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Introduction
• Historical overview of the study of the CMB through 

different experiments and their technology. 

• Current CMB experiments: review current CMB 
experiments, including their scientific goals and 
technology. 

• CMB experiments in Chile: why Chile? 

• The Atacama Cosmology Telescope: general 
introduction.



Prediction
• The CMB was first predicted by R. Alpher and R. Herman 

in 1948, by was not taken seriously until the 60s

Ralph Alpher George Gamow

They were imposible to measure at the time!



Discovery
• In 1964, D. Wilkinson and P. Roll (and R. Dicke) built a 

radiometer in Princeton University to try to detect the CMB, 
without success. 



Discovery
• The same year, Penzias and Wilson serendipitously discovered 

the CMB while trying to understand an excess noise of their 
antenna at Bell Labs, in Holmdel, New Jersey.



Why P&W?
Technology!

Penzias and Wilson were using newly developed 
low noise solid state maser amplifiers that were 

10 times less noisy than Dicke's.

And so Dicke said: “Boys, we’ve been scooped.”



Confirmation

• Diferential Microwave Radiometer 
(DMR) 

• Far-IngrarRed Spectrophotometer 
(FIRAS) 

• Diffuse InfraRed Background 
Experiment DIRBE

1 satellite - 3 experiments:

The world had to wait almost 30 years!

Again the use of new detector technology, 
as well as new observation techniques 
was key in the achievement  
!
!

• Silicon, GaAs FET and HEMT detectors. 
• Differential measurement. 
• Continuos scanning strategy.{



Gold Race!
• After COBE there were a list of experiments trying to be the first to 

characterize the CMB fluctuations.

Cobra (1982 - 1990) 
RELIKT-1 (1983 - 1984)!
Tenerife (1984 - 2000) 
BIMA (1986 - 2004) 
ACME (1988-1996) 
ARGO (1988 - 1993) 
COBE (1989 - 1993)!
FIRS (1989 - 1989) 
ATCA (1991 - 1997) 
MSAM (1992 - 1997) 
Python (1992 - 1997)!
Saskatoon (1993 - 1995) 
CAT (1994 - 1997) 
APACHE (1995-1996) 
BAM (1995 - 1998) 
MAXIMA (1995 - 1999) 
QMAP (1996 - 1996) 
SuZIE (1996 - ) 
BOOMERanG (1997 - 2003)!
MAT (1997 - 1998) 

COSMOSOMAS (1998 - )!
ARCHEOPS (1999 - 2002) 
Cosmological Gene (1999 - )!
DASI (1999 - 2003) 
BEAST (2000 - )!
POLAR (2000 - 2000) 
ARCADE (2001 - ) 
ACBAR (2001 - ) 
WMAP (2001 - 2010)!
CAPMAP (2002 - ) 
AMiBA (2002 - ) 
CBI (2002 - 2008) 
PIQUE (2002 - 2002) 
TopHat (2002 - )!
VSA (2002 - 2008) 
KUPID (2003 - )!
SZA (2004 - 2008) 
AMI (2005 - ) 
APEX (2005 - ) 
QUaD (2005 - 2007) 

BICEP (2006 - 2008) 
SPT (2006 - )!
ACT (2007 - )!
QUIET (2008 - )!
PLANCK (2009 - 2013)!
ABS (2011 - ) 
Polarbear (2011 - )!
SPIDER (2011 - )!
!
Bar-SPoRT (Future)!
EBEX (Future) 
MINT (Future) 
MBI-B (Future) 
CLASS (Future) 
Qubic (Future) 
SPorT (Future)!
!
BRAIN (Never)!
CLover (Never) 
Polatron (Never)
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Next Jump: WMAP

Bennett et al. 2003a

10 years after COBE the 
technology and techniques 
had evolved enough to allow 
for a high resolution mapper 
of the CMB.

• Low-noise HEMT detectors @90K. 
• Polarization sensitive. 
• Differential measurements (180 deg).



WMAP Receiver

Corrugated 
Feedhorns

Wave-guides
5-bands



WMAP Scan Strategy



WMAP Sky in 5 Wavelenghts and CMB only

22 GHz

30 GHz

40 GHz

60 GHz

90 GHz

Scale saturates at +/- 200 µKCMB

CMB only



WMAP: Final Power Spectrum

Bennett et al. 2012



2007WMAP Polarization

33 GHz

41 GHz

61 GHz

94 GHz



WMAP Polarization (2007)

Page et al. 2007



Standard Cosmology

NASA / WMAP science team
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PLANCK: The final hit
10 years after WMAP, PLANCK 
measured the whole sky with 
much finer resolution, 
completing the observable 
damping tail of the temperature 
power spectrum.

Key aspects:
• Use extremely low noise 

detectors: HEMT for low-
frequency instrument (LFI) and 
Bolometers for the high frequency 
instrument (HFI). 

• Exquisite control of the 
systematics. 

• Large number of frequency bands 
for foreground subtraction.

25 more sensitive and 
3 times higher 
resolution than 

WMAP!



Frequency!
(GHz)

Bandwidth!
(Δν/ν)

Resolution!
(arcmin)

Sensitivity (total intensity)!
ΔT/T, 14 month observation!

Sensitivity (polarization)!
ΔT/T, 14 month observation!

30 0.2 33 2.0 2.8

44 0.2 24 2.7 3.9

70 0.2 14 4.7 6.7

Frequency!
(GHz)

Bandwidth!
(Δν/ν)

Resolution!
(arcmin)

Sensitivity (total intensity)!
ΔT/T, 14 month observation!

Sensitivity (polarization)!
ΔT/T, 14 month observation!

100 0.33 10 2.5 4.0

143 0.33 7.1 2.2 4.2

217 0.33 5.5 4.8 9.8

353 0.33 5.0 14.7 29.8

545 0.33 5.0 147 N/A

857 0.33 5.0 6700 N/A

PLANCK Instruments
Low-Frequency Instrument (LFI)

High-Frequency Instrument (HFI)



THE Map

Planck 2013 results. I. Overview of products and scientific results



CMB Measurements



CMB Measurements



What’s left? A lot!!
High resolution (high-ell) temperature measurements: 

• Detect foreground contribution to power spectrum, including SZ, CIB, CIB x SZ, kSZ, lensing, 
radio galaxies and dust. 

• Blind search for galaxy clusters through their Sunyaev Zel’dovic (SZ) signature. 

• Detect the kinetic SZ effect. 

• Improve constrains on                   ,          ,           and      . 

• Cross-correlate with other data sets. 

High resolution polarization measurements: 
• Measuring CMB lensing B-modes to constrain matter structure at z~2. 

• Constraining (or even measuring) the sum of the neutrino masses  

• Improving the constrains on high-ell cosmological parameters, as the EE spectrum is less 
contaminated at small scales. 

Low resolution polarization measurements: 
• Detect B-mode polarization produced by primordial gravity waves (tensor to scalar ratio r). 

• Reionization history and optical depth.
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2011 2012 2013 2014

HTT/Polarbear-I

SPTPol
(South Pole)

ACTPol

Planck
What’s new for l>1000 ?

ACT

SPT

(Chile)

Polar

(Chile)

(South Pole)

(South Pole)

(Chile)



2011 2012 2013 2014

Planck

(Chile) 

BiCEP 2
QUBIC

QUIET

PIPER

What’s new in Polarization for l<200 ?

ABS
EBEX

(Chile) 

KECK

CLASS
(Chile) 

(South Pole) 

(South Pole) 
(Dome C) 

BiCEP

SPIDER



ACT Optical Theory X-ray

Princeton PUC UPENN UBC
NASA/GSFC NASA/JPL NIST Oxford

Columbia Rudgers Toronto Pittsburgh
Cape Town Massachusetts Barcelona KwaZulu-Natal

Cardiff LLNL INAOE Haverford

Collaboration:

Since 2007
Parque Astronómico Atacama

CONICYT



Science: 
•CMB power spectrum 
•Inflation 
•Neutrino mass 
•Ionization history 
•Equation of state 
•Growth of structure

Observations: 
•2000 deg2 map at arcmin 
resolution. 

•145, 220 and 280 GHz 
•3x1000 TES@300mK (MBAC) 
•CMB PS for l > 1000 
•Clusters from SZ and kSZ 
•Gravitational Lensing 
•Optical and X-ray follow-
ups 

Objectives



Why Chile?



Site Location

5200 meters near peak of Cerro Toco, 
in the Atacama Desert in the Andes of 
Northern Chile 
23º south latitude.





Atmosphere Emission

Water rotation lines dominate, also some oxygen at lowest frequency.



Atmosphere Emission



Historical PWV in Chajnantor



ACT: Telescope & Camera
Some constraints: 

– Diffraction-limited beams 
– 25’ fields of view (x3) 
– Clear aperture 
– 6-meter off-axis primary 
– 2-meter secondary 
– Fast / compact system 
– 5” pointing accuracy 

Roughly an aplanatic Gregorian.

Measuring the 71 facets of 6m primary

(Faro laser tracker)Scan 0.1 Hz 
at fixed elevation



150 GHz

220 GHz

270 GHz

3x1024 TES 
Bolometers



    
 

Results in this talk use full data from two frequencies (148+220 GHz).

Renée Hlozek – ACRU Seminar



How ACT compares to WMAP

    
 Hajian et al. 2011



Some ACT Results
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radio galaxy

SZ cluster



Small Angular Scale CMB Probes 
Additional Physics

l < 3000: Cosmological 	


 Parameters

l > 3000: Secondary 	


 Anisotropies



Current CMB Survey Results
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Sievers et al. 2013: arXiv:1301.0824v2



Planck, ACT, SPT

Planck XVI. Cosmological parameters: 1303.5076

ACT+WMAP7



Atacama Cosmology Telescope
Exploring the Microwave Background Radiation

JPB Cosmo2 School March 13, 2014

Rolando  Dünner Planella

Pontificia Universidad Católica de Chile



SZ Signature
Hot electron gas 
imposes a unique 
spectral signature 

NO SZ Contribution in Central Band

145 GHz 
decrement

220 GHz 
null

270 GHz 
increment

1.4°x 1.4°



Arcminute Resolution mm-wave Observations
150 GHz

SZ Simulation MBAC on ACT 1.7’ 
beam w/ 2X noise

PLANCK

MAP

PLANCK

1.4°

< 1% of  
survey area 
!
~2% of high 
quality area



14

Kinetic SZ/Ostriker-Vishniac (OV) 

Non-Gaussian but with CMB 
frequency spectrum.  Spatially 
distinguishable.  Requires a high 
fidelity map.

Amplitude of OV 
signal determines 
epoch of reionization.

OV power spectrum measures 
the density and velocity 
fluctuations at reionization.

Bulk velocity of HOT electrons from 
ionization by the first stars (OV) or in 
clusters and filaments (KSZ).

Bulk Velocity of  hot electrons. 

CMB photon 

KSZ measures cluster bulk 
velocity field at low z.



CMB SZ

KSZ/OV Point Sources

Map Components

145 GHz Maps

1.4°x 1.4°

Components Summed to Scale



CMB SZ

KSZ/OV Point Sources

Map Components

220 GHz Maps

1.4°x 1.4°

Components Summed to Scale



CMB SZ

KSZ/OV Point Sources

Map Components

270 GHz Maps

1.4°x 1.4°

Components Summed to Scale



SZ Cluster Detection
Marriage et al. 2010



“El Gordo” (z=0.87)

SZ decrement

X-ray

Optical

• ACT detected - follow up by  SOAR, VLT, Chandra and 
Spitzer	



• Most massive and X-ray luminous cluster at z > 0.6	



• Cluster merger 2:1 mass ratio, total mass: 	



M_500 = (1.2±0.5) 10^15 M_sun	



• Unlikely to find in ACT, but not in the whole sky.

PLANCK showed it to 
be consistent with 

LCDM



First kSZ Detection!
3.8 sigma detection

Null test

ACT’s 148 GHz and 218 
GHz maps, in combination 
to the location of 7500 
most luminous galaxies 
from BOSS (cluster location 
proxies), were used to 
produce a statistical 
estimator for the cluster 
momentums as a function 
of their comoving 
separation.



Lensing of CMB detected at 4σ

Based on Hu & Okamoto 
estimator plus phase 
randomization.



CMB lensing signal in polarization

4-point function analysis  
=> Deflection field

The signal peaks 
at z ~ 2-4
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ACTPol

AAS,  Jan 7 2010

Planck: sensitive to l=2000 in polarization 

Can look through foregrounds in EE at l>2000 to get at ns 

Observe gravitational lensing through E-mode to B-mode 
conversion



What’s next?
• Some antenna basics. 

• Some detector (bolometer) basics. 

• Some cryogenics basics. 

• The MBAC design. 

• A bit about the data acquisition system. 

• Ready to observe!



Antenna Theory
Basics

• CMB telescopes can be classified 
as radio telescopes, so a bit of 
antenna theory is importante. 

• At larger wavelengths telescopes 
suffer the effects of the undulatory 
nature of light, and so cannot be 
described solely by geometrical 
optics. 

• The resolution is limited by 
diffraction, constraining the size of 
the telescope. 

• For extended sources like the CMB, 
the collected power is independent 
on the size of the telescope!!



Sidelobes

Normalized power

Directive gain

Beam Solid Angle

Directivity

Effective aperture It can be shown that

For an extended source

if the band is narrow…

and for a thermal source in RJ limit



Antenna Pattern: is given by the integral of the 
currents in the aperture 

So the resolution is given by

For a filled circular aperture:

with



ACT: Telescope & Camera
Some constraints: 

– Diffraction-limited beams 
– 25’ fields of view (x3) 
– Clear aperture 
– 6-meter off-axis primary 
– 2-meter secondary 
– Fast / compact system 

!
Roughly an aplanatic Gregorian.

Measuring the 71 facets of 6m primary

(Faro laser tracker)Scan 0.1 Hz 
at fixed elevation



ACT - Atacama Cosmology Telescope
• Remote Controlled 
• Flexible Focal Plane 
• Near the ALMA Site

• 6 Meter Aperture 
• Low Ground Pickup (< 20µK dc) 
• No Moving Optics

Extreme control of 
potential systematic 
errors.



Design Inspiration



Primary Mirror Alignment



Secondary Mirror Alignment



Cold Reimaging Optics and Filters
window

40K 

3K 

1K 

270 mK 

15 cm

Cold silicon lenses to reimage sky

148, 215, & 280 GHz filters (Cardiff—Ade)

280 GHz

215 GHz



Swetz et al. 2011
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Bolometers
• Traditional heterodyne detectors 

simple amplifiers that keep the phase 
of the incoming signal. 

• Bolometers instead are power 
detectors, discarding the phase 
information but achieving a high 
sensitivity on the amplitude. 

• Bolometers then can be used to 
measure signals in all frequency 
bands. 

• They can be micro-fabricated and  
used to fill up the focal plane with an 
array of detectors.



Detectors

The SQUID multiplexing 
allows us to read 33 rows in 
series, while the 32 columns 
are read in parallel.

SQUID Multiplexors developed by NIST
TES developed by 
NASA

by UBC
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Detector models



Revolutionary Detector Technology: 
CCD-like Arrays of Bolometers

• Pop-Up Detector (PUD): flat, 
monolithically fabricated array is 
folded to produce a detector where 
the wiring is behind the active area





Superconducting Transition-Edge Thermometer

Transduces heat → electrical signal

V

I
0.02

0.04

0.06

0
95.8 96 96.2

Temperature (mK)

R
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is
ta

nc
e 

(Ω
)

SQUID Current Amplifier

Transition-Edge 
Thermometer (TES)



I

SQUIDs

• Superconducting Quantum 
Interference Devices (SQUIDs) 
• The most sensitive devices for the 
measurement of magnetic fields.  
• Quantum interference between two 
Josephson tunnel junctions, 
analagous to a two-slit 
interferometer.  
• Output voltage is a periodic 
function of the applied magnetic flux.

-2 -1 0 1 2
Magnetic flux quanta

S
Q

U
ID

 o
ut

pu
t v

ol
ta

ge

SQUID Current Amplifier



I-V Curves



Time-Division Multiplexer



Multiplexes up 
to 32 channels 
in one column.

32-Channel MUX Chip

Address lines

Input channels

Column 
output

Column 
feedback





Anti-reflective Coating



MBAC
!
!
Liquid-Cryogen Free 
      
Pulse Tube Coolers 
  1st stage: 80W @ 45K 
  expected: 30W @ 40K 
!
  2nd stage: 2W @ 4.2K 
  expected: 0.2W @ 3K 
!
Helium-4 and Helium-3 
sorption Fridges 
  270 mK temp w/ 
  17 hour hold time



Cryogenics in MBAC



Sorption fridge











Ready Sir!

MBAC







Housekeeping



Scan Strategy
• The measurements are 

done at single elevation 
to keep the air mass 
constant and minimize 
mechanical stresses on 
the system. 

• This cross linking 
tecnique significantly 
reduces sistematics, 
equalizing the noise 
modes in map space. 

• The result are long map 
stripes on the sky.





ALL SET



And now we just need to 
observe!



NOT SO FAST!







Observations



Observations
• The telescope observes during the fraction of the 

year with good weather (May - December) 

• With MBAC only night time observations were done 
due to the recycling time of the cryogenics. 

• With ACTpol we can observe non-stop. 

• The telescope is controlled remotely, and only 2 
operators are required at the site for maintenance.



HTML Scheduler



Housekeeping Monitor



Computer Monitor



Weather Status



PWV Status



DATA REDUCTION
From Data to Maps



Time Ordered Data (TOD)
• Each detector is sampled at 400 Hz, producing a 

TOD. 

• Each sample is given a time stamp, used to relate 
them to the pointing information. 

• You are left with 1000 x 3 x 400 samples, 32 bits 
each, meaning 4.8 MB/s or 17 GB/h of data. 

• The data is stored in disk waiting to be processed 
into maps.



TOD
The data is retrieved continuously from the camera 
as a long vector or “Time Ordered Data” (TOD). 
19GB of data per hour! 
The main drift seen in the TOD is caused by changes 
in loading from the atmosphere.

The power spectrum is dominated by 1/f noise 
that equilibrates with the white detector noise at 
around 1Hz. This noise is cause mainly by the 
atmosphere drift. 

The CMB concentrates its power in the same 
region with the atmosphere noise. The frequency 
range with better signal to noise ranges from 1 to 
8Hz.



Data Selection



Data Selection

• Not all data is useful for making maps. 

• Some detectors are permanently broken. 

• Eventual pathologies in the data can make a fraction of a TOD unusable. 

• A careful but efficient analysis is required to determine the usable fraction of 
the data. 

• Given that data files store 15 min long TODs, that becomes the standard test 
length for pathologies and cuts. 

• Some times shorter cuts are preferable, in which case the scan period is used, 
or even shorter periods depending on the kind of pathology. 

• The number of effective detectors is defined as the sum over all detectors of 
the fraction of uncut time.

€ 

Neff =
Ti,uncut
Ttotali=1

N

∑



“Kinds” of detectors

All!
“detectors”!

33x32

Live!
candidatesPermanently!

broken

Original!
Dark!

“detectors”

Cut!
TOD data

Uncut!
TOD data

Dark!
“detectors”



Pathologies Examples
Normal + Glitch “Comb” Noise

V-phi jump High Noise



Detector Cuts Results

€ 

Neff =
Ti,uncut
Ttotali=1

N

∑



Detector Stability
AR1 (148 GHz) AR2 (218 GHz)

AR3 (277 GHz)



Data-files Selection

• Data files with less than 500 effective detectors in AR1 and AR2, 
and less than 150 effective detectors in AR3 are not used (12%, 
12% and 16.7% of the observed hours respectively). 

• Data files obtained while the PWV was higher than 3.0 mm for 
AR1, 2.0 mm for AR2 and 1.75 mm for AR3 were not used (nearly 
4% of the data).



Data Characterization

Sky Signal

Random!
Noise

Atmosphere!
Signal

Systematic!
Noise

TOD



Sky Signal



Sky Signal (CMB)

• The CMB anisotropies on the celestial sphere can be decomposed in 
spherical harmonics, such that 

!

!

• For a small patch on the sky, the multipole number l >> 1 can be 
approximated by the wave number                    . 

!

• The multipole number is related to the TOD frequency as

€ 

alm = Ylm
* ΔT(θ,φ)∫ dΩ

€ 

almal 'm '
* = Clδll 'δmm '

€ 

k = 2π λsky

€ 

l ≈ 2π
˙ θ 
fTOD



Sky Signal (CMB)

• The CMB radiation has a blackbody spectrum of temperature 2.725 ± 0.002 K, 
meaning 

!

• Temperature anisotropies of the CMB are 105 times smaller than that. 

• In the Rayleigh-Jeans limit  

• Small changes in CMB temperature can be expressed in terms of a Rayleigh-
Jeans equivalent as 

!

!

 where 

€ 

Iν =
2hν 3 /c 2

ehν / kT −1

€ 

Iν =
2kTν 2

c 2
=
2kT
λ2

€ 

ΔTRJ =
x 2ex

ex −1( )2
ΔTCMB

€ 

x = hν kT



Sky Signal (Point Sources)

• Sources with angular size smaller than the beam size are 
considered point sources. 

• The power absorbed from a point source with RJ temperature        
and solid angle       is 
!

• The frequency response depends on the beam size     , such that 
its -3dB point is given by € 

TRJ

€ 

Ωs

€ 

Pps = 2εkTRJ
Ωs

ΩA

Δν

€ 

θb

€ 

f−3dB = 2log2
˙ θ 

πθb



Sky Signal (Point Sources)

• Point sources can be affected by 
the detector time constant. The 
figure shows the power loss as a 
function of the -3dB point of the 
detector frequency response. 

• The detector time constant can 
be measured using a chopping 
wheel or a bias step, such that it 
can be deconvolved with the 
TOD response to correct this 
effect.



Sky Signal (Point Sources)



Parameters Summary



Random!
Noise

Atmosphere!
Signal

Systematic!
Noise

Signal !
Contamination



ATM
25µm RMS

12µm RMS

Primary

Secondary

270 K40 K4 K1 K0.3 K

Window
Low Pass Filter
Lens
Lyot Stop

Band Pass Filter
Baffling
Coupling Layer
Detectors

33x32 SQUID!
Multiplexor

1x32 Series Array 
Amplifier

MCE 
A/D

1x32
Hard Disk!
Storage0.3 K 4 K 270 K

Power!
Supply

Mechanical!
Vibrations

Thermal!
Oscillations

Optical Loading

Detector!
+ Photon!

Noise

Row Correlations!
(time multiplexed)

Column Correlations!
(line multiplexed)

Magnetic!
Pickup

Thermal!
Drift

SQUID!
Noise



Atmosphere!
Signal



Atmosphere

• The atmosphere is a significant absorber/emitter at the ACT bands, specially 
due to its water and oxygen content. 

• Extended “wings” from emission lines generate a continuum, with a level that 
mostly depends on the Precipitable Water Vapor (PWV). 

• Under the Rayleigh-Jeans regime, the emission is given by  

!
!

 where the transmission parameter (absorption) is 
• The atmosphere emission/absorption can be modeled, mainly as a function of 

PWV. The modeling software ATM gives, at an elevation of 50.5° 

!
!

• During season 2008 the PWV distributed with 25%, 50% and 75% quartiles 
0.32 mm, 0.49 mm and 0.85 mm respectively. 

€ 

Iatm =
2kTatm
λ2

1− e−τA( ) =
2kTRJ
λ2

€ 

Τatm = e−τA



Atmosphere



Atmosphere Fluctuations

ATM

€ 

h ~ 500m

€ 

Δh

50.5°

€ 

x

€ 

y

€ 

z
wind

Frozen Sheet?

€ 

q−11/ 3

Kolmogorov

€ 

Ae

Two possible regimes:!
1. 3D regime: !
2. 2D regime:!
!
Church Model:!
! Predicts that we should be dominated by the 2D      

regime.!
!
Lay & Halverson Model:!
! Predicts that we should be dominated by the 3D      

regime.!

€ 

f −11/ 3

€ 

f −8 / 3



Atmosphere Signal

Stare data



Atmosphere Signal
Some conclusions:!
• The atmospheric fluctuations are 

dominated by the 2D regime.!
• The 2D regime completely dominates at 

low TOD frequencies, while at higher 
frequencies there is some influence from 
the 3D regime.!

• The power law is steeper for higher 
PWV.!

• For very low PWV, the power law is 
dominated by the thermal instability of 
the camera (n~1.5).!

• The knee frequency ranges from 1-3 Hz 
for stare data, but increases for scan 
data.



Atmosphere Signal Removal

• The atmosphere appears mostly as a common mode between detectors. This 
common mode can be generalized as 

!
• The linear combination    can be used to find modes which are strongly 

correlated among detector TODs. This can be done using Singular Value 
Decomposition (SVD), defined as 

!
!
!
!
!

• The mode can be projected out of the data as
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Atmosphere Signal Removal

• Sometimes it is useful to apply the SVD with a prior, which means pre-
combining detector TODs. 

• Given that the effective beam at the turbulence distance is ~10 arcmin, we 
expect the atmosphere signal to be coherent within a third of the array. 

• The “multi-common” mode is defined as: 

!
!
!
!
!

• Using modes obtained from live detector TODs have the disadvantage that it 
can bias the sky signal, as it is also correlated between detectors.

32x32 16 CMs

SVD

€ 

ˆ m 1→8

Size Freq 2007 Freq 2008

Common mode 24’ (l = 450) 0.8 Hz 1.2 Hz

Multi-common mode 6’ (l = 1800) 3.2 Hz 4.8 Hz



Atmosphere Signal Removal

RAW Data



Atmosphere Signal Removal

Common mode removed



Atmosphere Signal Removal

Multi-common mode removed



Atmosphere Signal Removal
Raw Data

mK

ATM 1

ATM 3

ATM 2

Cover ON



Atmosphere Signal Removal
Common mode removed

mK

ATM 1 ATM 2

ATM 3



Atmosphere Signal Removal
Multi-common mode removed

mK

ATM 1 ATM 2

ATM 3 Cover ON



Random!
Noise



Random Noise

• It is originated by random processes, like for example 
electron thermal vibrations. 

• It depends on intrinsic properties of the system and 
the signal. 

• It is mostly uncorrelated between detectors. 
• It decays as            by increasing the number of 

observations (integration time). 
• It can be used to define the sensitivity of the system.
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Detector Noise

 The mayor noise sources affecting the 
detector are: 
– “G” noise from thermal junctions and 

electron-phonon decoupling: 
!
!

– TES Johnson noise: 
!
!

– TES excess noise: of unknown nature, 
dominates at higher frequencies. 

!
 Other noise sources: 

– Photon Noise: for AR1 it can contribute                       
                       @ PWV 3mm 

– Readout noise: the SQUID noise is only                  
                      but it can get aliased producing 

€ 

PG = 4kGT 2

€ 

Pj = kTeΔυ

€ 

e j = 4kTeR

The correlated noise is 
equivalent to 520 µKrt(s) 
added in quadrature

Excess noise 
dominates at high 
frequencies

Aliasing

€ 

12 µK s

€ 

85 µK s€ 

270 µK s



Sensitivity

Correlation with PWV

AR1 AR2



Signal to Noise Ratio

AR1

ATM + Drift

PS AR3

PS AR2

PS AR1

CMB 

Season 2008

€ 

Saturn×104



Systematic!
Noise



Correlations
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Correlations
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Multi-common mode removed

Residual correlations are left after removing the multi-common mode (mainly atmosphere)

Row!
correlations

Column!
correlations



Column Correlation Example

AR1-r6c7 AR1-r5c30

Multi-common mode and synchronous pickup removed



Row Correlation Origin
Linear Power SuppliesSwitching Power Supplies

Time multiplexing allows glitches to affect some rows more than others.



Magnetic Pickup

• SQUID voltage proportional to magnetic flux.!
• Circuit loop voltage proportional to change in magnetic flux.!
• Lower effect in season 2008 due to higher scan speed.



Mechanical Vibrations
AR1 AR2 AR3



R. Dünner’s Thesis Defense

Coupling Layer Vibrations

AR3 LPF 2 Hz

€ 

NQ = var PSD10→200Hz( )

Strong example

Sept 21, 2009



R. Dünner’s Thesis Defense

Resonances

AR3 Scan AR3 Stare

Sept 21, 2009



Thermal Oscillations
AR1

AR2 AR3

• Temperature controlled by a PI loop.!
!

• Average Tbath power spectrum over ~1500 data-
files.!
!

• Scan frequency is 0.1 Hz.



Mode Identification

Use a prior before the SVD analysis to optimize the correlated modes to 
represent a certain kind of correlation.

Row correlations:

32x32 32CMs

SVD

€ 

ˆ m 1→n



Mode Identification
Row correlations:

Column correlations:



Dark Modes
• Systematics associated with the readout also manifest in the dark detectors.!
• The strongest modes among the dark detectors can be identified using SVD 

analysis.

Dark mode correlations:



R. Dünner’s Thesis Defense
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R. Dünner’s Thesis Defense

Decorrelation Results

AR3 Raw AR3 + CM + CC4

Sept 21, 2009



Pointing Solution



Instrument Beam / PSF
•Beam filters the CMB power spectrum.

One 6-minute stare at saturn
Az-averaged beam profile (red), 

 model (green)

From Joe Fowler 2008

Adam Hincks



Pointing accuracy
• Beam FWHM = 90”, 60”, and 50” in 3 wavelengths. 
• Pointing repeatable to 2” on planets. 
• Bright radio sources in all fields as a check. 
• The overall pointing solution is a function of time of the day and day in the year.

IQR=1.5”

IQR=1.7”

From Joe Fowler 2008



Calibration



Calibration
• The data is acquired in DAC units. 

• The responsivity is the relation between the current measured in the 
TES and the power received by it. It is used to convert from DAC to 
pW 

• The overall efficiency of the telescope determines the relation 
between power and sky temperature. It is obtained using planets. 

• Per detector coupling efficiencies are corrected using a flatfield 
obtained from the atmosphere fluctuations. 

• The atmosphere opacity is calculated as a function of the PWV. 

• The final maps are cross-calibrated to WMAP.



Gain calibration
Accounts for: 
• Saturn brightness 

variation 
• Early evening calibration 
• Model of gain vs power 

load 
• Optical depth through 

atmosphere 
• Calibration pulse 

response

From Joe Fowler 2008



Map making



Map making
• Consists in finding the best solution for a sky map 

considering all the data and a noise model. 

• The mapper minimizes: 

where d is the data, N is the noise covariance matrix, 
M is the pointing matrix and x is the map solution 

• This is solved using Preconditioned Conjugate 
Gradient (PCG) method on large computers. 

• The art is in modeling the noise correctly.



R. Dünner’s Thesis Defense

Map-making

• The map projection equation: 

!

• Least square solution: 

!

• Preconditioned Conjugate Gradient (PCG) equation: 

!

• A naïve preconditioner is the inverse of the weight 
matrix 
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d =Mx + n
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MTN−1Mx =MTN−1d

€ 

PMTN−1Mx = PMTN−1d

€ 

W =MTM

€ 

N = nnT

Sept 21, 2009



Noise Modeling
• The noise is modeled using the main correlated modes in the 

covariance matrix of the data in a per-TOD basis. 

• The frequency dependence of the noise is accounted for by 
binning the data in frequency space before computing the 
correlated modes. 

• The modes are found using SVD decomposition. 

• The code is called NINKASI and it was developed by Jon 
Sievers.  

• It takes around 1 minute per iteration and converges after 
100-2000 iterations.



Current ACT Maps

This problem can be solved iteratively. Considering the huge amount of 
data from ACT, a supercomputer is needed. 
!
Ninkasi is a parallel computing software specially developed for this task.

UToronto SciNet cluster contains 3e4, 
2.53 GHz Nehalem cores. It takes 
~1e5 CPU hours for one season of 
data (1000 iterations, ~1 minute per 
iteration on 4800 cores for 5 TB of 
data)

"177



MAP VERIFICATIONS
You need to trust before releasing



Map self compensation
• First you make a map and detect all the visible point 

sources. 

• Then you de-project the expected (simulated) signal of 
those point sources from the TODs and map a “CMB-only” 
map. 

• Then you de-project that CMB map from the TODs to 
produce “noise-only” data, and re-compute the noise matrix. 

• Finally you re-map your point source free TODs with the new 
noise matrix and add back the point source signal after 
mapping.



Southern map 
from 2008 data

The contours connect 
areas with the same 
noise in the map in 
units of uK*arcmin



Mapper Transfer Function

WMAP

ACT 150GHz

ACT 220GHz

A simulated map (in) was added to the time 
streams and mapped together with the real 
data (sim-inject map). Then the real data 
map (previously computed) was subtracted 
from the sim-inject map to produce the 
output map (out). The transfer function was 
computed as the power spectrum of the 
output map divided by the cross-spectrum 
of the output map and the simulated map.



Map Noise



Measuring the power 
spectrum

• First a the best patches of the map are selected for analysis. 

• The maps are pre-whitened, which is a technique that reduces the 
dynamical range of the power spectrum adding a window function 
(Das et al 2013). 

• Then the sources and dust are masked out, and the edges of the 
mask are tapered to reduce ringing. 

• A pseudo-power spectrum is calculated in 2D space and binned in 
annulus according to a 2D noise weighting. 

• The effects of the pre-whitening and the taper are compensated. 

• Several tests are performed to make sure that the result is correct!



Understanding the noise in the maps

Simulated data has an important role in understanding the mapper and the noise. 
These simulations, for example, allow us to understand the 2-dimensional distribution 
of the noise, which is later used to compute the power spectrum correctly.



Computing the power spectrum
Masking

2D PS weights

The noise in the maps is anisotropic due 
to the preferred scan directions and 
cross-linking. To compensate this the 
power spectrum is weighted accordingly

Point sources and dust must be masked 
out before computing the power 
spectrum. Then the map must be 
tapered to avoid ringing and power 
leakage.



The Result



NULL tests
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Characterize small scale CMB in!
temperature and polarization with!
sensitive measurements of high-ell!
TT, TE, EE, and BB spectra

TT and EE: Neutrino number, spectral!
index of inflation, primordial helium

Lensing B-modes: Sensitive to the sum!
of the neutrino masses and properties of!
dark energy

Cross-correlation science:!
Wide Survey (~4000 deg2)!

Overlap with SDSS-III BOSS

Deep Survey (5 ~25 deg2 fields)!
Overlap with XMM-LSS, CFHTLS,!
HerMES,UKIDSS, DES, GAMA, etc

Science Goals



ACTpol: New Camera for ACT

• Improved SZ sensitivity 
• High l power spectra 

- TT constrains ns 

- EE constrains running of ns 

• Gravitational Lensing 
- Matter fluctuations at z ~ 3 

- Measure sum of neutrino masses 
and dark energy 

• Non-Gaussianity 
• Cross-correlations 

• First deployment in July 2012 

• Full deployment in 2013

150

150



Instrument Overview



High-Trace Density Flexible 
Circuitry

Header Board (Row 
Addressing)

Detector Array Stack 
(6 Total ! 3 Hex, 3 Semihex)

OFHC Mounting 
Structure

Detector clamping/Feedhorn 
mounting structure

Detector Stack Interface 
PCBs

LPE Filter Cell

Monolithic 
Corrugated Si-
feedhorn array

Rear Isometric View

Front Isometric View

ACTPol PA1 Overview: 
 Diameter = 26.3 cm 

Height = 14.9 cm 
Mass = ~11.5 kg 

Polarimeter design



G10 Suspension 
and Wedge

ACTPol will operate a pulse-tube backed dilution refrigerator (DR) developed with Janis 
Research Co.  
 ! Allows for cryogen-free cooling with no thermal cycling 
 ! Only CMB experiment to operate at 90mK bath  
         
! Increased mapping speed!
Cryogenic Load Assignments:     PT410 Module: 40K, 4K !
                                                         DR Module: 1K, 0.1K

1K Cold Stage

Carbon Fiber 
Strut Design 
(improved 
structural 

support and 
cryogenic 
isolation)

0.1K Cold  
Stage

ACTPol 
DR

Cryogenics



Central Thermal Bus-
Bar Tower (1K, 0.1K 
stages isolated by 

braided carbon fiber 
rod) 
!

Passive Gas-Gap Heat 
Switches provide 

additional thermal 
backing of 1K, 0.1K 
stages from PT410 

Module

DR Module 
Integration

40K Shield 
Installation (Janis)

Cryogenics



At full deployment, ACTPol will field three optics tubes: 
First Season (2012): 1 x 150GHz 

Full Deployment (2013-beyond): 2 x 150GHz, 1 x 90/150GHz (Multichroic)

Optics Tube



Three silicon lenses reimage the Gregorian 
focus of the telescope 
!
Optical throughput limited by max. filter 
size: ~30cm ! ~1° field of view 
!
Lens Geometry: Cylindrically Symmetric 
Plano-Convex  
     ! Min./Max. Diameter = 23.8 cm/ 31.8 cm  
!
Force on lens flange during thermal 
contraction regulated using SPIRA shield of 
known spring constant  
     ! Max. force on lens = ~150 pounds 

!
LPE filters use same mounting technique

SPIRA

Optomechanical Assembly



Integration status of ACTPol 150GHz 4K Upper Optics Tube 

4K Upper Optics Tube Subassembly  

4K Lens Cell 

4K Baffle Tube

Optomechanical Assembly



Integration status of ACTPol 150GHz 1K Lower Optics Tube 

1K Lower Optics Tube Subassembly  

1K-0.1K Re-entrant G10 
Array Suspension 

1K Lens 2 Cell/ 
Lyot Stop Aperture 

G10 Array Mount Wedge 

1K Lens 3 Cell 

Optomechanical Assembly



ACTPol Si-Lenses are low-loss with n = 3.4 providing 
excellent image quality ! AR-coating required to preserve 
signal 
!
Two-layer AR-coating concept has been developed  for use 
on ACTPol Si-lenses 
!
Precision five-axis dicing saw used to cut two-layer AR-grid 
onto flat and curved lens surfaces (CMM) 
!
Depth of cut controlled across lenses to 5µm 
!
!
!
!

Cross-Section 

Isometric view of AR-coating concept 
Prototype two-layer coating (on curved 

150GHz lens surface) 
Silicon 
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TARGET GEOMETRY: 
Layer 1: 180µm wide, 350µm 

deep 
 Layer 2: 38µm wide, 220µm 

deep

Novel AR coating



Two-layer AR-coating concept maintains <0.25% reflection 
per lens and broadens bandwidth 
!
Predict reflectance of <-30dB across 150GHz band 
!
Three-layer AR-coating under development for multichroic 
use, with <1% reflection projected 
!
Measurements of flat-surface, prototype AR-surface with 
VNA match expected results! 
!
U. Michigan developing custom gantry-dicing apparatus 
for AR-coating for next two optics tubes 
!
!
!
! Cross-Section 

Prototype two-layer coating (on 
curved  150GHz lens surface) 
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Figure courtesy R. Datta (UM)

TARGET GEOMETRY: 
Layer 1: 180µm wide, 350µm 

deep 
 Layer 2: 38µm wide, 220µm 

deep

Novel AR coating



ACTPol will utilize large-scale (137 mm dia.) monolithic 
corrugated Si feedhorn arrays based on platelet design 
!
Comprised of 37 Au-plated Si wafers forming corrugation 
profile ! Wafer thickness = 500 µm 
!
ACTPol feedhorn wafers fabricated at NIST using multi-step 
DRIE process ! 6” wafers 
!
Si-wafers epoxied in perimeter trenches, treated with a Ti:Cu 
seed layer, and Au-electroplated ! excellent adhesion 
!
!
!

Square WG (10 
wafers)

Circular WG - 
Conical flare (4 

wafers)

Circular WG TE-HE 
Transition (7 wafers)

Circular WG – Linear + 
sin2 taper (16 wafers)Circular WG – Coupling 

to Detectors (1 wafer)

~1.6 mm 
exit aperture

~4 mm entrance 
aperture

Feedhorn array



Use of Au-plated Si-wafers allows for improved 
thermal coupling to Au-plated Si-detector stack 
components 
!
Feedhorn corrugation profile allows for a broad 
bandwidth (>25%) 
!
Profile also effective in supression of cross-
polarization and side lobes (<-30dB) 
!
300K measurements show 1% reflection across the 
band and ~-30dB cross-pol at center of band 
!
!
!
!
!

Square WG (10 
wafers)

Circular WG - 
Conical flare (4 

wafers)

Circular WG TE-HE 
Transition (7 wafers)

Circular WG – Linear 
+ sin2 taper (16 

wafers)
Circular WG – Coupling 
to Detectors (1 wafer)

~1.6 mm 
exit aperture

~4 mm entrance 
aperture

Photo courtesy J. Nibarger (NIST)
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Feedhorn array



Backshort – top-wafer 
mechanical protection for 
detector stack; contains 
the moat Eccosorb (500 
microns thick)

Cavity Plate – provides 
reflective surface behind OMT 
microstrip; absorptive surface 
behind detectors (semicircular, 
Eccosorb-filled moats). (625 
microns thick)

Detector Wafer – houses 
the ACTPol polarimeters 
a n d c o n n e c t i o n s t o 
interface electronics. (275 
microns thick)

Waveguide Interface Plate 
(WIP) – Waveguide interface 
between feedhorns and 
detector plate.  Boss features 
on detector side for loss 
r e d u c t i o n ( w a f e r : 5 0 0 
microns; Boss: 250 microns 
thick).

B a c k s h o r t c o r r a l 
feature (25 microns 
tal l) to l imit l ight 
escape around each 
pixel/array.  

D e t a i l o f e p o x y 
s e m i c i r c l e , A u 
b o n d p a d ( f o r 
hea t s ink ing) , and 
interface bondpads.

Example: ACTPol PA1 Semihex Detector Stack 
!
!
!
!
!

Detector stack design



ACTPol PA1 Semihex Backshort/Cavity Plate 
!

Example: ACTPol PA1 Semihex Detector Stack 
!
!
!
!
!

ACTPol PA1 Semihex Waveguide Interface Plate (WIP) 
!
!
!
!
!

ACTPol PA1 Semihex Detector Wafer 
!
!
!
!
!
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Detail of backshort moat/corral structures 
!

Detector stack



ACTPol PA1 Hex Detector Wafer 
(127 pixels ! most on a CMB wafer yet!) 

!

OMT Fins 
!
!
!
!
!

TES 
!
!
!
!
!

Waveguide-to-microstrip 
!

Au Meander 
!

ACTPol 
Polarimeter 
!
!
!
!
!

ACTPol PA1 consists of a focal plane of three-semihex and three-hex 
detector wafer stacks 
!
In total, ACTPol PA1 has 1044 TES bolometers used to measure the 
response of 522 feedhorn coupled polarimeters 
(~3000 TES bolometers/~1500 polarimeters at full deployment) 
!
!
!
!
!

ACTPol PA1 Semihex Detector Wafer 
(47 Pixels) 

!
!
!
!
!
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Over each polarimeter array, equal number of 
pixels are oriented at 0°, 45° for coverage of 
Stokes Q+U parameters  
!
!
!
!
!

Targets:  
Tc = 150mK  
Sensitivity =  

6 µK√s 
!
!
!
!

Detector stack



ACTPol Detector 
Installation Jig 

Assembly 
!
!
!

ACTPol First 150 
GHz Polarimeter 
Array Package 

Assembly 
!
!
!

Array Package



In 2013, ACTPol will deploy a multichroic polarimeter 
array package, featuring NIST polarimeters of 
simultaneous 90/150 GHz sensitivity 
!
Multichroic design is crucial for efficient focal plane 
design, with four TES bolometers per pixel, and 
frequencies defined by on-chip filters 
!
Wide bandwidth provided by ring-loaded corrugated 
feedhorn profile and OMT design 
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Simulated Bandpass of 90/150GHz Multichroic 
Polarimeter 
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Design Concept of ‘Ring-Loaded’  
Corrugated Feedhorn Profile 
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J. McMahon, et. al. JLTP (2012)

Prototype NIST 
Multichroic 
Polarimeter 
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Multichroic polarimeters

















As a mid-latitude (23° S) site, the location and coverage of ACT allows for overlap with many 
observatories for follow-up observations (increased data richness)

M.D. Niemack et. al, arXiv:1006.5049v1 
(2010) 

Projected scan sensitivities for first three ACTPol seasons: 
       [1] ACTPol Deep (~600 deg^2 total):  
Temp. ! 3 µK/arcmin^2  Pol. ! 4 µK/arcmin^2 
       [2] ACTPol Wide (3500 deg^2): 
 Temp. ! 20 µK/arcmin^2  Pol. ! 28 µK/arcmin^2 
         [3] POSSIBLE: ACTPol Ultra-Wide (~60% of entire sky) 
ACTPol will have ~1 arcminute resolution and 4x sensitivity of MBAC!

ACT collaborators 
lead a multi-national 
data follow-up effort 
(SALT-20 nights, VLT 

, Gemini (Chile), 
BOSS, SDSS, XMM-

LSS, HerMES…)

ACT range covers 
>25,000 sq.deg. with 

overlap of many 
leading cosmology 

facilities

Due to: 
! 3x colder bath temp 

! 2x number of detectors at 150GHz 

! Improved optical throughput

ACTpol Scan Strategy



Completed one season of observations, day and night 
observations. ~120 deg2 deep survey, wide survey to follow!

Deep Fields



Overlap with complementary datasets  
Simulated data



XMM field (Intensity) Raw



XMM field (Intensity) Filtered
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