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ABSTRACT

The Cosmology Large Angular Scale Surveyor (CLASS) telescope array surveys 75% of the sky from the Atacama
desert in Chile at frequency bands centered near 40, 90, 150, and 220 GHz. CLASS measures the largest-angular-
scale (θ & 1◦) CMB polarization with the aim of constraining the tensor-to-scalar ratio, r, measuring the optical
depth to reionization, τ , to near the cosmic variance limit, and more. The CLASS Q-band (40 GHz), W-band
(90 GHz), and dichroic high frequency (150/220 GHz) telescopes have been observing since June 2016, May
2018, and September 2019, respectively. On-sky optical characterization of the 40 GHz instrument has been
published. Here, we present preliminary on-sky measurements of the beams at 90, 150, and 220 GHz, and
pointing stability of the 90 and 150/220 GHz telescopes. The average 90, 150, and 220 GHz beams measured
from dedicated observations of Jupiter have full width at half maximum (FWHM) of 0.615±0.019◦, 0.378±0.005◦,
and 0.266 ± 0.008◦, respectively. Telescope pointing variations are within a few % of the beam FWHM.

Keywords: Cosmic microwave background, telescope, optics, polarimeter

1. INTRODUCTION

The Cosmology Large Angular Scale Surveyor (CLASS) is designed to measure the polarization of the CMB
at large angular scales1,2 enabled by rapid front-end polarization modulation3 and a scanning strategy allowing
adequate cross-linking.4 Observing over 75% of the sky in multiple frequency bands centered near 40, 90, 150,
and 220 GHz from a high altitude site in the Atacama desert in Chile, CLASS will be sensitive to both the
recombination and reionization5 signatures in the B-mode signal associated with primordial gravitational waves
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from inflation. The large angular scale E-mode measurement will improve constraints on the optical depth to
reionization,6 which will break degeneracies in cosmological parameters, specifically on measurements from small-
angular-scale CMB polarization of the sum of neutrino masses.7 The 40 GHz telescope8,9 has been observing
since June 2016, while the 90 GHz telescope achieved first light in May 201810 and is currently being upgraded.
A third telescope housing a dichroic receiver sensitive to both 150 and 220 GHz frequency bands11 (henceforth
referred to as HF) began observations in September 2019. Another telescope at 90 GHz is planned.

The optical characterization of the CLASS 40 GHz telescope during the first two years of its operation
(“Era 1”) was described by Xu et al.12 In these proceedings, we present preliminary measurements of the
90 GHz and HF telescope pointing stability over several months during the 2020–2021 observing season. We
also present preliminary on-sky measurements of the instrument beam in intensity at 90, 150 and 220 GHz made
from dedicated planet observations. Characterization of far sidelobes, constraints on instrumental temperature-
to-polarization leakage, polarization angle calibration, and beam window functions will be discussed in a future
paper.

This paper is organized as follows. The CLASS instrument and survey scan strategy, including telescope
configuration, observing modes, and data used in this analysis are described in Section 2. Preliminary pointing
stability of the 90 GHz and HF telescopes is presented in Section 3. In Section 4, preliminary beam measurements
are presented. Finally, we summarize in Section 5.

2. INSTRUMENT & OBSERVATIONS

A schematic of the 90 GHz CLASS telescope is shown in Fig. 1 with corresponding ray-trace and main components
rendered. The optical design is similar to the design of the 40 GHz telescope.13 The first optical element in
the path of the sky signal is the variable-delay polarization modulator (VPM),3,13,14 which modulates the
polarized signal at 10 Hz before potential instrument-induced polarization signals. This front-end modulation
to frequencies higher than atmospheric and instrumental drifts enables recovery of the largest angular scale
modes while suppressing temperature-to-polarization leakage from atmospheric signals, which is key to achieving
the science goals of CLASS. The fore-optics comprising the primary and secondary mirrors produce an image
of the cold stop near the central portion of the VPM, which is 60 cm in diameter. An ultra-high molecular
weight polyethylene vacuum window on the cryogenic receiver followed by a stack of infrared (IR)-blocking
filters1,15 allow microwave light to enter the receiver while keeping out infrared radiation. The 60 cm VPM
is significantly under-illuminated. This minimizes edge effects that could produce unwanted sidelobes. Two
high-density polyethylene (HDPE) lenses re-image the light from each field onto the focal plane with an effective
f/∼ 1.8. The HF telescope optics and receiver design is conceptually similar; however, it employs silicon instead
of HDPE lenses. The HF infrared filtering scheme is also different (see Iuliano et al.15).

The focal planes of the 90 GHz and HF telescopes consist of seven and three detector modules, respectively.
Each 90 GHz module has 37 smooth-walled feedhorns10,16 that couple the incoming light to microfabricated
antenna probes on a 100 mm planar detector wafer.17 Each HF module has 85 smooth-walled feedhorns.11

The feeds are hexagonal close packed. The 90 GHz feeds are individually assembled whereas the HF feeds are
fabricated in array format.18 The 90 GHz telescope’s field-of-view (FOV) is approximately 23◦ in diameter, while
the FOV of the HF telescope is approximately 18◦ in diameter. Each pixel is sensitive to both orthogonal states
of linear polarization enabled by an orthomode transducer (OMT) on the detector wafer. Each pixel has two
transition-edge sensor (TES) bolometers for measuring the power in both polarization states. The focal plane
is cooled to ∼ 50 mK by a dilution refrigerator.15 The on-sky receiver performance at all four frequencies is
presented in Dahal et al.19

A three-axis mount, shown in Figure 2, points the 90 and 40 GHz telescopes. A second identical mount
supports the HF telescope. The two mounts can rotate in azimuth, elevation, and boresight independent of
each other. During CMB observations, the mounts nominally rotate 720◦ in azimuth at a fixed elevation of
45◦, before reversing and scanning in the opposite direction, thus scanning the sky in large circles. During the
majority of CMB observations, the telescope scanned in azimuth at 2◦/s. During the day, the telescope boresight
is restricted to point at least 20◦ away from the Sun, increasing the frequency of scan direction reversals and
reducing the azimuthal range from the nominal 720◦. The telescopes observe ∼ 75% of the sky every day.
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Figure 1. Ray-trace schematic of the 90 GHz telescope showing the major optical components. Color-coded rays from a
selection of feedhorns illustrate the marginal light path and field-of-view of the telescope. The VPM is the first optical
element in the path of the incoming light through a co-moving baffle. The co-moving baffle comprises a “cage” structure
(see Figure 2), which houses the fore-optics and the receiver, and a “baffle extension.” The solid black line shows the
boresight pointing. Stray light is terminated on blackened interiors of the baffle. The mirrors image the cold stop onto the
central part of the VPM. High density polyethylene (HDPE) lenses focus the light onto feedhorn-coupled dual-polarization
detectors. Seven detector modules, each comprising 37 pixels, constitute the focal plane array. The HF telescope optical
design is conceptually similar; however, it employs silicon instead of HDPE lenses. The HF focal plane consists of three
detector modules, each comprising 85 pixels.
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Figure 2. Photos of the telescope mount showing the seven boresight rotation angles. This rotation keeps the telescope
boresight pointing unchanged while rotating the detector antenna orientation on the sky in steps of 15◦ within a 90◦

range, thus enabling measurement of the polarization signal projected onto different orientations.

Complete measurement of Stokes Q and U is enabled by daily rotations of the telescope boresight platform,
which rotate the orientation of the detector polarization on the sky. The rotation about the boresight spans 90◦

as depicted in Fig. 2, cycling through angles −45◦, −30◦, −15◦, 0◦, 15◦, 30◦, 45◦ each week. This scan strategy
enables cross-linking on different time scales with each pixel on the sky being observed with different scanning
directions and detector orientations.
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Figure 3. Deviations from the W-band pointing model in arcminutes for telescope azimuth, elevation, and boresight
rotation angle over the period of July 2020 through April 2021. Different telescope boresight angles ranging from −45◦

to +45◦ are highlighted in a rainbow color pattern. Diamonds represent deviations inferred from dedicated scans , and
tri-left markers from survey scans . Only those survey scans where at least 100 detectors see the Moon are used to derive
pointing information. Each data point corresponds to pointing deviation inferred from all detectors that see the Moon
during that dedicated / survey scan combined. Deviations are inferred separately from scans conducted during the Moon
rising and setting, when available. The gray vertical line highlights the start date of a new pointing correction model
based on a series of dedicated scans .

Calibration campaigns are periodically undertaken, in which dedicated observations of bright sources, namely,
the Moon, Jupiter, and Venus are performed. Moon scans are used for pointing calibration, whereas planet scans
are used for beam characterization since the bright signal from the Moon saturates many of the detectors. The
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Figure 4. Deviations from the HF pointing model in arcminutes for telescope azimuth, elevation, and boresight rotation
angle over the period of January through May 2021. Different telescope boresight angles ranging from −45◦ to +45◦

are highlighted in a rainbow color pattern. Diamonds represent deviations inferred from dedicated scans , and tri-left
markers from survey scans . Only those survey scans where at least 100 detectors see the Moon are used to derive pointing
information. Each data point corresponds to pointing deviation inferred from all detectors that see the Moon during that
dedicated / survey scan combined. Deviations are inferred separately from scans conducted during the Moon rising and
setting, when available. The gray vertical line highlights the start date of a new pointing correction model based on a
series of dedicated scans .

planets are essentially point sources given the instrument beam size at all frequencies. During each calibration
run, the telescope scans across the source back and forth azimuthally, maintaining a constant elevation and
allowing the source to drift through the FOV in elevation. For the remainder of the paper, a “scan” in the
context of pointing calibration and beam characterization refers to a set of continuous sweeps conducted across
a source as it rises or sets through the array. Scans performed with different boresight rotations help improve
the sampling of the spatial beam and provide information about the offset of the center of the array which would
otherwise be degenerate with the boresight pointing. In addition to these dedicated scans , the telescopes scan
over the Moon during CMB observations (henceforth referred to as survey scans). The dedicated scans are used
for updating the pointing model while the survey scans are only used for tracking pointing deviations from the
last updated model, because the Moon sampling is sparse in such scans.

3. POINTING

The raw time-ordered data from the dedicated scans are calibrated,20 filtered, and downsampled. Moon-centered
intensity maps are then generated for each individual detector, which are fitted with two-dimensional Gaussian
profiles to provide the pointing model. Details of the data processing will be described in a future paper. The
pointing model is updated using the data from each calibration run. The pointing deviations with respect to
the model in telescope azimuth, elevation, and boresight angle as a function of time over a representative period
of several months during the 2020–2021 observing season are shown in Figures 3 and 4 for 90 GHz and HF,
respectively. The vertical gray lines indicate updates to the pointing model. The mean offset from model and
standard deviations of the 90 GHz telescope pointing over this period of several months are 0.1′±1.4′, 0.4′±1.3′,
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Figure 5. Average instrument beams. Preliminary peak-normalized beam maps out to 4◦ in radius at 90 GHz (left
panel) and 2◦ in radius at 150 and 220 GHz (middle and right panels, respectively) obtained by coadding 209, 385, and
208 average per-detector beam maps at 90, 150, and 220 GHz, respectively. The color bar scale is logarithmic from 1 to
10−3, and linear from 10−3 to −10−3 in order to display negative values. The map has a resolution of 0.05◦.

and 0.4′ ± 1.7′ in azimuth, elevation, and boresight rotation angle, respectively. Similarly, the mean offset from
model and standard deviations of the HF telescope pointing are 0.6′ ± 0.9′, −0.5′ ± 1.0′, and −0.6′ ± 1.6′ in
azimuth, elevation, and boresight rotation angle, respectively.

4. BEAMS

Dedicated scans of Jupiter performed around the time of the Earth’s closest approach to Jupiter and during
good weather conditions at the telescope site are used to measure the angular response of the detectors on the
sky. Each dedicated scan spans approximately two hours and consists of multiple passes over the planet. The
detectors are tuned prior to each scan. For each detector and its corresponding pointing offset, we define a
coordinate system centered at the detector, with the y-axis pointing along the local meridian in the receiver
coordinate system, which is a spherical coordinate system with array center located at zero longitude on the
equator. Using the data from each scan, a per-detector planet map is generated out to a radius of 4◦ and
evaluated on criteria such as signal-to-noise ratio (S/N ) and root-mean-square (rms) noise. Only maps meeting
certain quality thresholds are retained. Details regarding these selection criteria will be described in a future
paper. The retained maps are averaged per detector with S/N -weighting to generate average per-detector beam
maps. A total of 319, 389, and 211 detectors at 90, 150, and 220 GHz, respectively, detected the signal from
Jupiter.19 For each detector, we define an effective beam full width at half maximum (FWHM) as

σeff =

√
2
σ2

maj × σ2
min

σ2
maj + σ2

min

(1)

where the FWHM of the beams along the major and minor axes σmaj and σmin are obtained from a two-
dimensional Gaussian fit to the average per-detector beam maps.

The per-detector averaged maps are then S/N -weighted and co-added to generate the effective instrument
beam map. When co-adding, we excluded detectors with (1) low end-to-end optical efficiency, (2) highly eccentric
beams, or (3) an out-of-range voltage bias for the majority of planet scans. In total, the above selection criteria
resulted in 209, 385, and 208 per-detector beam maps being averaged to generate the effective instrument beam
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Figure 6. Beam profiles. Azimuthally averaged 90 (red squares), 150 (blue circles), and 220 (orange triangles) GHz
preliminary beam profiles out to 3◦. The errorbars represent 1σ uncertainties.

maps at 90, 150, and 220 GHz, respectively, as shown in Fig. 5. Due to the left-right symmetry of the optics,
averaging per-detector maps from across the focal plane circularizes the instrument beam map. Additionally,
boresight rotation and observations of the same point rising and setting (i.e., sky rotation) further ensure that
the effective beam for CMB observations is nearly circular. Data from the seven boresight orientations contribute
with nearly equal weights to the survey map. Therefore, we approximate our effective beams by azimuthally
averaged radial beam profiles as shown in Figure 6.

5. SUMMARY

In these proceedings, we presented measurements of the 90 GHz and HF telescope pointing stability over several
months during the 2020–2021 observing season. The telescope pointing offset from model and pointing uncer-
tainties in azimuth, elevation, and boresight rotation angle are on the order of a few percent of the respective
beam FWHM. We also presented preliminary measurements of the 90, 150, and 220 GHz average instrument
beam in intensity using dedicated planet observations. The measured effective beam FWHMs are 0.615±0.019◦,
0.378 ± 0.005◦, and 0.266 ± 0.008◦ at 90, 150, and 220 GHz, respectively. Other studies related to pointing,
beams and optical characterization will be discussed in a future paper.
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Marriage, T. A., Núñez, C., Osumi, K., Padilla, I. L., Petroff, M. A., Rostem, K., Valle, D. A. N., Watts,
D. J., Weiland, J. L., Wollack, E. J., and Xu, Z., “Calibration of TES bolometer arrays with application to
CLASS,” arXiv e-prints , arXiv:2205.06901 (May 2022).

10


	1 INTRODUCTION
	2 INSTRUMENT & OBSERVATIONS
	3 POINTING
	4 BEAMS
	5 Summary

