» Special case: Qs = Pmp
Jr P(Q)dQ
* Tmb = TRQS'p—mb = IR
+ Main-beam temperature gives the source brightness
* General (worse) case: Qg ~ Pmb
o Ti=75 [ P(Q)dQ
« Main- beam temperature usually quoted

« If source of uniform brightness and beam pattern known,
feasible, but in real life... Which scale to use: Ty, Ty,?



e = (Tx-Ty)/Ty
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Source size Temperature scales
21 < Qg Tr < Tx
Qup < Qs <27 T < TR < Ty
Qb > QS Tob < Tr
8, (")

100 1000
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Calibration




Introduction  General properties Perfect antenna Real antenna  Temperature scales  Calibration =~ Summary

Overview

» Atmospheric calibration:
« atmospheric emission/abs at frequency v: radiative transfer
« turbulence affects the intensity through phase shifts
» Full detection chain calibration (antenna, receiver, )
« Antenna-sky coupling: Feg
» Receiver: gain, noise, stability
» Cables, backends (e.g. dark currents)

Goals
* Input is an e-m field and output at backends are counts
» Question 1: how to convert from counts to power in
physical units ?
* Question 2: how to correct for the atmospheric contribution
o
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Telescope pointing at a source receives
Csou = X {Trec + Fetr@™ ™ Tsou + Tsky}

where
7-sky — eff(‘I - e_TV)Tatm + (1 - Feff)Tgr

T.ec: NoOise contribution from the

* Fere ™ Tiou: signal from the after
propagation through the atmosphere
* Tqy: signal emitted by the (Tam) and the
(Ter)

Orders of magnitude (IRAM-30m):
¢ Tam = Te =290 K
* Tec ~ 50— 70K at 100 — 350 GHz at the IRAM-30m
VGHz = 100 — 350: Feff(V) ~ 90 — 80%, Beff(V) ~ 80 — 35%,
Tay ~ 30 — 100 K at 100 — 230 GHz
Note: if 7, < 1 (good weather), Tay =~ Fe7y Tam
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Perform 3 measurements: hot, empty sky, source
Con = X {Trec + Tsky + Fere™™ Tsou}
Cam = X { Trec + Tsky}
Chot X { Trec T Thot}

Making differences:
ACsig = Cion — Cam = XFeffe_TV Tsou
ACcal = Chot — Catm = X( Thot — Tsky)
ACsig
ACcal
Definition of T., (correcting for atm contrib. and spillover)

7-sou =

e™w
Yol = Wi — Vi) Frr
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Rewrite Tgy and ACcq:

Tsky = Tgr + F. eff (Tatm - gr) — F, eff e Tatm
Tcal — Tgr =F e [Tgr - Tatm] e eTV/ F eff[Thot - Tgr]
ACcal - X{ (Thot - Tgr) + Feff(Tgr - Tatm) + FeffeiTV Tatm}

Assume Thot = Tam = T
Then Tcal = Thot

ACSI
Tow= Tt Teay = Ty = Tr = Ti
sou hot ACcal, cal atm ar hot

No need to know e~" and F. (Penzias & Burrus ARAA
1973):

But T, not known
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Csou
Catm
Chot
Ccol

Perfect antenna Real antenna  Temperature scales  Calibration =~ Summary

» General case: different Tym, Thot and T,
= must solve for e~ and F.s.

* e . model of the atmosphere trying to reproduce Ty
varying the amount of dominant species in the model
(hence providing us with pwv).

» F: skydips (measure atm. at several elevations)
» Perform 3 + 1 measurements: hot, cold, empty sky, source

X { Tree + Ty + Fer€ ™ Tou }
X { Tree + Toky }
X { Trec + Thot}
X A{ Trec + Teor}
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| Thot=290 K |

1000 F T.q=77 K ]

Using hot & cold loads i ]

measurements lead to Tie.: N I ]

T o Thot — YTecol = 100 | E

. Y —1 : :

Yy — Chot . Tiec + Thot r ]
Ccol Trec = Tcol

10 o .3
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System temperature: describes the noise including all sources
from the sky down to the backends

Tsys == Tcal Coff / ACcall

used to determine the total statistical noise. For heterodyne
receivers, noise is given by the “radiometer formula”:

K- Tsys

Vov At

oT =

d,: spectral resolution
At: total integration time
x depends on the observing mode:

example: position switching, ON-OFF = /2 ,
toNztoFF=>At=2t0N=>\/§,=>H=2
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flux density: S, = [, h(Q)dQ = % Jas TrdQ

power received by the antenna: kT} = k% = 1S, Ae

S, 2k Fu

O _ £XT gyt
T, A na Y

1Jy=10"26 Js 'm2Hz!

values of S,/ T, are tabulated e.g. on IRAM-30m web page
(~ 6 @ 100 GHz, ~ 11 @ 340 GHz)

How to convert the temperatures into Js~'m—2Hz !sr—! ?

b(@) = 25 Ta(@)



Summary




Summary

Image formation: total power
telescope

far—fleld pattern

transfer functlon power paitern

« antenna scans the source
* image: convolution of Iy by beam pattern I/, = P x I,
« measure directly the brightness distribution /y
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F=D+(PxI)+N

= dirty map = FT of observed visibilities
= dirty beam (— deconvolution)

= power pattern of single-dish

(primary beam B in the following)

= sky brightness distribution

= noise distribution

YO

= —
|

* An interferometer measures the product P x /
* P has a finite support — limits the size of the field of view
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» Chose an adapted temperature scale (T, Tmb)
» Correct for error-beam pick-up when needed
* Amplitude calibration: often enough — 10% accuracy
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» full-aperture antenna:

L

L
= converts counts into temperatures
» corrects for atmospheric absorption
« corrects for spillover

.
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Image formation: correlation
telescope

transfer function power pattern

* antennas
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Measurement equation of an interferometric observation:

= dirty map = FT of observed visibilities
= dirty beam (— deconvolution)
primary beam

= sky brightness distribution

= noise distribution

Z2-10Om
I

* B has a finite support — limits the size of the field of view

* Bis a Gaussian — primary beam correction possible
(proper estimate of the fluxes) but strong increase of the
noise
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Aperture function = Voltage pattern

| i

Transfert function T(u,v) = Power pattern B(¢, m)

Gaussian illumination = to a good approximation, B is a

Gaussian of FWHM
Plateau de Bure
D=15m

Frequency Wavelength Field of View

85 GHz 3.5 mm 58"

100 GHz 3.0 mm 50”

115 GHz 2.6 mm 43"

215 GHz 1.4 mm 23"

230 GHz 1.3 mm 22"

245 GHz 1.2 mm 20"
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