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Inflation and B-modes

Inflation
Produces gravitational 

waves 
(tensor perturbations)

Production of E-mode 
and B-mode polarization

U. Seljak and M. Zaldarriaga, 1997
M. Kamionkowski, A. Kosowsky, and A. Stebbins, 1997

• The E-mode signal is dominated by scalar perturbations, so the primordial       
B-modes would be compelling evidence for inflation

• The primordial B-mode signal peaks on degree angular scales and its amplitude 
is expressed in terms of the tensor-to-scalar ratio r, which could give the energy 
scale of inflation



101 102 103

Multipole (`)

10�4

10�3

10�2

10�1

100

101

102
`(

`
+

1)
C

`/
2⇡

(µ
K

2 )

r=0

r=0.01

Lensing B + tensors

Planck (2015)

POLARBEAR (2014)

BICEP/Keck (2015)

ACTPol (2014/16)

SPTpol (2015)

Polarization Power Spectra



A Few Challenges
• The amplitude of the B-mode signal is small       

(r<0.12 at 95% confidence) à Need high sensitivity

• Polarized foreground contamination from synchrotron 
and dust emission à Need wide frequency coverage

• Fluctuations in the unpolarized atmosphere, especially 
on large angular scales à Polarization modulation



The Atacama Cosmology 
Telescope

• Ground-based, off-axis Gregorian telescope located at 
elevation of 5200 m in the Atacama Desert in Chile

• Low moisture, year-round access and observation, access to 20,000 deg2 of 
the sky, rotating sky allows for cross-linking ACTPol Instrument 9

!"#$%&'&()*+%,(-*.,(

/0+*&0$1(
2,3"04,"'&$"(5/26(

789(�(:9(;<8(
=*%>,1%0$1((

79(!$>>,"(-$?,"(

@01A$?(

)BC(D>&0E%((
-*.,(

F'E**G(=H,++(

79(!$+A()+'&,(

:889(�(789(;<8(
=*%>,1%0$1((

/2()*+%,(-*.,(

)B<(D>&0E%(-*.,(

)B<(

)BC(

)B:(

Figure 9. Model of the as-built cryostat. For scale, the length of the cryostat is 1.5 m. The PA3 optics tube and most of the radiation
shields have been removed for clarity. A combination of flexible copper sheets and copper braid are used to reduce vibrational coupling
between the pulse tubes and internal cryostat components.
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Figure 10. Cutaway view of the PA1 optics tube showing the internal optics, mechanical structures, magnetic shielding, and cold straps.

critical and where aluminum is superconducting (result-
ing in reduced thermal conductivity), oxygen-free high-
conductivity copper (OFHC) was generally used. An-
other reason for using mostly copper below � 1K is po-
tential problems with magnetic flux expelled by super-

conducting aluminum alloys, which is problematic for the
SQUIDs (Section 6.3).
The three optics tube assemblies are of similar design,

yet self-contained to allow each one to be deployed indi-
vidually. A cross-section of the PA1 optics tube is shown

ACTPol Instrument 3
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Figure 2. Ray trace of ACT’s primary and secondary mirrors up to the entrance of the receiver. The major components of the telescope
upper structure are shown, except for the inner ground screen and part of the receiver cabin wall, which have been removed for clarity.
The telescope is shown in its service position (where the receiver cabin floor is level), corresponding to a viewing elevation of 60�.

filters (Tucker & Ade 2006) at ambient temperature; fol-
lowed by a combination of blocking filters and low pass
edge (LPE) filters (Ade et al. 2006) at 40K; the first lens
and accompanying filters at 4K; the Lyot stop, two more
lenses, and additional low pass filters all at 1K; and the
final LPE filter and array package at 100mK. A ray trace
of the cold optics is shown in Figure 3.
The size of each optics tube is limited by both the size

of the cryostat (which had to fit in the existing receiver
cabin) as well as the the maximum diameter of the low-
pass edge filters (Section 4.3). To minimize the size of
the entrance optics, the receiver is positioned such that
the Gregorian focus is located between the receiver win-
dow and first lens. The Gregorian focus is not telecentric,
which is a requirement for a large, flat feedhorn-coupled
detector array (see Hanany et al. 2013). To achieve a
telecentric design, small o�sets and tilts were incorpo-
rated into the three lenses. The final design is di�raction-
limited across each focal plane.

4.2. Lenses

Silicon was chosen for the lens material due to its high
thermal conductivity, high index of refraction (n=3.4),
and low loss at our wavelengths. The high index of re-
fraction necessitates the use of AR coatings. ACT previ-
ously used Cirlex coatings (Lau et al. 2006), but they in-
curred an estimated 15% net e⇥ciency reduction (Swetz
et al. 2011). For ACTPol, we created “meta material”
AR coatings produced by removing some of the silicon
to controlled depths from the surfaces of each lens at
sub-wavelength scales using a custom three-axis silicon

dicing saw, creating layers of square pillars. The result-
ing coating has a coe⇥cient of thermal expansion match-
ing that of the rest of the lens. Lenses based on a two-
layer design (Figure 4a) are used in both the PA1 and
PA2 optics. Simulations showed that the resulting coat-
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Figure 3. Ray trace of the cold optics. The upper trace shows
the PA3 (multichroic) optical path and the lower trace shows the
PA1 path. The PA2 optical path is a mirror image to that of PA1
and has been removed for clarity. The constituent elements are
described in the text.
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Polarization Modulation with a 
HWP

• AdvACT has an ambient-
temperature HWP in front of 
each optics tube

• Ideal HWP rotates linear 
polarization by 2Χ (X is angle 
between incident polarization 
and fast axis)

• Polarization modulated at 2f

• Bolometers only sensitive to 
power, so pick up signal at 4f

A. Kusaka, et al., 2013



HWP Advantages

• 1/f primarily from fluctuations in unpolarized

atmospheric emission, but also temperature 

drifts, readout electronics, detector responsivity

• Stability on timescales of ~10 minutesàallows

for recovery of information large angular scales

• Eliminates need for differencing orthogonal 

detector pairs for polarization sensitivity

• Mitigates systematic effects with rapid rotation

• Can be made broadband to accommodate 

multichroic detectors

A. Kusaka, et al., 2013

Separates signal from long time scale atmospheric fluctuations (1/f noise)
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Lenses
• Use dicing saw to machine 

metamaterial anti-reflective 
(AR) coating into silicon lenses

• Lower loss than plastic AR 
coatings (loss in each optics tube 
at 150 GHz ~1% vs. 15% with 
Cirlex coating)

• Allows for multichroic optics

~ 1 mm



Ideal Feedhorn Properties
• To maintain the sensitivity we gain from tightly-packed 

AdvACT arrays, we need feedhorns with small apertures 
while maintaining high efficiency

• Maximal symmetry between E-plane and H-plane beams
• Asymmetry leads to temperature to polarization and E-mode to B-mode 

leakage

• These features are more easily achieved with a large 
aperture, so, for the small sizes required for Advanced 
ACTPol, a compromise between these two is required



Corrugated Feedhorns
• Corrugated feedhorns approach near ideal beam symmetry between 

the E-plane and H-plane beams

• Corrugated multichroic feedhorns have been successfully deployed 
on 90/150 GHz ACTPol array

• Corrugations represent a significant fraction of area required by 
each feed, which decreases the achievable coupling efficiency

7 mm 5.2 mm
Aperture size
requirement for 
AdvACT



Conical Feedhorns

• High beam coupling efficiency

• But poor symmetry between the E-plane 

and H-plane beams



Spline-Profiled Feedhorns
• Compromise between beam symmetry and beam coupling efficiency

• Fabricated in a monolithic feedhorn array by NIST in Boulder out of 
stacked silicon wafers that are electroplated in copper then gold

• The 90/150 GHz spline-profiled feedhorn array will increase 
AdvACT’s mapping speed by a factor of ~1.8 compared to 
corrugated ACTPol design

• Use parallel Markov chain Monte Carlo (MCMC) optimizations to 
minimize the difference between E-plane and H-plane beams within 
the Lyot stopàdesign a horn in just a few days



150/230 GHz Feedhorn Array

• Photonic choke on detector 
side to minimize leakage at 
mechanical coupling to the 
detectors
• Beam measurements with an 
ambient temperature vector 
network analyzer (VNA) are in 
good agreement with simulated 
beams from HFSS
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Multichroic Detectors

• Fully utilize array area using 150 mm wafers

• Each pixel has two frequencies with two 
polarizations each (4 detectors/pixel)

• Each detector is a transition-edge sensor 
(TES) bolometer

• Read out with time-domain multiplexing to 
reduce number of cryogenic wires

OMT



Current Status

• 28/41 GHz array is in development and 

slated to deploy in early 2018

• Two 90/150 GHz arrays will be deployed in 

spring 2017

• 150/230 GHz array deployed in August 

2016 and currently observing
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Polarization Leakage 
Estimation

• Model co- and cross-polar beams every 10 GHz across the 
observation bands in HFSS

• Estimate far field polarization signal and leakage beams accounting 
for Lyot stop and assuming a pair-differenced detector

• Average across each band

• Account for the rest of the ACT optics by scaling the width of the 
signal beam to the width of a Gaussian beam determined by Code V 
modeling

• Multiply the signal and leakage window functions by simulations of 
E-mode and B-mode power spectra to determine the leakage



MCMC Optimization
MCMC wrapper feeds  

profile into EM simulation 
program to determine 

beams

Determine integrated 
beam symmetry of 
profile across the 

observation band with 
~20 frequencies (penalty 

function)
New profile from MCMC 

code

Determine if random 
profile to passes criteria 
(avoids crashes and low 

efficiency horns)

Determine if profile has a 
lower penalty function 

than any profiles before

Fail



Design Process
• Use parallel Markov chain Monte Carlo (MCMC) optimizations 

to design a horn in just a few days
• MCMC minimizes the difference between E-plane and H-plane beams 

within the Lyot stop

• Use beam coupling efficiency as a selection criteria after MCMC

• Model the effects of the fabrication tolerances

• Model the feedhorn properties in HFSS

• Estimate the polarization leakages for pair-differenced 
detector

• HWP eliminates need for pair-differencing detectors and will thus will 
significantly mitigate polarization leakage

• Accounting for beam asymmetries in analysis can further mitigate 
leakage by an order of magnitude or more



Temperature to Polarization 
Leakage 230 GHz Band
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