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ABSTRACT

The BICEP3 and BICEP Array polarimeters are small-aperture refracting telescopes located at the South Pole
designed to measure primordial gravitational wave signatures in the Cosmic Microwave Background (CMB)
polarization, predicted by inflation. Constraining the inflationary signal requires not only excellent sensitivity, but
also careful control of instrumental systematics. Both instruments use antenna-coupled orthogonally polarized
detector pairs, and the polarized sky signal is reconstructed by taking the difference in each detector pair. As
a result, the differential response between detectors within a pair becomes an important systematic effect we
must control. Additionally, mapping the intensity and polarization response in regions away from the main
beam can inform how sidelobe levels affect CMB measurements. Extensive calibration measurements are taken
in situ every austral summer for control of instrumental systematics and instrument characterisation. In this
work, we detail the set of beam calibration measurements that we conduct on the BICEP receivers, from deep
measurements of main beam response to polarized beam response and sidelobe mapping. We discuss the impact
of these measurements for instrumental systematics studies and design choices for future CMB receivers.
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1. INTRODUCTION

The Cosmic Microwave Background offers a unique window on the early Universe. Emitted just 380,000 years
after the Big Bang at a time when photons were able to travel freely for the first time, the temperature and
polarization of this first light are a prime source of information to constrain cosmological models. The CMB has
a uniform average temperature of 2.725K,1 and fluctuations in CMB temperature at the level of ∼ 100µK2 probe
the density fluctuations in the early Universe. The polarized CMB signal can be divided into curl-free fluctuations
(E modes) that also probe density fluctuations at the level of ∼ 5µK,3 and divergence-free fluctuations (B modes)
that probe tensor fluctuations in the early Universe. Tensor fluctuations seeded by inflation4 are much fainter
than E modes, and their amplitude is parameterized by the tensor-to-scalar ratio r. Detection of excess power
in the CMB polarization spectrum in the form of B modes would constitute strong observational evidence of
inflation. The most sensitive constraint to date is r < 0.036 at 95% confidence level with σ(r) = 0.009, set using
data from the BICEP/Keck series of experiment up to the 2018 observing season (hereafter refered to BK18).5

Constraining r is extremely difficult due to how faint B-mode fluctuations are compared to E modes and
other sources of celestial polarization like CMB lensing and Galactic foregrounds. The BICEP36 and BICEP
Array7 (BA) polarimeters located at the South Pole are specifically designed to measure the B-mode signature in
the CMB. The exceptionally stable atmospheric conditions allow for deep CMB observations during the majority
of the year. With a small-aperture, on-axis refractive design, BICEP receivers search for primordial B modes
at degree angular scales - the predicted peak of the B mode power spectrum.8 Both BICEP3 and BA use
transition-edge sensor (TES) bolometers cooled to 250 mK as detectors and optical elements that are cooled
down to cryogenic temperatures to minimize internal load. To measure polarization with high accuracy, TES
are coupled to a dual-slot antenna array, effectively arranging them in orthogonal and co-located detector pairs.
In addition, to minimize beam systematics for pixels near the edge of the supporting frame that houses the
detectors, the corrugated frame design is used.9 In this paper, we will refer to the orthogonal detectors in
each pair as V (for vertical) and H (for horizontal) detectors (where V⊥H). BICEP3 and BA are mounted on
three-axis mounts allowing movement in azimuth, elevation, and boresight angle (illustrated in Figure 1), since
observations at different boresight angles are essential in reconstructing the polarized sky signal.

To get a sensitive measurement of the tensor-to-scalar ratio, control of instrumental systematics is extremely
important. For this reason, every austral summer we perform extensive calibration measurements on our receivers
that help understand instrumental response. One of the leading instrumental systematic is caused by beam
mismatch between detectors in the same pair, resulting in some of the temperature signal leaking into polarization
(T → P leakage) when taking the pair-difference signal. To understand how this affects CMB data we perform far-
field beam mapping (FFBM) measurements on all of our receivers. This process yields high-fidelity measurements
of the unpolarized response of our detectors. In addition to FFBM data, we take measurements in different
regimes and with different sources to measure sidelobes as well as polarized beam response.







Parameter BA30 BA40 B95

σ(◦)

- - 0.166 ± 0.004 ± 0.002
0.478 ± 0.018 ± 0.015 0.364 ± 0.017 ± 0.009 -

- - 0.165 ± 0.004 ± 0.002
0.488 ± 0.024 ± 0.012 0.355 ± 0.013 ± 0.007 0.162 ± 0.003 ± 0.002
0.478 ± 0.022 ± 0.011 0.357 ± 0.013 ± 0.008 -

p

- - -0.023 ± 0.026 ± 0.018
0.027 ± 0.046 ± 0.043 0.029 ± 0.069 ± 0.028 -

- - 0.013 ± 0.025 ± 0.023
0.015 ± 0.072 ± 0.035 0.022 ± 0.053 ± 0.028 0.010 ± 0.029 ± 0.020
0.009 ± 0.066 ± 0.049 0.018 ± 0.062 ± 0.040 -

c

- - -0.026 ± 0.031 ± 0.017
-0.015 ± 0.035 ± 0.022 0.007 ± 0.030 ± 0.036 -

- - -0.020 ± 0.023 ± 0.018
-0.003 ± 0.019 ± 0.036 -0.010 ± 0.029 ± 0.029 -0.009 ± 0.026 ± 0.024
0.008 ± 0.016 ± 0.036 0.004 ± 0.027 ± 0.034 -

dσ(◦)

- - 2.4e-04 ± 0.001 ± 0.000
0.003 ± 0.010 ± 0.008 1.3e-4 ± 0.008 ± 0.003 -

- - -4.8e-04 ± 0.001 ± 0.000
0.003 ± 0.007 ± 0.005 -1.9e-4 ± 0.007 ± 0.002 -5.0e-04 ± 0.001 ± 0.000
1.6e-03 ± 0.014 ± 0.006 -8.5e-04 ± 0.009 ± 0.002 -

dp

- - 0.004 ± 0.012 ± 0.002
0.014 ± 0.018 ± 0.019 0.014 ± 0.018 ± 0.019 -

- - -0.003 ± 0.012 ± 0.003
0.001 ± 0.027 ± 0.020 -0.001 ± 0.031 ± 0.009 -0.004 ± 0.013 ± 0.002
0.006 ± 0.034 ± 0.021 0.001 ± 0.021 ± 0.013 -

dc

- - -0.001 ± 0.004 ± 0.002
0.006 ± 0.013 ± 0.013 0.001 ± 0.015 ± 0.010 -

- - -0.002 ± 0.004 ± 0.002
-0.001 ± 0.017 ± 0.014 0.001 ± 0.010 ± 0.009 -0.002 ± 0.004 ± 0.004
0.009 ± 0.012 ± 0.018 0.004 ± 0.014 ± 0.011 -

dx(′)

- - -0.05 ± 0.14 ± 0.05
0.71 ± 1.55 ± 0.52 -0.51 ± 1.91 ± 0.35 -

- - -0.06 ± 0.15 ± 0.04
0.58± 2.67 ±0.60 0.02± 1.40±0.45 -0.09 ± 0.14 ± 0.06
1.55 ± 2.10 ± 0.86 -0.21 ± 1.51 ± 0.60 -

dy(′)

- - 0.02 ± 0.16 ± 0.06
-0.21 ± 1.37 ± 0.39 -0.07 ± 0.57 ± 0.32 -

- - -0.01 ± 0.14 ± 0.06
0.19± 0.78± 0.57 -0.43± 0.81± 0.44 0.01 ± 0.15 ± 0.06
0.47 ± 1.03 ± 0.50 -0.06 ± 0.59 ± 0.44 -

Table 1. Beam parameter summary table for BA30/40 and B95 for years 2019 , 2020 , 2021 , 2023 , and 2024 . The
values listed as FPU median ± FPU scatter ± measurement uncertainty. The variation of each receiver from year to year
is smaller than the measurement uncertainty, except from the beamwidth parameter of the B95 receiver. This coherent
shift of ∼ 1.2% is due to the thin window change on December 2022.13 All beamwidth parameters have been corrected
for the non-negligible size of the chopped source aperture in the far field.

window acted like a meniscus lens on the beam when the receiver was under vacuum. The thin window reduces
the impact of the window on the focus of the instrument13 resulting in the measured beamwidth decrease.

At the end of each calibration season, we use the derived beam parameters to apply automatic cuts to the
data. We then coadd the per-detector maps across all different boresight observations. Figure 2 shows array
coadded beams for 4 different observing frequencies. These coadded beams are used to calculate beam window
functions which are in turn used to smooth our CMB maps as described in previous work.14





D =

∫

[

BT(x)T +BT

p RP
]

δ(x− x′)dx′ (4)

where:

Bp =

[

BQ(x)
BU(x)

]

, R =

[

cos 2φ − sin 2φ
sin 2φ cos 2φ

]

, and P =

[

Q
U

]

(5)

where T is the amplitude of the unpolarized field, and Q, U the amplitudes of the two degrees of freedom of the
polarized field of the source. The temperature and polarization beam responses of a given detector are denoted
by BT , BQ, and BU . In addition, φ is the angle between the co-polar axis of each detector and that of the
source. Our calibration source has an aperture of a few centimeters and is located in the far field (∼ 200m
away), therefore it can be approximated as a point source located at x′.

Based on this definition, since the source is linearly polarized we expect our detectors to have maximum beam
response in Stokes Q and minimum beam response in Stokes U. Beam response in the Stokes U map would
represent residual power that would mix E-modes with B-modes. Therefore, the total power in the Stokes U
map should integrate to zero. With this setup, we can solve for BT , BQ, and BU for each individual pixel in the
resulting map.

A single polarized detector measures the average power along a particular axis, which is oriented at an angle
φ relative to Q (the polarization axis of the source). Using the Stokes basis it measures:

d = BT +BQ cos 2φ+BU sin 2φ+ n (6)

where n is the detector noise, which we assume to be stationary with zero mean and variance σ2. We take many
per detector observations, di, at a range of angles φi, weighted by wi. Given the stability of the environment
at the South Pole and that the source housing is thermally controlled, we apply uniform weighting of the data.
Summing all the per-pixel samples gives:

z =
∑

i

widi

〈z〉 = BT

∑

i

wi +BQ

∑

i

wi cos 2φi +BU

∑

i

wi sin 2φi (7)

We have used our previous assumption that 〈n〉 = 0. We can now calculate a few similar quantities:

x =
∑

i

diwi cos 2φi

〈x〉 = BT

∑

i

wi cos 2φi +BQ

∑

i

wi cos
2 2φi +BU

∑

i

wi sin 2φi cos 2φi (8)

Similarly:

y =
∑

i

diwi sin 2φi

〈y〉 = BT

∑

i

wi sin 2φi +BU

∑

i

wi sin
2 2φi +BQ

∑

i

wi sin 2φi cos 2φi (9)





3.3 Results

Since we solve for our estimate of BT, BQ, and BU for every pixel in our maps, we expect that regions of
insufficient φ coverage will have higher variance. An example of such a region is the top left of the maps shown
in Figure 4. In practice, we have calculated the variance of our measurement for these pixels and they will be
significantly down weighted in future E → B analysis. The BU map does not show signs of any monopole beam
response which gives us confidence that we have correctly accounted for any uncertainty in φ in analysis and that
the RPS measurements presented in previous work16 yield consistent results across different years and across
different calibration measurements. However, there is still non-monopole residual power of O(10−2) which unless
accounted for would cause E → B leakage. The origin of the polarized features at ∼ 4 and ∼ 13 degrees is
currently being investigated.

In addition, by solving for BT, BQ, and BU per-detector, we are able to get an indirect measurement of
polarization efficiency of our detectors by comparing the peak unpolarized response with the peak polarized
response. The ratio yields 99.1% or higher for all detectors in this analysis which is consistent with the more
precise measurements described in the RPS analysis,16 and therefore provides an independent cross-check.

In the future, we would use the per-detector BU to place an upper limit on the amount of E → B leakage
within a pair using a process similar to beam simulations described in the previous section. Given that the
E-mode power is much lower than that of temperature we expect the amount of such leakage to be much less
prominent as evidenced by systematics analysis of previous experiments.15

4. SIDELOBE MEASUREMENTS

Sidelobes coupling to the sky and/or the environment can be a source of increased loading and systematic
errors. Identifying such sources of contamination during CMB observations can be difficult. To minimize such
contamination, the baffling scheme for both BICEP3 and BA consists of a large reflective ground shield and a
comoving, cylindrical and blackened forebaffle at ambient temperature installed on top of the receiver window.
This ensures that the double-diffraction criterion is respected, i.e., a ray from the ground would have to diffract
twice before coupling to the receiver window.

In this section, we describe calibration measurements that directly map the sidelobes of our receivers to char-
acterize their optical performance at a wide range of angles away from the main beam. We will refer to these
measurements as “sidelobe beam mapping” for the rest of this paper.

4.1 Measurement setup

The measurement setup for these observations is different than in the previous sections. Instead of deploying the
source in the far field, we place it on top of a 12-meter tall mast located on the same building as the instrument
(MAPO for BA and DSL for BICEP3). Figure 5 gives an illustration of the measurement setup taken during
sidelobe measurements with our 30/40 GHz receiver during austral summer of 2020/2021. We use the same
95GHz source for BICEP3, and a 40 GHz source for BA30/40. The 40 GHz BSNS is very similar to the 95 GHz
in construction. The key being the use of fewer frequency amplifiers in the RF chain. The band pass of the
source is also sufficiently wide to cover both the 30 GHz and 40 GHz detectors. Once installed on the mast, we
tilt the mast stage down towards the receiver and perform 380° raster scans at a fixed range of azimuth while
stepping in elevation. This time, we make full use of the attenuators installed on the source to explore the full
70 dB dynamic range of the BSNS. A 90° precision twist is optionally placed before the feedhorn that allows us
to take measurements at two orthogonal polarizations.

To map the extended beam regions with good signal-to-noise, we take measurements at both source orienta-
tions, at six distinct boresight angles and at various source attenuation settings. We use an attenuation setting
appropriate to each region we want to map to avoid our detectors saturating while optimizing the signal-to-
noise ratio. A “low” source power setting for the main beam region (within ∼2 degrees of the beam center), a
“medium” setting for the near/mid sidelobe region (defined as the region comprised between 2° and ∼20° and
contained within the forebaffle), and a “high” power setting for the far sidelobe region. The data shown in this
work were taken for BICEP3 during austral summer of 2017/2018 and for BA30/40 during the austral summer
of 2021/2022.







4.3 Forebaffle performance for BICEP3

Figure 7 shows the corresponding coadded maps for BICEP3 95 GHz. For this dataset we have complete
measurements to make coadded sidelobe maps with and without the forebaffle installed. This allows us to
visualize the forebaffle performance in both map space and in the azimuthally averaged beam profile. To increase
the fidelity of the main beam relative to the sidelobe region, we use the FFBM beam for the first 2 degrees in the
radial profiles and normalize relative to the fitted peak of the FFBM beam. As expected the sidelobe power is
rapidly attenuated starting at ∼18° away from the main beam because of the forebaffle. The difference between
forebaffle ON and OFF is clearly visible on Figure 7. This effect, although smoothed by the azimuthal average,
is captured in the radial profiles. This results in a -25 dB attenuation in power, illustrating the forebaffle is
absorbing sidelobe power as intended. In addition, the polarized features also seen in the far field maps in the
previous section, can be seen here as well at the same radius of ∼14° away from the main beam. After performing
an elliptical Gaussian fit to them, similar to that described in section 2, we find that their amplitude is ∼ -60
dB below the peak of the main beam.

5. CONCLUSIONS

In these proceedings we present analysis of FFBM data with a thermal source for BICEP3 95 GHz, BA30/40,
and BA150, all taken during the austral summer of 2023. These measurements directly inform our instrumental
systematics studies since we use the per-pair differential beam response to quantify the amount of T → P leakage
in our CMB data via beam simulations. We present additional calibration measurements to assess the optical
performance of our polarimeters. In particular, we presented high precision far-field polarized beam mapping
with a 95 GHz linearly polarized source that in the future will be used to set an upper limit on E → B leakage
due to non-monopole U response. This dataset also constitutes an independent measurement of polarization
efficiency of our detectors, found to be above 99.1% for all working BICEP3 detectors. Such measurements
have not yet been taken with BA. Finally, we present sidelobe measurements with both BICEP3 and BA30/40,
characterizing the optical response of our receivers up to 65 degrees from the main beam. We used these maps
to measure forebaffle attenuation for BICEP3 of −25 dB, consistent with instrument design.
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