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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,' and fluctuations in CMB temperature at the level of ~ 100uK? 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 ~ 5uK,? and divergence-free fluctuations (B modes)
that probe tensor fluctuations in the early Universe. Tensor fluctuations seeded by inflation* 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 o(r) = 0.009, set using
data from the BICEP/Keck series of experiment up to the 2018 observing season (hereafter refered to BK18).?

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 BICEP3® and BICEP
Array” (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.® 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.” In this paper, we will refer to the orthogonal detectors in
each pair as V (for vertical) and H (for horizontal) detectors (where V LH). 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.
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Results presented in this work include data taken between 2017 and 2023, with BICEP3 which has 2400
detectors at 95 GHz, BA30/40 which has 726 detectors split between 30 GHz and 40 GHz, and BA150 which
had 3,240 detectors at 150 GHz in 2023. BA150 will reach a fully populated focal plane unit (FPU) during the
2024/2025 austral summer, housing a total of 7776 optically-coupled detectors. The deployment of a third BA
receiver at 220/270 GHz (BA220/270) is also expected during the 2024/2025 austral summer.'% In section 2, we
present the latest FFBM measurements from previously deployed and newly deployed receivers. In section 3, we
detail the measurements and analysis process of the polarized beam response of BICEP3, which we use to get
an independent measurement of polarization efficiency for this receiver. In section 4, we present measurements
of sidelobe response for BICEP3 and BA30/40, including forebaflle performance for BICEP3.

Reflective Groundshield Absorptive Forebaffle

3 meters

Building Roof ——|

BICEP3 Cryostat

3 meters

Telescope Mount——>

Figure 1. BICEP3 mount, illustrating three degrees of freedom of Azimuth, Elevation, and Boresight (right). Various
mount elements are also labeled. The cylindrical, co-moving, and blackened forebaffle extends above the cryostat to reduce
sidelobe pickup. In addition, the mount is surrounded by a stationary reflective ground shield to reflect any off-field of
view light onto the sky. Image courtesy of BICEP/Keck Collaboration adapted from Figure 1 of previous publication.!!

2. FAR FIELD BEAM MEASUREMENTS WITH THERMAL SOURCE

For BICEP3 and deployed BA receivers, the far-field distance (2D?/)) is shorter than 200m, except for BA150
which has a far field distance of ~250 m. We take advantage of the locations of the Dark Sector Laboratory
(DSL) that houses BICEP3 and Martin A. Pomerantz Observatory (MAPO) that houses BA, where the two
buildings are about ~ 200m apart to perform ground based calibration measurements. We place a mechanically
chopped thermal source atop a mast on each building, so that the telescope on the opposite building can observe
it. Because our telescopes cannot point below 45° in elevation, we install a large, flat aluminum mirror mounted
on strut legs above each receiver, to redirect its rays on the horizon. With this setup, we scan across the source
to produce a map of the beam pattern for each detector at multiple boresight orientations. Since the source is
unpolarized, both V and H polarization detectors will be sensitive to the source at any time. We demodulate each
detector’s timestream and bin into 0.1° square pixel per-detector maps plotted in a detector-centered coordinate
system defined as [centroid(V) + centroid(H)]/2. This detector-centered coordinate system is called x'/y’.1? We
accumulate individual maps until every detector has been mapped several times at multiple boresight angles for
consistency checks.

Analysis of these data involves extracting per-detector beam parameters by fitting a 2D elliptical Gaussian
described by:

B(x) = gexp [ (xS (x - /2] 1+ ()

where @ is a 2D position vector (z',y"), p is the beam center (xq,yq) , € is the normalization constant, b is a
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Figure 2. All-detector averaged beams for BICEP3 (B95) and BICEP Array (BAXXX where XXX denotes different
frequencies) instruments during austral summer 2023. From left to right, columns one and two correspond to BA30/40,

the third column to BICEP3 95 GHz, and fourth column to BA150. 1st row: V polarization beam. 2nd row: H polarization
beam. 3rd row: difference (V - H) beam. Thumbnails of the main beam are plotted (-2° to 2° square axis).
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background offset, and X is the a covariance matrix defined as:

=R 'CR (2)

where R is a 2x2 rotation matrix parameterized by the angle v of the major axis of the elliptical Gaussian with
respect to 2’ counter-clockwise, and the covariance matrix C' is given by:

C— (036aj 020. ) 3)

man

The 7-parameter fit consists of [, Yo, Tmin; Tmaj, 7, 2, b], which fully characterizes the beam.

For each detector and pair, we use the fitted parameters to derive total ellipticity e = (07,0 =T min )/ (Tomai T Timas)s
ellipticity plus p = ecos2y, ellipticity cross ¢ = esin2y, and beamwidth 0 = (0ma; + Omin)/2. We take the
median across all derived parameters as the best estimate of each parameter and take half the width of the central
68% of the distribution of those measurements as the measurement uncertainty. This procedure mitigates the
impact of outliers on our final statistics.'? Table 1 shows measured beam parameters from 2019 to 2024 for
BA30/40 and B95. Parameters are presented as FPU median £ FPU scatter £ measurement uncertainty. Even
though the BA30/40 FPU has changed between 2020 and 2024 with some 30/40 GHz detector tiles swapped,
the variation of beam parameters remains within the uncertainty range. Comparing the B95 beam parameters
from 2019 to 2023 the only significant change is a coherent decrease in beamwidth of 1.2%. We might expect this

effect given the replacement of the slap-type window to a thin window in December of 2022. The old slab-type
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Parameter BA30 BA40 B95
0.478 + 0.018 + 0.015 0.364 + 0.017 +£0.009 | - |
(%)
0.027 + 0.046 + 0.043 0.029 +0.069 +0.028 | - |
p
-0.015 =+ 0.035 =+ 0.022 0.007 +0.030 +0.036 | - |
C
0.003 + 0.010 + 0.008 1.3e-4 £ 0.008 +£0.003 | - |
do ()
0.014 + 0.018 + 0.019 0.014 +£0.018 +0.019 | - |
dp
0.006 + 0.013 + 0.013 0.001 £ 0.015 +0.010 | - |
dc
0.71 £ 1.55 + 0.52 -051+191+03 | - |
dx(r)
-0.21 £ 1.37 £ 0.39 -0.07+£057+032 | - |
dy(r)

Table 1. Beam parameter summary table for BA30/40 and B95 for years -, 2020 , -, -, and - 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.'® 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 instrument'® 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.'*
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Due to beam mismatch within a detector pair, residual beam response in the pair-difference beams will cause
T — P leakage. We deproject to filter out the leading-order terms of this leakage as described in, e.g., BK-IIL.1%
Any power remaining in the difference beam response after deprojection contributes to so-called undeprojected
T — P leakage. We want to fully characterize this type of systematic error. To do so we estimate the bias on r
resulting from it by using specialized beam simulations and combining their output as part of our multicomponent
likelihood analysis.>'? Figure 2 shows the pair-difference beams; the undeprojected residual beams are work-in-
progress and will be shown in a future publication, as well as the expected impact on CMB measurements and
inflation constraints (bias on r).

3. FAR FIELD BEAM MEASUREMENTS WITH POLARIZED SOURCE AT 95 GHZ

A subdominant instrumental systematic that arises due to per-pair polarization mismatch is mixing of polariza-
tion modes, in this case £ — B leakage. Since the amount of F-mode power is much lower than temperature at
any given angular scale we expect the effect to be much less prominent than T' — P leakage. However, under-
standing the amount of & — B leakage for the BICEP3 receiver helps us to fully characterize its performance,
and even a small effect might become relevant in the context of future, more sensitive CMB experiments.

3.1 Measurement setup

To measure the polarized beam response, we utilize the same setup as described in the previous section (com-
bination of source on the mast + mirror), but instead of using a thermal source we use a linearly polarized
source. The source is described in detail in previous work;'® here we give a brief overview. The source is a broad
spectrum noise source (BSNS) with a linearly polarized output waveguide equipped with a wire grid polarizer.
It is kept thermally stable under a PID feedback loop and electronically chopped at 16 Hz. The source emission
band center is at 95 GHz, and peak power can be controlled by a set of dialectric waveguide attenuators. For
this measurement the wire grid is aligned with gravity and not allowed to rotate. We deploy the source on top
of a 12-meter tall mast on MAPO, 200 meters away from BICEP3 and scan each detector across the source at
multiple boresight (referred to as “DK”) angles.

The mapmaking procedure is the same as with FFBM. Instead of relying on pair-differencing to reconstruct
the polarization signal of the source, we decouple temperature from polarization by using the maps at the different
boresight angles. The per-detector maps at different boresight orientations are shown in Figure 3. The individual
detector response will be modulated as a function of boresight rotation since the BSNS is linearly polarized.

DK 0 DK 23 DK 45 DK 90 DK 113 DK 135 DK 293 DK 315

y = -

- _ . |
Degrees

Figure 3. Beam maps of a single 95 GHz BICEP3 pair plotted in a peak normalized logarithmic scale from -2° to 2° using
0.1° pixels. First row: Polarization V across our different boresight angles. Second row: the corresponding orthogonal
pair. Due to the BSNS brightness the Airy ring patterns that arise from truncating the beam at the aperture are clearly
visible. The beam response is modulated as a function of boresight rotation of BICEP3 with peak beam response having
a 90° offset between V and H detectors. The secondary peaks at ~ -25 dB that are roughly 1 degree from the main beam
are due to crosstalk in the time-division readout system and have been previously characterized.®
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3.2 Mapmaking framework

For an arbitrary coordinate system, the full detector response expressed in the Stokes T, Q and U basis is
dominated by the field of the BSNS and given by the integral of the temperature and polarization over the
detector beam. In general, each BICEP3 detector measures:
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D= / [BT(X)T + BERP} 5(x — x')dx’ (4)

where:

_ [Bg(x) _ |cos2¢ —sin2¢ . 1Q
B, = |:B3(X):| » R= LinQd) cos 2¢ ] yand P = {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 Br, Bg, and By. In addition, ¢ 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 By, Bg, and By 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
¢ relative to Q (the polarization axis of the source). Using the Stokes basis it measures:

d= By + Bgcos2¢ + Bysin2¢ +n (6)

where n is the detector noise, which we assume to be stationary with zero mean and variance 0. We take many
per detector observations, d;, at a range of angles ¢;, weighted by w;. 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 = Z widi
(z) = Br Z w; + Bg Z w; cos 2¢; + By Z w; sin 2¢; (7)

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

T = Z d;w; cos 2¢;
i

(z) = Br Z w; cos 2¢; + Bg Z w; cos? 2¢; + By Z w; Sin 2¢; cos 2¢; (8)

Similarly:

Y= Z d;w; Sin 2¢;

(y) = Br Y w;sin2¢; + By »_w;sin’2¢; + By Y _ w; sin 2¢; cos 2¢; (9)
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Where (x) is the time averaged Stokes Q component of the signal measured by our detector and (y) is the time
averaged signal measured perpendicular to Q.

Combining the above equations we can write them in matrix form as follows:

(z) > w; > w; cos 2¢; > w; sin 2¢; Br
()| = | 2w cos 2¢; > Wi cos? 2¢; > w;sin %¢i2COS 29, B:Q (10)
{y) Sw;sin2¢; > w; sin 2¢; cos 2¢; > w; sin” 2¢; By

Where BAT, BAQ, BAU denote estimated quantities as opposed to the true quantities in equation 4 and 5. We
then add up the contributions to (z), (z), and (y) along with the various terms in the matrix from equation
10. Then invert the resulting matrix to solve for B}, Bb, and Bb. It is worth noting that we need at least
two different boresight angles of observation to be able to invert the matrix in equation 10. In the limit of
infinite and distinct boresight measurements we fully reconstruct the true polarization response of the source.
The total number of observations we have are 13 at 9 different boresight angles. Given that our boresight angle
coverage is limited, to understand how well each pixel is measured we compute a simple covariance matrix using
Var(X) = (X?) — (X)?, as well as Cov(X,Y) = (XY) — (X) (Y), where X and Y represent Br, Bb, or By and
their respective measurement averages.

To correctly reconstruct the polarization response of the source we rely on knowing ¢ with very little un-
certainty. Accounting for any uncertainty in ¢ is important because any misalignment in the detector-source
orientation would cause non-zero power in the By map. We refer to this effect as the first-order beam response
(or “monopole” response) leaking into the Stokes U map. This effect is not to be interpreted as the F — B
leakage we are attempting to quantify. To estimate any uncertainty in ¢, we perform absolute measurements
of the polarization response of our detectors during separate calibration measurements. We use a specifically
designed Rotating Polarized Source (RPS) to measure the polarization response at multiple source and tele-
scope boresight rotation angles, to fully map the detector response.'® From these measurements the absolute
per-detector polarization angles are derived. In this analysis, we use the RPS derived per-detector polarization
angles for ¢. Figure 4 shows the resulting Bq and By polarization maps when coadded over all detectors that
pass data quality cuts and were used in BK18.%

B By
20 Q 10°
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107"
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2
10 108
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s ]
10 2 0
=X
>
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- 1074
-102
ot 1 0-6 -]
20 10 0 -10 -20 20 10 0 -10 -20
Y’ [Degrees] Y’ [Degrees]

Figure 4. BICEP3 polarized beam response to linearly polarized source in the far field. All-detector coadded Bg (left),
all-detector coadded By map plotted using negative logarithmic plot with zero-point set to 10e-7 (right). The colorbar is
normalized to the peak beam response in Bt. More than 1900 detectors contribute to these coadded maps out of 2200,
hosted in BICEP3’s focal plane. The top left part of both maps appears much noisier than the rest of the maps and is
due to the case of insufficient ¢ coverage for that region of the map. Polarized features at ~ 4 and ~ 13 degrees can be
seen in the extended region of the coadded By map.
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3.3 Results

Since we solve for our estimate of B, Bqg, and By for every pixel in our maps, we expect that regions of
insufficient ¢ 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 £ — B analysis. The By map does not show signs of any monopole beam
response which gives us confidence that we have correctly accounted for any uncertainty in ¢ in analysis and that
the RPS measurements presented in previous work'® 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 By 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,'® and therefore provides an independent cross-check.

In the future, we would use the per-detector By to place an upper limit on the amount of £ — B leakage
within a pair using a process similar to beam simulations described in the previous section. Given that the
FE-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.'®

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.
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Figure 5. BA30/40 performing sidelobe measurements in March 2021. BA at the time of the taking of this photo hosts
three Keck Array receivers and our 30/40 GHz receiver. This receiver has the comoving forebaffle uninstalled during this
schedule of sidelobe measurements while the 3 Keck array receivers have them installed. Note the 40 GHz calibration
source mounted on the mast in the near field. In the distance, the building hosting BICEP3 and the South Pole Telescope
(SPT) can be seen. Photo courtesy of Brandon Amat.
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Figure 6. BA30/40 sidelobe coadded maps with forebaffle installed. Left: 30 GHz coadded map, right: 40 GHz coadded
map. The color axis is logarithmic and normalized to the peak response from of the FFBM beam. Note that for these
measurements the main beam is not resolved due to the scan pattern. The maps show significant attenuation of power
starting at ~20° which coincides with the location of the forebaffle. The maps are normalized to the peak FFBM response
which peaks roughly 40 dB higher. The stripes seen at the very edges of the maps are due to sun contamination in the
data.

4.2 Map-making

Mapmaking for this analysis is all done per detector. After data taking, we demodulate the time-ordered-data,
calculate real pointing timestreams in x’/y’, and bin using 0.5° pixels into sidelobe maps for each attenuation
setting. The maps at the two source polarizations are coadded to produce unpolarized maps. Then, we coadd
across all boresight measurements for each power setting. For two given source power settings we take slices
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in X’ or y' of the per detector coadded maps and regress them to get the stitch factor needed to compare the
2 power settings. The maps are then stitched across the three power settings to produce a single stitched map
per detector with good signal-to-noise in all regions. It is worth noting that even with the lowest source power
due to the source being only ~ 15 meters away, detectors show signs of saturation in the main beam region. For
the BA30/40 the main beam is not resolved at all in the sidelobe measurements (partly due to the observation
pattern not scanning directly across the source). Figure 6 shows the resulting maps, which are normalized to
the peak beam response of the beam measured during FFBM.

BICEP3 95GHz Detector Coadd -- Forebaffle OFF BICEP3 95GHz Detector Coadd -- Forebaffle ON
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Figure 7. BICEP3 95 GHz sidelobe coadded maps. Top left: all-detector coadded map with forebaffle uninstalled. Top
right: all-detector coadded map with forebaffle installed. The main beam is better resolved than in Figure 7 but its
amplitude is suppressed due to saturation. Bottom: azimuthally averaged profile of the stitched FFBM + sidelobe beam
response. The yellow line denotes the region we use the FFBM coadded profiles. Y-axis is logarithmic and normalized
to the fitted peak of the FFBM main beam. The profiles show a significant attenuation starting at ~18° which coincides
with the location of the forebaffle for BICEP3. The attenuation level between the two forebaftle configurations is ~25 dB.
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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 £ — 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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