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Abstract. An analysis of systematic errors for polarbear, an upcoming CMB polarization
experiment, is presented. The primary focus is on distortions of polarization that occur due
to optics and detector non-idealities. In particular, cross-polarization which mixes E- and Bmode polarization, and instrumental polarization which converts intensity to polarization are
discussed in detail. Requirements for probing to a tensor-to-scalar ratio of 0.01 are compared
to predictions for polarbear. Systematic error mitigation using a half-wave plate is discussed.
Finally, the design of the polarbear telescope/shields and their sidelobe performance are
presented.

1. Introduction
The characterization of the Cosmic Microwave Background (CMB) temperture anisotropies has
proceeded in stages. First, there were a series of ground and balloon experiments that progressed
in both sensitivity and control of systematic errors. The culmination of these developments is the
WMAP experiment and the upcoming Planck experiment. For CMB polarization experiments,
we are following a similar path where a series of ground and balloon experiments are being

Parameter
Cross-pol (0-pole, rotation)
Cross-pol (quadrupole, feed)
Cross-pol (dipole, optics)
Instr-pol (0-pole, diff-gain)
Instr-pol (mono, diff-size)
Instr-pol (dipole, diff-point)
Instr-pol (quad, diff-ellip)
Pointing Error on Q/U
Sidelobe levels

Weiss
0.2◦
0.003
0.003
10−5
NA
0.1##
10−4
NA
10−6

PB req.
0.2◦
<0.03
<0.03
10−4
10−2
0.5##
10−2
12##
10−6

PB design
few deg.
0.01
0.01
10−2
< 10−1
< 25##
< 0.1
10##
10−8

mitigation
calib.
small beam
small beam
HWP, sky rot
HWP, sky rot
HWP, sky rot
HWP
none
region/time

w/mitigation
0.2◦
no change
no change
10−4
< 10−3
0.3##
10−3
no change
no change

Table 1. polarbear Systematic Control Requirements for r = 0.01. The parameter column
describes the type of effect and its source. Cross-pol converts E modes to B modes, whereas
instrumental-pol converts intensity to polarization. For beam effects, the shape of the beam
error is described. 0-pol refers to the entire beam, monopole to an azimuthally symmetric that
is shaped differently from the main beam such as an annulus. Dipole and quadrupole are onefold and two-fold symmetric. The second column gives the requirement for the parameter set
by the Weiss committee[2] to detect the gravitational-wave signal with r = 0.01. The third
column gives the requirement fro polarbear. These come from either the Wiess committee
requirements, those modified by factors from Hu et al.[3], from Milleret al.[4], or from the EPIC
report.[5].
developed with increasing sensitivity and control of systematic errors. The culmination of these
efforts will likely be a space mission.
This proceedings paper describes the polarbear experiment which has been designed to
take a step forward in scanned bolometer-array experiments. polarbear has been described in
Tran et al..[1] polarbear is based on an off-axis 3.6-meter diameter telescope which produces
a 4# beam at 150 GHz. The optics include an ambient temperature primary and secondary
mirror, three cold reimaging lenses, and a cold half-wave plate. The bolometer array will have
1274 bolometers in a 2.4-degree diameter field-of-view. In the first configuration, all bolometers
will be at a single frequency for simplicity, but future versions will have multiple simultaneous
frequency bands.
2. Instrumental errors that convert E-modes to B-modes
2.1. Cross-polar response
An experiment that is designed to measure a linear polarization will have a small spurious
response to the orthogonal polarization and this effect is referred to as cross-polar response.
Cross-polar response is instrinsically a rotation of polarization by the instrument. There are
several possible sources of cross-polar response in polarbear including the focal plane feeds,
lenses, half-wave plate, and telescope mirrors.
An important characteristic for all spurious optical polarization effects is their spatial pattern
on the sky. The simplest case is when the effect is constant over the beam on sky, but many
effects give a pattern that varies on the sky. The spatial beam pattern on the sky can be
described using multipoles with a constant pattern across the telescope beam described by a
zeroth pole, an azimuthally symmetric pattern as a monopole, a dual-lobe pattern as a dipole,
and so on.
The polarbear optical chain which includes two mirrors, three lenses, a half-wave plate,
and low-pass filters will introduce cross-polar response. The zeroth-pole component could be as
large as several degrees. The zeroth-pole cross-polar response from the optics is degenerate with

Beam Effects

Figure 1. Diagrams of spurious polarization differential beam effects. The first describes the
effect of different beam size for the two bolometers in one pixel. The difference beam has an
annular shape and is labelled as a monopole in shape. Differential pointing, ellipticity, and gain
have dipole, quadrupole, and zero-pole shapes respectively.
uncertainty in the angle of the detector system with respect to the sky. To control systematic
errors due to this unknown polarization rotation angle, this angle has to be measured with
an accuracy of 0.2◦ according to the Weiss report[2] in order to measure gravitational wave
B-modes to r = 0.01 with systematic errors of 10%. polarbear will use two calibrators, one
near-field receiver calibrator based on a rotating tilted dielectric and a far-field calibrator based
on a coherent source.
In polarbear, polarization separation is done in the focal plane where each pixel has two
orthogonally polarized planar antennas underneath a single contacting lens. The zeroth-pole
cross-polar response is theoretically zero due to the symmetry of the antenna. The crosspolar response of these pixels has a spatial pattern resembling a cloverleaf (quadrupole) with
polarization rotated in each leaf with the sign of the rotation alternating from each adjacent
leaf. The peak cross-polar response in the polarbear pixels is roughly -20 dB compared to
the peak co-polar response[6]. The lens has to be mechanically aligned to the antenna to less
than λ/10 to obtain this performance. This alignment is made using lithographically defined
depressions in a silicon lens-mounting wafer and optical alignment of the lens-mounting wafer
to the detector wafer.
Other elements in the optical chain contribute dipole and quadrupole cross-pol terms
including the lenses, telescope, and half-wave plate. The dominant term is a dipolar term
from the telescope that peaks at the edge of the focal plane with an amplitude of ∼ -20 dB.

A dipole or quadrupole cross-polar pattern couples to high-" polarization anisotropy. For
polarbear’s 4# beam size, the cloverleaf pattern couples to " > 2000 where the E-mode
anisotropy power is low. The coupling of a dipole or quadrupole cross-polar response sets a
criterion that is a factor of 10 to 100 less stringent than that from the cross-pol of the entire
beam.[3] It is important to note that a rotating half-wave plate does not mitigate cross-polar
response.
2.2. Pointing Errors
Pointing errors on Q and U convert E-modes to B-modes since polarization signals are misassigned to the wrong position on the sky which changes the polarization pattern. Differential
pointing errors between the two polarizations are discussed separately below. Pointing errors
on Q and U do not convert intensity to polarization. The Weiss committee did not set
a specification on absolute pointing error, only relative error between the two differential
polarization measurements. The EPIC comprehensive study with a very similar primary
aperture size to polarbear set a specification of 12## [5]. polarbear’s pointing accuracy
specification is better than 10## .
3. Instrumental errors that convert intensity to polarization
3.1. Instrumental Polarization
Instrumental polarization refers to the spurious generation of polarized light from unpolarized
light. Instrumental polarization is caused by oblique reflection from metal surfaces and refraction
through an oblique interface in the absence of a perfect anti-reflection coating.
In polarbear, the telescope and lenses have zero-pol instrumental polarization levels of
10−3 and 10−2 , both of which exceed the Weiss Committee requirement of 10−4 to search
for gravitational wave signals with r = 0.01. The requirement is so stringent because the
temperature anisotropies are much larger than the B-mode signal. In polarbear, the halfwave plate and sky rotation are used to mitigate the effects of instrumental polarization. The
half-wave plate in polarbear is located on the sky side of all the lenses in the receiver and
therefore averaging signals over multiple positions of the waveplate averages down polarized
signals generated by the lenses. Instrumental polarization in the two telescope mirrors is
mitigated by rotation of the sky. Finally, if the orientation and magnitude of the zero-pol
instrumental polarization is measured using an intensity source, then the contamination can be
compensated for by use of temperature anisotropy measurements by polarbear.
3.2. Differential Beam Errors
A polarization measurement is made by effectively differencing two measurements, even with
a rapidly rotating half-wave plate, and differences in the shape of the beams used for these
measurements leads to an effective instrumental polarization.
The first implementation of polarbear will have a drive mechanism for the half-wave plate
that allows both stepped and continuous motion. In the stepped half-wave plate case, two
detectors that are sensitive to orthogonal linear polarizations are differenced. In this case,
any difference in the shape and/or position of the beams or a difference in calibration leads
to an effective instrumental polarization. Beam size, pointing, or ellipticity differences lead to
instrumental polarization with a monopole (annulus in the this case), dipole, or quadrupole
respectively. By averaging data with two half-wave plate positions 45 degrees different, the role
of the two detectors is exchanged and the effect of the instrumental polarization is nulled. Ideal
cancellation requires equal data weight in the two orientations and the same sky rotation angle.
Continuous half-wave plate rotation also mitigates instrumental polarization. In this case, each
detector measures the multiple polarization states while the beam shape does not change to a
large degree.

Instrumental polarization due to differential beam shape and pointing errors has been
examined in detail by Shimon et al.[7] and Miller et al.[4]. They explore the level of systematic
error as a function of " and the error and bias in measuring cosmological parameters for several
experiments including polarbear. As would be expected, Shimon et al. find that the level
of systematic error due to instrumental polarization depends on the beam size in the case of
differential ellipticity and pointing error (as a fraction of the beam size). The level of systematic
is reduced by four orders in magnitude in power ("("+1)C! ) at " = 100 for a beam of 5# compared
to a beam of 56# . Also, the level of beam ellipticity can be orders of magnitude larger while
holding the level of temperature leakage constant for the smaller beam compared to the larger
beam. The effect of monopole beam size differences will depend directly on beam size in a
similar way.
Miller et al. calculate the error and bias on cosmological parameters due to beam shape
and pointing errors. For instrumental polarization induced by differential gain, beamsize, and
pointing they find that the effect cancels if each pixel is measured with a uniform distribution
of polarization angle. This can be accomplished by scanning the pixels from many directions
using a fixed-polarization instrument such as Planck case or by using a polarization modulator
such as half-wave plate as in polarbear. Differential ellipiticy is also cancelled by a rotating
half-wave plate but not in general for rotation of the instrument or change of the scan direction.
This difference is due to the fact that the half-wave rotates the polarization without rotating
the optical beam, whereas for instrument rotation and scan orientation changes the beam and
polarization remain fixed with respect to each other.
3.2.1. Stepped versus continuous half-wave plate For polarbear, we expect differential gain
variations at the percent level, differential beamsize at the few percent level, differential ellipticity
at the 10% level, and differential pointing at ∼ 10## . All of these set stringent limits on the
uniformity of the polarization angle. We are developing detailed simulations of our observation
strategy which will allow us to assess quantitatively the level of cancellation we will observe
with the experiment. One of the advantages of the continuous versus stepped half-wave plate
drive is that the continuous drive will give nearly perfect polarization angle uniformity, wheras
the stepped drive will rely on accurate weighting of the data in the presence of e.g. variable
loading from atmospheric opacity variations and elevation changes. A rough estimate for scan
non-uniformity in the stepped half-wave plate case is that 1% of the data will be distributed
anisotropically, and the values in the last column in table 1 are calculated with this assumption
using the results of Miller et al.[4].
A continuous half-wave plate may also reject unpolarized emission from the atmosphere better
than a stepped half-wave plate, since in the stepped case the beams that are differenced come
from two different antennas (in polarbear) within the same pixel. Slight beam separation at
the altitude of the emitting atmospheric layers will lead to a loss of common-mode rejection of the
atmosphere. In contrast, the optical beam remains largely constant for all polarization angles for
a single antenna observing through a continously rotating half-wave plate. One concern is that
there will be an effective instrumental-polarization effect from the fact that there will be halfwave plate angle dependent reflections at the surfaces of the plate even with an anti-reflection
coating. However, Matsumura calculates this effective instrumental polarization to be 3 × 10−7
at 150 GHz for a 5-plate achromatic half-wave plate with no anti-reflection coating.[8] The effect
will be subdominant to the effect of instrumental polarization coming from the mirrors on the
sky side of the half-wave plate. Also, this effect will be greatly reduced with an anti-reflection
coating.

4. Sidelobes
Sidelobe response refers to off-axis optical response of the telescope, and when the sidelobes
scan across high-contrast objects such as the sun, moon, galaxy, and horizon spurious signals
are generated. Low sidelobe response was one of the characteristics that dictated the choice of
the polarbear optical design which is an off-axis gregorian Dragone with high inner and outer
ground shields. The sidelobe response of the basic two-mirror telescope without shields or lenses
was calculated using the GRASP8 electromagnetic simulation software package and shown in
figure 2. The maximum sidelobe level is -80 dB which satisfies the Weiss committee requirement
of -60 dB.
The outer groundshield configuration for polarbear is shown in figure 4. The shields are
designed to allow the telescope to observe down to 40 degrees in elevation while at the same
time the shield prevents the top of the primary mirror from seeing the ground including nearby
peaks. The angle of the groundshield walls was selected such that the telescope sees only the
sky in reflection. The outer shield is designed using curved segments such that the horizontal
cross-section is a circle. This design greatly reduces scan-synchronous signals compared to a
shield with straight segments. The inner ground shield is fixed to the telescope and it reduces
the sidelobe response to objects above the outer groundscreen at azimuth values away from the
main beam. It also blocks light that spills over the secondary mirror in the reverse time sense.
We also simulated the effects of scattering at the receiver window and the results are shown
in figure 5. The inner shield prevents any of the scattered light from window (in the reverse
time sense) from reaching the ground. There is a broad diffuse sidelobe that looks at the sky.
The integrated power is less than 1% of the integrated main beam.

Figure 2. Sidelobe response of the polarbear telescope calculated with GRASP8. The source
of each sidelobe is indicated on the figure.

Figure 3. CAD drawing of the polarbear telescope with inner shields. The shielding of
spillover from the secondary in the reverse time sense can be seen in this perspective.

Figure 4. Drawing of the polarbear telescope with inner and outer groundshield. The outer
shield restricts the elevation range of the main beam to above 40 degrees. The height of the
shield is chosen so that the top of the primary can not see any nearby peaks. The telescope
can only see the sky in reflection from the ground shield and not the ground. The inner shield
reduces sidelobes toward objects above the outer shield for azimuths away from the main beam.

Figure 5. Inner shield model and simulation of light scattering from the cryostat window. A
broad diffuse sidelobe exists on the upper hemisphere (sky), but the ground is strongly rejected.
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