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Atacama Large Millimeter/sub-Millimeter Array 

  Global partnership: Europe, North America and East Asia in 
cooperation with the Republic of Chile 

  5000 m (16500 ft.) site in Atacama Desert, Chile 



ALMA Overview (Full Science) 

  Main Array: 50 x 12m antennas 
  Total Power Array 4 x 12m  
  Atacama Compact Array (ACA): 

smaller array of 12 x 7m antennas 

  Baselines up to 15 km 
  0.015” at 300 GHz 

  Sensitive, precision imaging 
  84 to 950 GHz (3 mm to 315 µm) 

  Low-noise, wide-band SIS 
receivers (8 GHz bandwidth) 

  Flexible correlator 
  High spectral resolution at wide 

bandwidth 

  Full polarization capabilities  

Main array 

ACA 

Most extended configuration 



ALMA Status (Early Science) 

  6 out of those 30 are 7m ACA antennas 
  Early science started September 30, 2011 
  Several “Science Verification” datasets available online 

  We will use some in hands-on session! 

  Call for Proposals for Cycle 1: spring 2012 

 https://almascience.nrao.edu/call-for-proposals 



ALMA and EVLA: similar data reduction! 

  Both telescopes are interferometers, hence measuring: 
  Complex visibility 
  Amp/Phase: as a function of time, baseline, and frequency 
  Difference:  ALMA operates at a higher frequency 

A. Isella’s 
talk 



ALMA and EVLA: similar data reduction! 

  Baseline calibration 
  Examine data, flag if necessary 
  Flux calibration 
  Bandpass calibration 
  Gain calibration 
  Apply calibration tables to science target  
  Imaging 

Discussed in 
J. Lazio’s 
lecture 

To be discussed in 
J. Carpenter’s 
lecture 
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Part of 
ALMA 
tutorials 



ALMA and EVLA: similar data reduction! 

  Baseline calibration 
  Water Vapour Radiometry (WVR) Calibration 
  Tsys calibration 
  Examine data, flag if necessary 
  Flux calibration 
  Bandpass calibration 
  Gain calibration 
  Self-calibration 
  Apply calibration tables to science target  
  Imaging 

Part of 
ALMA 
tutorials 

Separate tutorial, 
try it out! 



Sensitivity and System 
Temperature 



ALMA Receiver Bands  NAASC ALMA Receiver Bands 

Early Science 

Full Operations U Va Interdisciplinary Group 



Atmospheric opacity 

PWV = 
Precipitable 
Water 
Vapor 



Sensitivity drops as opacity increases 

  Before entering atmosphere the source signal S= Tsource
  

  After attenuation by atmosphere the signal is  S=Tsource
 e-τ 

  Consider the signal-to-noise ratio: 

 S / N = (Tsource e-τ) /  Tnoise = Tsource / (Tnoise eτ) 

Tsys  

Tnoise ≈ Trx + Tsky 
where         Tsky = Tatm (1 – e-τ) + Tbge-τ     

Tatm = temperature 
of the atmosphere ≈ 
300 K 

Tbg = 3 K cosmic 
background 

  What contributes to Tnoise?  
  Receiver noise (Trx) 
  At millimeter wavelengths the atmosphere has a significant brightness 

temperature (Tsky) 



System Sensitivity: characterized by Tsys 

  The system sensitivity drops exponentially (!!!) as opacity 
increases 

  Typical optical depth at 230 GHz:	

  τ225 = 0.15 = 3 mm PWV (zenith), at elevation = 30o ⇒ τ225 = 0.3 

 Tsys =  eτ(Tatm(1-e-τ) + Trx)= 1.35(77 + 75) ~ 200 K 

  assuming Tatm = 300 K and Trx = 75 K 

S / N = Tsource / Tsys 
Tsys  = Tnoise eτ ≈   Tatm(eτ -1) + Trxeτ 

  Atmosphere adds considerably to Tsys 
and since the opacity can change rapidly, 
Tsys must be measured often 



Examples of ALMA Tsys measurements 

Example: TWHya Band 7 

•  Science data taken with 
0.5 GHz high spectral 
resolution windows 

•  Tsys measured in 2 GHz 
low-spectral resolution 
mode and interpolated to 
“science” resolution mode 

One antenna, both 
polarizations shown 



Examples of ALMA Tsys vs time 

3C279 Titan 
Phase 
cal TWHya 

Phase 
cal 

Colors = scans with Tsys measurements = variations with time and elevation 
for one antenna 

Spw=0 

Atmospheric 
transmission 

Spw=1 

Atmospheric 
Lines 



Examples of ALMA Tsys: two antennas 

 Baselines with 
good Tsys get up-
weighted  
 Baselines with 
poor Tsys get down-
weighted 

! 

VisibilityWeight

"
1

Tsys(i)Tsys( j)

Antenna PM02 

Antenna PM01 



Before and After applying Tsys 

Raw 

• Notice change in Amp scale.   
•  Amplitudes multiplied by: 

 S = So * [Tsys(1) * Tsys(2)]0.5  

To estimate approximate Jy scale, 
multiply by ALMA antenna 
efficiency factor:	


	
about 40 Jy/K	
After applying Tsys 



CASA: applying Tsys measurements 

  What you get from the observatory: 
  Calibration tables with Tsys measurements in two modes 

  Time Division Mode (TDM, wide BW) 
  Frequency Division Mode (FDM, narrow BW) 

  Generated along observations, will be provided to the user 

  In CASA use “applycal” task to apply Tsys tables 



Water Vapor Radiometry 
Corrections 



Atmospheric phase fluctuations 

  Variations in the amount of PWV across the atmosphere cause 
random delay differences 

!! = 2" "# " !$ Δτ 



Phase fluctuations corrupt data 

  Reduce angular resolution of observations 
  Introducing “seeing” 

  Reduce sensitivity of observations 

2 Jy peak 0.98 Jy peak 0.45 Jy peak 

Increasing magnitude of atmospheric phase fluctuations 

http://www.mrao.cam.ac.uk/projects/alma/fp6/index.html 



ALMA WVR System 

  Water Vapor Radiometry (WVR) 
  Radiometer (on each antenna) measures rapid fluctuations in TB

atm  
  From TB

atm  water vapor column  phase corrections 

  4 channels flanking 183 GHz water line 
  Data taken each second 
  Need to perfect models for relating WVR data to the phase correction 

beyond simplified method 



WVR calibration example 

600m baseline, Band 6, Mar 2011 
(red=raw data, blue=corrected) 

1 hr 



CASA: applying WVR measurements 

  What you get from the observatory: 
  Calibration tables with phase corrections derived from WVR 

measurements 

  Generated along observations, will be provided to the user 

  In CASA use “applycal” task to apply WVR tables 



Self-calibration 



Self-calibration Procedure 

  Basic calibration involves observing “calibrators” of known 
brightness, position and morphology.   
  Usually quasars, bright point sources, or solar system objects with 

accurately known models 

   Apply basic calibrations from the calibrator to target 
  J. Lazio’s talk 

  Produce an image for the target (i.e. you have a known model!) 
  J. Carpenter’s talk 

  With this “known model” determine additional gains to “self-
calibrate” target data 



Self-calibration issues 

  How much do you really know your target? 
  Are you modeling noise? 

  Interval for gain calibration solution must be carefully chosen 
  Too short (low SNR) and you will be calibrating noise! 

  Beware of extended sources 
  ALMA is very sensitive  many targets will be strong, but we will also  

detect extended emission.  
  This make self-cal much more difficult since initial model may have 

missing flux density 



Self-calibration examples 

  General Comments for 
ALMA selfcal : 
  Phase offsets biggest 

problems, not short-term 
phase noise (WVR)  

  Solution interval of 
minutes can remove phase 
offsets  

  Solutions must be 
continuous in time!! This 
is the ultimate test of 
success.  

Gain phase solutions for several antennas 
Note that interval is 6sec 



Self-calibration examples 
Selfcal Example (cont) 

17 
ALMA Data Workshop – Dec 1st, 2011 

Image of 2157-694 after phasecal 1 
Pk = 120 mJy Jy, clev=0.5 mJy; di ~240 
Image noise = 0.22 mJy 
Expected noise = 0.05 mJy 

Image of 2157-694 after phasecal 2 and 
     amplitude selfcal, over entire scan 
Pk = 122 mJy Jy, clev=0.15 mJy; di~2000 
Image noise = 0.06 mJy 
Expected noise = 0.05 mJy 

Basic gain cal Basic gain cal + selfcal 



Final Remarks 

  High frequency observations are strongly affected by the 
atmosphere 

  They require additional calibrations 
  Tsys corrections 
  WVR corrections 
  Perhaps even try self-calibration! 

  Tsys and WVR calibration tables will be provided and can be 
simply applied to the data (using “applycal” in CASA) 

  Self-calibration is a fundamental tool: can obtain order-of-
magnitude increase sensitivity and image fidelity 
  Self-calibration tables will not be included in the data shipped to PI’s.  
  So learn how to do it! 





From Power to Temperature 

  An antenna measures Power 
   PA = ½  A  S Δν 

  The signal measured is generally noise-like 

  A resistor at physical temperature T will deliver a noise power 
level of P (Nyquist 1928) that is given by: 

   P = kB T Δν 

  It is often ‘convenient’ to express this random noise power in 
terms of an equivalent temperature (in RJ limit) 

   PA = kB TA Δν    



NAASC ALMA in Context 

CARMA 

SMA 

IRAM PdBI ALMA  
Cycle 0 

!  Sensitivity goes as 
collecting area!

!  Image fidelity goes 
as # of baselines 

8 (28) 

23 (253) 

6 (15) 16 (120) 

64 (2016) 

Collecting Area 
    # of Antennas 
   (# of baselines) 

ALMA  
Full Science 

Spectral Coverage 

U Va Interdisciplinary Group 11/30/11 

Cycle I 
32 (496) 

From A. Wooten’s talk 



Total Power Array 

  “Fill in” the range of low 
spatial frequencies not 
sampled by the array 
  Since antennas cannot be put 

closer than their diameter 

  Goal: Sample large-scale 
emission by scanning over 
fields in total power mode 

lines (though this is better than most existing millimeter arrays). Thus, if your science aim involves im-
aging something more complex than a point source, the uv-coverage is as important to consider as sensi-
tivity. For such cases, it is very important to provide information in your technical justification about the 
required uv-coverage needed to achieve your imaging requirements. Note that during Full Science with 
50 antennas in the 12-m array and thus 1,225 baselines, the "snapshot" coverage will be sufficiently good 

14

Figure 11: Examples of use of the CASA Simdata simulator at 345GHz (ALMA Band-7).  The images are about 16” on a side, 
approximately the size of the primary beam, and the resolution is about 0.6", using a configuration with maximum baseline 250 m.  
All images were restored using the CLEAN algorithm. Top row: a point source, with the input model scaled to yield 5! in each 
image. Left to right: the model convolved with a Gaussian representation of the Full Science beam, the Early Science image in 10 
minutes, the Early Science image in 4hr, the Full Science image in 10 minutes, the Full Science image in 1hr. Second row: four 
point sources with the faintest source being 5! in all the images, and other sources being 10,  20 and 40!. Image details are the 
same as for the top row. It is notable that with the relatively sparse uv-coverage of the Early Science array in 10-min, it is not as 
easy to detect a 5!  source as one might expect.  Third row: an “extended” source, i.e.  the face of Albert Einstein, demonstrating the 
ability of the different observations to image complex structures. Image details are the same as for the top row.  Bottom row:  plots 
of the uv-coverage for each of the above simulated images.  The Full Science configuration used was a moderately compact configu-
ration of the 12-m Array (i.e. did not include the ACA or TPA).  “Early Science” configurations had not been released at the time 
of this simulation.
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NAASC What Data Were Taken (2)? 

35 

The following CASA task will print a summary of the observations, 
optionally making a hardcopy text file if listfile is set 

listobs(vis=‘your.ms’,listfile=‘your.ms.listobs’,verbose=T) 

•  In the Order they are encountered in the data: 
•  Each position that is observed is given a field id; inside CASA objects can 

be selected via their Names (* wildcard use possible) or field id 
•  The spectral setups are indicated by a spectral window (spw) id 
•  Each antenna used in the observing array is given an Antenna id 
•  Each distinct target is also given a source id – i.e. only different for 

mosaics (not currently used inside CASA) 



NAASC Example TDM: SV data NGC3256 

36 

•  Top portion of verbose listobs 
•  In next slides we zoom in on different parts 



NAASC Example TDM: SV data NGC3256 
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Summary of 
of sources 
observed  

Sequence of 
observing with 
scan and field 
ids, and 
intrinsic 
integration 
time 



NAASC Example TDM: SV data NGC3256 
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Summary 
of spectral 
setup 

Intents for 
each scan 

Summary of 
spws for 
each scan 

WVR data 



NAASC 
Example TDM: SV data NGC3256 
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Summary of antenna ids, antenna names, and station (pad) names. Note: it is 
always best to use antenna names in your data reduction to avoid confusion. 

When necessary, antenna position corrections can be generated using gencal 
and applied like any other calibration table 



NAASC Example FDM: SV data TWHya 

40 

TDM used for pointing (in ES 
would have been done in Band 3) 

FDM “Science”  

TDM used for Tsys measurements 



NAASC Example FDM Mosaic: 
SV data Antennae 
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•  Every unique position 
observed gets a unique 
field id 

•  For mosaics, the source 
id will be the same for 
all the pointings in a 
mosaic 

•  Source ids are not 
currently used in CASA 

NOTE: CASA’s clean 
task in 
imagermode=‘mosaic’ 
will attempt to 
mosaic ALL fields 
given to it, whether 
they were observed 
that way or not! 



NAASC Data Package for Cycle 0 
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You will receive a tar file containing the following directories 
1.  'raw' contains an ms that has ALREADY been calibrated for WVR, Tsys, 

and any antenna position corrections, and only the “science” spectral 
windows. 
A.  It also contains the calibration tables (bandpass, phase, amplitude, flux) and 

backup flag tables from each stage of reduction (the data itself contain the final 
flag state so you don’t need to do anything if you are happy with it). 

2.  'calibrated' contains the fully calibrated ms (i.e. ready for imaging). 
3.  'science' contains fits files for the reference images. 
4.  'script' contains the CASA data reduction script. 
5.  'qa' contains the Quality Assurance “2” report (estimates of achieved rms 

noise etc). 
6.  'logs' contains the CASA log files. 

 Attempt to loosely replicate what the pipeline will serve in Full Science 
(items A, 3-6 + raw ASDM) 
 It is likely that you will want to perfect the images to suit your science goals 



NAASC 

•  Extra slides 

43 



NAASC 
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•  How do we measure Tsys =  Tatm(eτ -1) + Trxeτ without constantly measuring Trx 
and the opacity?               

Interferometric MM Measurement of Tsys 

Power is really observed but is ∝ T in the R-J limit 

Tsys = Tload * Tout / (Tin – Tout) 

   
  Vin =G Tin = G [Trx + Tload]  
  Vout = G Tout = G [Trx + Tatm(1-e-τ) + Tbge-τ + Tsourcee-τ ] 

SMA calibration load 
swings  in and out of beam 

Load in 

Load out 

•  IF Tatm ≈ Tload, and Tsys is measured often, changes 
in mean atmospheric absorption are corrected. 
ALMA will have a two temperature load system 
which allows independent measure of Trx  

•  The “chopper wheel” method: putting an ambient temperature load (Tload) 
in front of the receiver and measuring the resulting power compared to 
power when observing sky Tatm (Penzias & Burrus 1973). 

Vin – Vout           Tload 

    Vout            Tsys 
= 

Comparing 
in and out 

assume Tatm ≈ Tload 


