Single Dish Observing Techniques and Calibration

David Frayer (NRAO)

{some slides taken from past

presentations of Ron Maddalena and
Karen O’Neil}




What does the telescope measure:
Ta = “antenna temperature”

Ta(total) = Tsource + {Trx + Tbg + Tatm + Tspill}
Where {....} = other contributions

Want Tsource, so carry out ON — OFF

Ta(ON) =Tsource +{....}

Ta(OFF) ={....}

So Ta(ON)-Ta(OFF) = Tsource

=>» Need to carry out ON-OFF observations and
there are different observing techniques for
measuring ON-OFF



Different Observing Modes to derive the
reference data (OFF)

« Types of reference observations
— Frequency Switching
 In or Out-of-band
— Position Switching
— Beam Switching
* Move Subreflector
 Receiver beam-switch
— Dual-Beam Nodding
* Move telescope
 Move Subreflector



In-Band Frequency Switching
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Out-Of-Band Frequency Switching

F
Fgey
i (/ Foy-Fo X

F,

V-V

A




ntensity

Position Switching
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Position Switching: ON-OFF on Sky

ON - OFF
-

(T everything eISe) - (Tevery‘rhing else)
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Beam switching — Internal switching
(“chke switching”)

Diode
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 Difference spectra eliminates any contributions
to the bandpass from after the switch

» Residual will be the difference in bandpass
shapes from all hardware in front of the switch.

* Low overhead but %2 time spent off source



Beam Switching — Subreflector or
tertiary mirror
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Removes any ‘fast’ gain/bandpass changes
Low overhead. 2 time spent off source



Nodding with dual-beam receivers - Subreflector or
tertiary mirror (SubBeamNod)

Diode l4— — — — —Onor Off — — — — — 1

- _ 1\ A Off
d

On

Off

On

Subreﬂector

« Removes any ‘fast’ gain/bandpass changes
 Low overhead. All the time is spent on source



Nodding with dual-beam receivers -
Telescope motion (NOD)
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* Move telescope by the exact
amount the beams are separted

Removes any ‘fast’ gain/bandpass changes
Overhead from moving the telescope. All the time is spent on source



Mapping Techniques
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* Point map
Sit, Move, Sit, Move, etc.
* On-The-Fly Mapping
*Slew a column or row while
collecting data
*Move to next column row
Basket weave
*Should oversanple ~3x Nyquist along
direction of slew
Reference/OFF from a “source-free” map

position or separate “OFF” spectrum
taken.

'
A [ ' : '
v X \ ! L
'ﬁ' T
- '
: ' : ' |_1 T -, ' Ly '. o do0un Loy
) L) ) 1
"":"'l'u":"' = - .L-\ 1= r‘_"l LJ --.--.--:--:-ll.-l-{-r.-
: [ [ ' [ 1, ' R e S
L,
'{ 5 [ 5 ] I ] .
_: ' 1oyt N oAty ' 5 L
Py Pa ra-*a ’ - Tel T r
' LI ) 1 II 1 '
[ [ ' '
200 A :
- ' L Do ]
'''''' ey e S Gl o s s S 4 r
' [ : [ .
1 ' 1 '




Calibration of Data
(ON - OFF)/OFF

[(Tsour'ce + TeveryThing else) - (Tevery’rhing else)]/ Tever'y’rhing else




Determining T,

(ON - OFF)
Ta = OFF Tsys‘rem
Blank Sky or other From diodes, Hot/Cold
loads, etc.

GBT definition of Ta



Determining T,

Noise Diodes
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Determining T,

Noise Diodes
Teys = To = OFF/(ON - OFF)

GBT: Flicker diode on/off
Tsys = Tcal * OFF/(ON - OFF) + cal/2
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Determining T,
Hot & Cold Loads

Gain: g =(Thot — Tcold)/(Vhot —Vcold) [K/Volts]
Tsys = g Voff

Example GBT 4mm Rx



Absolute Calibration on known
astronomical sources (point sources)

=» Corrects for any errors in the adopted Tdiode/gains
measured in the lab and corrects for the telescope response

Observe and process source and known calibrator (3cX)
source data in the same way, then the flux density of the

source S(source) is simply:

S(source)/S(3cX) = T(source)/T(3cX),

where S(3cX) is known.



Absolute Calibration tied to Mars via WMAP

VLA
calibration
(1-50 GHz):

> <20 GHz ~1% o

accurate

> 20-50 GHz;
~3% accurate

Perley &
Butler 2013
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GBT Calibration
“Plan”:

Tie GBT to VLA
calibration for
1-50 GHz, and
we will use
ALMA for 3mm
absolute
calibration
(CARMA in the
past)

VLA Stable Calibrators
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The atmosphere is important at high

frequency (>10 GHz)

« Opacity

— Tsys = Trevr + Tspill +Tbg * exp(-tau*A) + Tatm * [exp(-tau*A) — 1]
— Air Mass A~ 1/sin(Elev) (for Elev > 15°)

. Stability

— Tsys can vary quickly with time

— Worse when Tau is high
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Radiative Transfer
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Blackbody Equation
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Rayleigh-Jeans Approximation

AV&ﬁ%T
4
‘}? ,L‘"\ P 22) 1 i = »ﬁT :
Sull) 2= S5 AT = T2 = T, (el -R3)

Good for 3mm and longer wavelengths



Temperature Scales

Ta= TSVS (ON-OFF)/OFF (uncorrected antenna temperature)
a’ = Ta exp(t A)

-mb = Ta’/nmb (nmle-3 ﬂa)

a* = Ta’/r]l (mm-telescopes typically return Ta*)

Tr* = Ta’/(m nfss)
Ta’/Sv =2.84 n, (for the GBT)




Antenna Theorem

Power Received = Power Transmitted
PreC(G d)) Vs A P (9 CI)) S AV (% from single pol. )
Sv = flux density [W/m?/Hz] = Iv o0Q) = (ZkT/)\z) oQ

o= A DV(2KT/N) [P (0,6)dQ
Pirans = KT AV 1.0
% A, Av (2kT/A%)Q, = kT Av
2> A, Q_ =A%, where P, = antenna

power pattern
normalized to

Antenna Solid angle: Qa= f Pn(e,(p)dQ the peak:
4t P,(0,0)=1.0



Point-Source Calibration: Flux Density vs
Antenna Temp

P..=%A,SAv=kT, Av
A_.=n, (r/4) D?

=>S,=3520T_/(n,[D/m]?)
l.e., Ta'/SV = 2.84 n,for the GBT (n,=0.71 at low v)

Used for point-source calibration:
» Measure T,

» Correct for atmosphere 2> T,
» Know S,

» Derive n,



Telescope “Gain”

Astronomers:
Gain=T./S, in
units of K/Jy

Engineers: Gain ¢ 80|

as given by the ° |

Antenna Theorem ¢ 79}

PG =4nA/Nin < o)
units of dB :
(antenna viewed as a big 50
amplifier)
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Calibration Two Loads vs One Load
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Calibration with One Load, T,
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Tsys for T, scale different than Tsys for T,
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Definitions of Q’s
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Extended Sources: T, vs T

source
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Note: For beams with
significant side-lobes
the measured Ta’
increases with source
size outside the main-
beam and the
relationship between
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coupling of the source
to the main beam.
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Gaussian Source
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Concluding Remarks

» To observe weak signals, one needs to measure ON-OFF

» Several different observing techniques can be used to
give ON-OFF (freg-switched, position switched)

» At cm wavelengths, we use noise diodes to calibrate the
data, while at mm wavelengths ambient/cold loads are
used

» At low-freq, the Ta scale is used, while at high freq, one
must correct for atmosphere (Ta’)

» The Ta* scale is typically used with one ambient load at
mm wavelengths (chopper technique)

» Point sources are typically calibrated to flux density [Sv]
Jy units, while extended sources are typically calibrated
to the T, [K] temperature scale



