
Cosmology Large Angular Scale Surveyor

Joseph Eimer for the CLASS Collaboration
Cosmology with the CMB and its Polarization

January 2015

CLASS



Scientific objectives

Inflation Reionization Galactic science



CLASS targets reionization and recombination 
peaks on both sides of the foreground minimum. 
Project Description
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The CLASS survey is uniquely de-
signed to measure the primordial B-
mode signal from both reionization
and recombination over a frequency
range straddling the foreground min-
imum. The figure gives the ` and
frequency range of current surveys
with forecasted r constraints similar
to CLASS. Top and side plots show
the B-mode angular power spectrum
and the frequency spectrum of polar-
ized dust and synchrotron (35). The
overlap between CLASS and surveys
with sensitivity at ` = 100 will provide
important cross-checks. CLASS and
the ACT survey are particularly com-
plementary with shared fsky = 0.5,
` = 2�10, 000, and ⌫ = 30�240 GHz;
together they are a class act!

modulator.) After the mirrors, the light enters the cryostat where infrared radiation is rejected by
filters and the remaining signal is focused onto the focal plane. The “focal plane”, consisting of an
array of feedhorn-coupled polarization-sensitive detectors, is continuously cooled to 100 mK by a
helium dilution refrigerator. Feedhorns and on-chip detector circuitry define polarized beams that
cleanly propagate through the telescope with high optical e�ciency. Two TESs detect the power
corresponding to the linear polarizations. The TESs are read out with time-domain Superconduct-
ing Quantum Interference Device (SQUID) multiplexors. The CLASS detectors are unique in the
field of CMB polarimetry in their combination of wide bandwidth, reproducibility, high-e�ciency,
out-of-band signal rejection, and overall control of systematics.

The Survey. To measure CMB polarization on the largest angular scales, CLASS must survey
a majority of the sky. By scanning the sky in large circles at a constant 45� above the horizon,
CLASS covers 70% of the sky (�73� < � < +33�).1 The circle scans cross-link one another so that
each point on the sky is observed with the telescope oriented and scanning at di↵erent angles. Such
cross-linking has been shown byWMAP, QUIET, ACT and other surveys to be highly advantageous
in rejecting systematic errors and reconstructing the large angular scale signals in the map-making
process. In addition to scan cross-linking, the bore-sight angle of the observations is rotated daily
by 15� to provide further systematics checks and to definitively break degeneracies when solving
for the polarization maps from the raw bolometer time streams.

The CLASS survey will begin with the 40 GHz telescope, which will be quickly followed by the
two 90 GHz telescopes and then ultimately the 150/220 GHz telescope. The total survey duration
is five years. CLASS will observe 24 hours per day, covering a full 75% of the survey area daily
(allowing for sun-avoidance). With this strategy, we will diagnose survey performance and check
for systematic e↵ects on timescales from days to years.

Figure 5 shows that CLASS is unique among B-mode experiments in that it is optimally po-
sitioned to cover the full `-range for primordial B-modes while observing at frequencies about the
minimum in the foreground spectrum. Importantly, having two 90 GHz telescopes allows for indis-
pensable systematic error checks and noise characterization in the CLASS band at the foreground
minimum. Without such checks CLASS’s unique e↵ectiveness at low-` would be greatly diminished.

1This fraction takes into account CLASS’s 20� field of view. A comparable survey at the South Pole would only
cover 38% of the sky.
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Large Angular ScalesCLASS: target the largest scales.

Sensitivity per    after 
foreground cleaning 

Large Angular Scales

Based on simulations, 
CLASS can detect r=0.01



CLASS: survey strategy
• Constant elevation scans will cover 

declination -78° < δ < +32° every day. 


• Cross-linked scans ensure every point in the 
survey is observed with the telescope 
oriented and scanning at different angles. 


• Boresight bearing will be stepped ~15° per 
day through a range of +/- 45°.


• Identical 90 GHz telescopes will be placed 
on different mounts to enable an entire suite 
of new cross-linking maps and systematics 
checks.

ACT

CLASS

Polarbear



CLASS: frequency coverage

• Four bands straddle galactic foreground 
minimum


• Each band optimized within an atmospheric 
window

4090
90

150&220



VPMprimary

secondary

HDPE lenses

Telescope NTES FWHM TES NEQ 
(μK √s)

Obs. Time 
(years)

Survey NEQ  
(μK arcmin)

40 GHz 72 1.5o 214 5.0 39
90 GHz 518 40’ 171 5.0 13
90 GHz 518 40’ 171 3.5 16
150 GHz 
220 GHz

2000 
2000

24’ 
12’

278 
820

3.0 
3.0

15 
43

Total 5108 10

CLASS: instrument implementation 
• Front-end polarization 

modulation - Variable-delay 
Polarization Modulator


• High efficiency optics and 
detectors. 


• Continuous operating dilution 
fridge with 70 mK base temp. 

200μm

2m

smooth walled feeds



High sensitivity achieved by 1000s of high efficiency, 
low-noise detectors operating continuously at 70 mK. 

Measured ~90% efficiency 

and linear response up to 

source temperatures of 7.6 K

Wollack et al. (in prep)
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CMB Simulation

Alignment errors, differential emissivity, Atmosphere + Differential Gain

Recovery WITHOUT modulation

and simple map-making

Front-end 8 Hz polarization modulation 
enables large-scale observation.

to measurements of the VPM, and the results are discussed in section 7.

2. The Variable-delay Polarization Modulator (VPM)

Wire     Grid
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θ
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g

Fig. 1. The VPM consists of a polarizing grid placed in front of and parallel to

a planar mirror. The polarization parallel to the grid wires is reflected by the

grid. The orthogonal linear polarization passes through the grid and is reflected

off the mirror. The two components are recombined at the output port with

a relative phase delay that is dependent upon the grid-mirror separation, d.

The wire grid spacing or pitch is indicated by g.

The VPM consists of a polarizing grid positioned parallel to and in front of a mirror. A

change in grid-mirror separation corresponds to a change in introduced phase between two

linear orthogonal polarizations. The device is show in Figure 1. Choosing coordinates such

that Stokes Q gives the difference between the polarization states parallel and perpendicular

to the VPM wires, the polarization transfer function can be expressed as

U ′ = U cos δ + V sin δ. (1)

Here U and U ′ are the input and output Stokes U parameter, and V is the input circular

polarization. Here δ is the electrical phase delay between the polarized component transmit-

ted by and that reflected by the grid upon recombination at the output port of the device.

This is the phase of interest when using the VPM as a modulator.

In the limit in which the wavelength is much larger than the length scales that characterize

the local grid geometry, the VPM phase is proportional to the path difference between the

two polarizations,

δ∞ =
4πd

λ
cos θ, (2)
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Miller et al. (in prep)
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and simple map-making

Front-end 8 Hz polarization modulation 
enables large-scale observation.
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40 GHz telescope headed to the Atacama!

40 GHz 
focal plane

90 GHz module

VPM

See Katie Harrington’s poster for many instrument details.



Summary

• CLASS surveys CMB polarization in the full range of multipoles where primordial 
B-modes might dominate over gravitational lensing.


• The survey is made possible through the utilization of front-end polarization 
modulation and high-efficiency optics and detectors.


• The CLASS strategy of large survey area and multi-frequency coverage will enable 
a detection of r down to r = 0.01 - even in the presence of galactic foregrounds. 


• In addition to Inflation science, CLASS will make a cosmic variance limited 
measurement of the E-mode spectrum on the largest scales and therefore improve 
constraints on the optical depth to reionization. 


• Site construction underway now — to be immediately followed by telescope 
deployment!



Site construction underway!

Thank you.

Cosmology Large Angular Scale Surveyor: Instrument Overview
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Telescope Band 
(𝑮𝑯𝒛)

Beam FWHM 
(𝒂𝒓𝒄𝒎𝒊𝒏)

𝑵𝑻𝑬𝑺 TES NEQ/U
(𝝁𝑲 𝒔)

Survey NEQ/U
(𝝁𝑲 𝒂𝒓𝒄𝒎𝒊𝒏)

Q 33-43 90 72 207 39
W1 77-108 40 518 171 13
W2 77-108 40 518 171 13
HF 127-163 24 2000 278 15

200-234 18 2000 820 43

CLASS Telescope Design

Introduction

CLASS Survey

The Cosmology Large Angular Scale Surveyor
(CLASS) is a four telescope array to map the
polarization of the cosmic microwave
background (CMB) over four frequency bands
at the largest angular scales. CLASS will search
for relic primordial gravitational waves (PGWs)
created during inflation through a
measurement of the low multipole moments,
ℓ, of the CMB polarization B mode power
spectrum. The figure on the right shows the
predicted CLASS sensitivity limit per ℓ,
accounting for realistic foreground cleaning. CLASS will make a detection of these PGWs if r, the
tensor-to-scalar ratio parameterizing their amplitude, is greater than 0.01. In addition, CLASS will
measure the low ℓ E mode power spectra to the cosmic variance limit and will further constrain
the redshift of reionization.

70% sky 
coverage

CLASS has four telescopes, one at
40 GHz (Q band), two at 90 GHz
(W band), and one with a high
frequency dichroic array at 150
and 220 GHz (HF). These
frequency bands span the
minimum of the polarized
galactic foregrounds, synchrotron
emission at low frequencies and
polarized thermal dust emission
at high frequencies. The right
panel of the figure to the right
shows the galactic foreground
spectrum and the CLASS band
coverage.

As shown in the top panel of the above figure, CLASS will observe
the B mode CMB polarization at large angular scales, where the
power from the PGWs dominates over the power from
gravitationally lensed signals. The CLASS frequency coverage and
ability to measure large angular scales is unique among the
currently planned CMB polarization experiments.

CLASS is sited in the Atacama desert in Chile, which will enable the daily observation of 70% of the
sky through constant elevation scans. This, combined with a 20° field of view and a rapid front-end
polarization modulator for stability, will allow CLASS to measure the largest angular scales possible
from with a ground based telescope.

UMWPE Window

~1 m

Secondary

Each CLASS telescope will use a
variable-delay polarization
modulator (VPM) as the first optical
element to modulate the incoming
polarization at about 8 Hz, much
faster than instrumental and
atmospheric drifts. The light is then
focused into the cryostat using two
aluminum mirrors, where it is filtered
and reimaged onto the focal plane
with two cryogenic lenses.3 Smooth-
wall feedhorns5 focus the light onto
polarization-sensitive detectors
made with TES bolometers.

CLASS uses feedhorn-coupled polarization-sensitive
detectors fabricated at the NASA Goddard Spaceflight
Center. A smooth-walled copper feedhorn and planar
orthomode-transducer (OMT) couple two orthogonal
polarizations onto planar microstrip transmission lines
on single crystal silicon. An integrated quarter-
wavelength backshort assembly completes the OMT
and protects against stray light leakage. The
monocrystalline silicon provides an extremely low loss
dielectric for the microwave circuitry. Detection bands
are defined by on-chip filters, after which the incident
polarizations are terminated onto two Mo-Au transition
edge sensors (TESs) with a transition temperature of
150mK.1 The CLASS detector architecture is unique for
its scalability, bandwidth and noise properties and the
Q-band detector optical efficiency, including filtering, is
measured to be 90%.4

The TES signals are amplified by cryogenic time domain
multiplexed SQUID electronics fabricated by NIST, which are read
out at 300 K by a Multi-Channel Electronics (MCE) module from

The assembled CLASS Q 
Band Focal Plane

A CLASS W Band Wafer 
module

the University of British Columbia.

In the Q band focal plane, each
individual pixel, with two TESs for
the two different polarizations, is
fabricated individually (shown
above). The W band detectors are
fabricated on seven hexagonal
monolithic modules with 37 dual-
polarization detectors each.6

Each CLASS telescope uses a variable-delay polarization
modulator (VPM) as the first optical element. The VPM
uses a stationary wire grid in front of a moveable mirror
to rapidly modulate the incoming polarization. The grid-
mirror distance creates a phase delay between
polarization parallel and perpendicular to the wire grid.
Changing the grid-mirror distance modulates one linear
polarization state into circular polarization and vice
versa.2

This rapid modulation significantly increases the stability
of the instrument by enabling the rejection of long time
scale drifts in the system. The CLASS VPMs will modulate
the polarization at about 8 Hz, well about the rate of
instrumental and atmospheric drift. As shown below,
without the stability provided by the VPM, CLASS would
not be able to measure polarization on large angular
scales.

In addition, locating the VPM as the first optical element
in the telescope significantly reduces the effects of
instrument polarization because instrumental
polarization is unmodulated.

Recovered polarization 
with modulation

1.5µK-1.5µK 1.5µK-1.5µK 1.5µK-1.5µK

Input polarization map Recovered polarization 
without modulation

After the VPM, two warm aluminum mirrors focus the light into the
cryostat. Inside the cryostat, filter arrays at 60, 4, and 1 K are used to
remove IR radiation which would otherwise increase detector
loading. These filter stacks include reflective metal-mesh,
polytetrafluoroethylene (PTFE), and nylon filters. Two high-density
polyethylene (HDPE) lenses at 1 and 4 K are used to refocus the light
onto the focal plane.4

The HDPE lenses, PTFE filters, and nylon filter are all antireflection
coated using simulated dielectrics, where subwavelength features
are machined into the surfaces of the optical elements to create a
layer of lower average mean density and index of refraction. This
technique enables precise tuning of the antireflection coating layer
for optimum transmission. In addition, since the antireflection layer
and the optical elements are part of the same bulk material, these
antireflection coatings can survive cryogenic cycling indefinitely.

The CLASS Q Band HDPE 
1K Lens

A CLASS Q Band Metal-
mesh filter

A close-up of the 
simulated dielectric 
anti-reflection coating 
on the CLASS Q Band 
HDPE 1K lens.

CLASS uses two elevation-over-
azimuth mounts with two co-pointed
telescopes on each mount. The
mounts include a boresight rotation
bearing that will rotate the entire
telescope assembly about the optical
axis ±45°. The boresight rotation
angle is stepped daily by 15°.

The CLASS cryogenic receivers, built by BlueFors, use horizontal
dilution refrigerators (DRs) that can operate even while tilted.
The receivers have pulse-tube cooled 60 K and 4 K stages and
DR cooled 1 K and 100 mK stages.

1Appel, J., et al. Proc. SPIE, 9153 (2014)
2Chuss, D., et al. Appl. Opt, 51, 197 (2012)
3Eimer, J.R., Bennett, C.L., Chuss, D.T., et al. Proc. SPIE, 8452 (2012) 
4Essinger-Hileman, T., et al. Proc. SPIE, 9153 (2014)
5Zeng et al. IEEE Trans. on Int. and Prop. 58, (2010)
6Rostem, K., et al. Proc. SPIE, 9153 (2014)


