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Sidelobe modeling and mitigation for a three
mirror anastigmat cosmic microwave background
telescope
I�� G������,1,* B������� B�����,2,3,4 R����� B������,5 R������ B�����,1

J��� C��������,2,3,6,7,8 N��� E������,9 P������� A. G�������,2 J������ G����,1

C������ L. K���,10 J��� M�M����,2,3,4,6,7 J���� L. M��,10 J������ M. N���,10,11

T���� N�����,2,3 M������ D. N������,12,13 K��� O���,1 S������ P����,14 J��� E. R���,1

E����� J. W������,15
AND J��� Z�����3

1Physics Department, CaseWestern Reserve University, Cleveland, Ohio 44106, USA
2Kavli Institute for Cosmological Physics, University of Chicago, 5640 South Ellis Avenue, Chicago, Illinois 60637, USA
3Department of Astronomy and Astrophysics, University of Chicago, 5640 South Ellis Avenue, Chicago, Illinois 60637, USA
4Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
5Lawrence Berkeley National Laboratory, 1 Cyclotron Rd, Berkeley, California 94720, USA
6Department of Physics, University of Chicago, Chicago, Illinois 60637, USA
7Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637, USA
8High-Energy Physics Division, ArgonneNational Laboratory, Lemont, Illinois 60439, USA
9StewardObservatory, The University of Arizona, Tucson, Arizona 85721, USA
10Department of Physics,Washington University in St. Louis, St. Louis, Missouri 63130, USA
11McDonnell Center for the Space Sciences,WashingtonUniversity in St. Louis, St. Louis, Missouri 63130, USA
12Department of Physics, Cornell University, Ithaca, NewYork 14850, USA
13Department of Astronomy, Cornell University, Ithaca, NewYork 14850, USA
14California Institute of Technology, Pasadena, California 91125, USA
15NASAGoddard Space Flight Center, 8800Greenbelt Rd, Greenbelt, Maryland 20771, USA
*ixg90@case.edu

Received 22 February 2023; revised 4 May 2023; accepted 10 May 2023; posted 10 May 2023; published 25 May 2023

Telescopes measuring cosmic microwave background (CMB) polarization on large angular scales require exquisite

control of systematic errors to ensure the fidelity of the cosmological results. In particular, far-sidelobe contamina-

tion from wide angle scattering is a potentially prominent source of systematic error for large aperture microwave

telescopes. Here we describe and demonstrate a ray-tracing-based modeling technique to predict far sidelobes for a

three mirror anastigmat telescope designed to observe the CMB from the South Pole. Those sidelobes are produced

by light scattered in the receiver optics subsequently interacting with the walls of the surrounding telescope enclo-

sure. After comparing simulated sidelobe maps and angular power spectra for different enclosure wall treatments,

we propose a highly scattering surface that would provide more than an order of magnitude reduction in the degree-

scale far-sidelobe contrast compared to a typical reflective surface. We conclude by discussing the fabrication of

a prototype scattering wall panel and presenting measurements of its angular scattering profile. © 2023 Optica
PublishingGroup

https://doi.org/10.1364/AO.488454

1. INTRODUCTION

Measurements of the cosmic microwave background (CMB)
temperature and polarization anisotropies contain a wealth
of information about the composition and evolution of the
Universe. One major goal of upcoming CMB instruments is to
use measurements of the odd-parity CMB B-mode polarization
to search for evidence of the primordial gravitational waves
predicted by models of cosmic inflation. As current instruments
produce stronger constraints on the amplitude of primordial

gravitational wave signals (e.g., [1–4]), future experiments will
need to also precisely measure the gravitational lensing signal in
CMB polarization with sufficient precision to separate it from
the primordial component. Future generation experiments
such as CMB-S4 [5] are being designed with more than an order
of magnitude more sensitivity to the primordial component
than the upper limits of current experiments [6]. In addition
to improving raw sensitivity, this measurement also requires
correspondingly better control of systematic errors as well as
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observations in many frequency bands from 20 to 280 GHz to
separate Galactic foreground signals from the CMB.

A new microwave telescope, designed for operation at the
South Pole, has recently been described in [7]. This three mirror
anastigmat (TMA) offers a number of advantages for precise
measurements of CMB polarization signals from both gravita-
tional lensing and primordial gravitational waves; therefore, a
modified TMA has been chosen as the baseline South Pole Large
Aperture Telescope by CMB-S4. The high optical through-
put of the TMA accommodates the large number of detectors
required to achieve the necessary sensitivity across all observ-
ing bands as described in [8]. Additionally, the 5 m diameter
primary mirror provides the necessary angular resolution to
measure the gravitational lensing signal. The use of monolithic
mirrors eliminates sidelobes due to the gaps between panels in
the segmented mirrors on previous large aperture CMB tele-
scopes. Furthermore, the telescope’s ability to rotate about its
boresight axis also mitigates some types of systematic polari-
zation errors. Despite the added complexity of a design with
three large mirrors and boresight rotation, the combination of
these features makes this design well suited to measuring the
large angular scale primordial “B-mode” signals from infla-
tion, provided such systematic effects, in particular far sidelobe
response, can be adequately controlled. Power that spills over
the mirrors and interacts with the interior of the enclosure
surrounding the mirrors and receiver is an important source of
such far sidelobes, and modeling and controlling this power is
the main focus of this work. For an off-axis telescope with no
beam-blocking structures and no mirror panel gaps, diffraction
effects are expected to be negligible at large angles [9].

It is important to adequately control sidelobe pick-up in
CMB telescopes because the complex and time-varying nature
of such signals makes them difficult to remove from the data
without suppressing cosmological information. Other large
aperture CMB telescopes have conducted sidelobe modeling
studies to understand the impact of this systematic effect on
the cosmological results (e.g., [10–13]). However, the unique
design of this TMA and the specific goal of measuring large
angular scale B-mode CMB polarization signals require a dedi-
cated study. Section 2 of this paper presents a ray-tracing-based
sidelobe modeling technique applied to the TMA; the resulting
sidelobe maps and their angular power spectra are presented in
Section 3.

Our investigation considers several different types of surface
treatments (reflective, scattering, and absorptive) on the interior
telescope enclosure walls as well as the impact of combining
data from detectors spread across the large focal plane. Ideally,
we would then convolve a given simulated sidelobe map with
known-input signals from the sky and ground as the telescope
scans across the observing field. Unfortunately, the uncertain
nature of the ground signal prohibits performing this convo-
lution; instead, we calculate the angular power spectrum of
the sidelobe map as an indicator of its response as a function of
angular scale, irrespective of the ground signal.

We find that using scattering rather than reflective enclosure
walls leads to significantly lower ground pick-up on the relevant
degree angular scales. Similar highly scattering surfaces have
been previously used in a variety of other optical applications

at THz frequencies (e.g., [14,15]). Section 4 presents mea-
surements from a prototype scattering surface and discusses
potential methods for fabrication. Practical considerations for
robustly mounting this material to the interior of the telescope
enclosure are also discussed. We find that the highly scattering
enclosure offers a promising sidelobe mitigation strategy for this
telescope design.

2. MODELING SIDELOBE PICK-UP WITH RAY
TRACING SIMULATIONS

To predict the sidelobe power expected from this telescope
design with different enclosure-wall treatments, we perform
ray tracing simulations to generate sidelobe maps. Here we
use the Zemax OpticStudio Software package [16] in the
non-sequential ray tracing mode and run the simulations in
a time-reversed sense. Ray bundles are launched from various
positions across the telescope’s focal plane and propagated
through the optics onto to the sky as shown in Fig. 1. A hemi-
spherical detector surface skyward of the telescope records
the intensity and angle of all the outgoing rays, allowing the
reconstruction of the far-field beam pattern.

Based on measurements made by similar microwave tele-
scopes, the wide angle beam sidelobes are likely to be dominated
by rays that scatter in the receiver optics [17]. We mimic this
effect in our simulation by placing a partially scattering surface
50 mm in front of the telescope’s focal plane where the ray bun-
dles are sourced. The scattering profile of this surface is modeled
as a Lambertian, in which the intensity of the scattered radia-
tion is given by I = I0 cos ✓ , where 0  ✓  ⇡/2 is the angle
of the incident ray relative to the scattering element’s surface
normal, and I0 is a normalization factor. The simulations use
a scattering fraction of 1% based on the rough expectation of

Fig. 1. Diagram of the setup for the non-sequential ray tracing
simulations. In this time reversed model, ray bundles launched from
the telescope focal plane propagate until they either reach the sky or
are absorbed within the enclosure. A fraction of the rays scatter to wide
angles at the window of the cryogenic receiver, 50 mm in front of the
focal plane. In this image, the enclosure walls are specularly reflective,
and the window scattering fraction has been increased to 50% to
illustrate a variety of possible ray paths. Note that some rays exit the
telescope aperture at large angles relative to the main beam; those large
angle rays form the sidelobes of concern in this paper.
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such wide angle power leaving the receiver from the laboratory
measurements [17] and the relative ease of scaling to other esti-
mates. We note that because the TMA mirrors are monolithic,
it is not necessary to include any scattering or diffraction from
gaps between mirror panels. The mirror surfaces are assumed
to be perfectly specularly reflecting; we ignore Ruze scattering
due to the small-scale surface roughness of the mirrors (<1 µm
[18]) because such scattering is much smaller than 1% for three
mirrors for � � 1 mm.

We use these simulations to explore the trade-offs among
three different surface treatments on the enclosure walls, vary-
ing the relative contributions of absorption, reflection, and
scattering. The three configurations are:

(a) a predominantly reflective enclosure, which specu-
larly reflects 90% of the incident power and absorbs the
remaining 10%;

(b) an enclosure with an ideal 100% absorbing surface;
(c) a predominantly scattering enclosure, for which 90% of the

incident rays scatter following a Lambertian profile and the
remaining 10% are absorbed.

The 10% absorption used in cases (a) and (c) allows the sim-
ulations to converge even when rays are trapped in trajectories
that lead to an excessive number of bounces.

Highly reflective baffles have been used by a number of CMB
instruments (e.g., [9,11,19]), but as we shall see below, they lead
to significant sidelobe structures at wide angles for the design
studied here. Highly absorptive baffles have also been used by
some instruments [20–22]; perfect absorption would eliminate
the sidelobes we study here, but can cause undesirable optical
loading on the detectors and reduced sensitivity if significant
wide angle rays interact with that surface. Such surfaces are
also typically quite fragile, and the real absorption varies with

incidence angle and photon frequency. This motivates us to also
study the scattering enclosure case to see if such a treatment can
sufficiently reduce sidelobe structure, while maintaining low
optical loading on the detectors.

3. RESULTS

A. Sidelobe Maps

For each of these three enclosure configurations, a beam map is
made by launching a cone of 108 rays from a specific location on
the focal plane and recording the resulting far-field power distri-
bution. Examples of such maps for a single detector pixel located
at the center of the focal plane are shown in the top row of Fig. 2.
A convergence test was performed increasing the number of rays
by a factor of 10. Changes to the resulting power spectrum were
less than one part in 105 and are therefore negligible.

In the case of the absorbing enclosure, the geometry prevents
the scattered rays from coupling directly to the sky, but reflection
from the mirrors (scattered power to the tertiary, or directly to
the primary) creates the two distinct bright patches. The low
power at wide angles comes at the cost of higher optical load-
ing. Assuming a 300 K enclosure, the effective Rayleigh–Jeans
temperature of the enclosure-wall-induced loading, for 1%
scattering at the receiver window, is 2.7 K. This is reduced from
the expected 3 K due to power that couples to the sky via the two
bright sidelobes mentioned above. Since this adds undesirable
loading on the detectors, and since real enclosure walls would
not be perfectly absorbing at all incidence angles and observing
frequencies (thereby inducing proportionally reduced versions
of the specularly reflecting sidelobe pattern), we focus mainly
on the sidelobe maps from specularly reflective and scattering
enclosure walls. These both spread the power over a much wider
range of angles, as shown in Fig. 2, with the highly reflective

Fig. 2. Beam maps produced by the ray tracing simulations showing the sidelobe power with different enclosure surface treatments. The top row
shows results for a single detector pixel at the center of the focal plane. The bottom row shows coadded maps for 153 detector pixels distributed across
the focal plane. Specularly reflecting enclosure walls (left column) cause sharp sidelobe features. Scattering enclosure walls (center column) blur those
features, greatly lowering the sidelobe contrast at large angles. Perfectly absorbing walls (right column) remove any features caused by scattered power
interacting the enclosure walls, leaving only two features due to scattered power exiting the enclosure after bouncing off the mirrors. While coadding
blurs the sharp features from the reflective enclosure, the map is still less smooth than the scattering case.
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surface creating much sharper features than the scattering sur-
face. The output maps from Zemax are in units of Watts/sr; we
convert these to dBi by dividing by the Watts/sr for an isotropic
radiator with the same total power as the sum of all the launched
rays.

For any detector that is not centered on the focal plane, the
main beam exits the telescope at an angle relative to the central
pixel’s beam. CMB data analysis pipelines typically coadd maps
made by pixels spread across the focal plane to produce a single
sky map. We replicate this effect in our simulations to find the
effective sidelobes by similarly coadding 153 individual detector
maps, rotated so the main beams are coincident. The detector
locations are distributed evenly on a 200 mm grid within a 2 m
diameter circle, covering most of the approximately 2.5 m diam-
eter diffraction-limited field of view at a wavelength of 1 mm.
The bottom row of Fig. 2 shows that coadding the pixels results
in significant smoothing of the sharp, localized features seen in
the single-pixel case.

B. Ground Pick-Up and Angular Power Spectra

The maps presented in the previous section show that, for non-
absorbing enclosure walls, significant sidelobe power at large
angles could interact with the ground. Our primary concern
is the signal variations that would be caused by these sidelobes
scanning across features in the unknown “brightness map” of
the ground; thus, it is not so much the level of the sidelobes,
but rather the variations in the level of the sidelobes that is of
concern.

As our primary interest here is to avoid contamination of
measurements of degree-scale features in the CMB, we are
most interested in degree-scale contrast in the sidelobe maps. A
convenient measure of such contrast in a map P (✓, �) is found
by calculating angular power spectra. Such power spectra are
expressed as values of C 1/2

` = (hal ,mal ,mi)1/2, where the average
is over m, and al ,m are coefficients of an expansion in spherical
harmonics: P (✓, �) = P

l ,m al ,mYl ,m(✓, �). We note that
a sidelobe pattern with minima and maxima separated by 1�

would appear at ` ⇠ 180, with lower ` representing sidelobe
variations at larger angular scales.

A mask is applied to the maps to isolate the sidelobes that
could be incident on the ground as shown in Fig. 3. The mask
is generated by assuming an observing elevation of 45� and
accounting for the possibility of 360� of boresight rotation. We
note that changing the observing elevation changes the radius of
the inner (white) circle in the mask.

Angular power spectra are then estimated from the masked
maps using standard utilities from the HEALPy package [23].
The maps are first rebinned into the HEALPy pixelization at
nside 2048, and then the monopole is subtracted from each.
The power spectrum is produced by the anafast utility in
HEALPy with the lmax parameter set to 400. To check for
artifacts from leakage between power spectrum bins, an input
map was generated from a delta-function power spectrum at
` = 10 and processed by the same pipeline. Any signal observed
in other bins of the processed power spectrum can be attributed
to pipeline leakage, as described in [24]. In this case, the largest
leakage signals were still at least a factor of 10 below the lowest

Fig. 3. Masked sidelobe map showing the potential ground pick-up
with the telescope at 45� elevation and full boresight rotation.

Fig. 4. Angular power spectra (C 1/2
` versus `) of single detector

and coadded TMA sidelobe simulations at the degree angular scales
(50 < ` < 300) relevant for measurements of primordial B-modes.
The highly scattering enclosure surface (blue open squares for the
single detector case and blue dots for the coadded focal plane case)
provides significantly lower sidelobe pick-up than the reflective surface
cases.

measured sidelobe power, so any leakage has a negligible impact
on these results.

The power spectra for the single detector and coadded maps
are shown in Fig. 4. The blurring of the sharp features caused by
coadding detectors across the focal plane results in lower ground
pick-up on degree angular scales than the single pixel case. This
effect is largest for the reflective enclosure spectra, where the
single pixel features are strong. The scattering enclosure has
significantly lower ground pick-up than the reflective case, for
both single detector and coadded spectra. For this reason, the
rest of this paper focuses on the scattering wall case.

An enclosure surface that is partially scattering and par-
tially specularly reflecting will lead to a sidelobe angular power
spectrum that is an appropriately weighted combination of
the power spectra shown in Fig. 4. To keep the residual impact
of specular reflection below the scattering spectrum over the
range 50 < ` < 300, the specular reflection needs to be less than
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Fig. 5. In the case of the highly scattering enclosure, the ground pick-up is relatively insensitive to the particular scattering profile assumed in the
simulation. The Gaussian profile characterized by � = 0.75 has a significantly narrower scattering profile than the Lambertian case, which is well
approximated by � = 5 (left). However, the expected ground pick-up from this profile is only a factor of 1.3 higher on degree angular scales (right).

⇠2% for a single detector, or ⇠20% for a fully coadded focal
plane. For a multi-frequency focal plane such as that planned
for CMB-S4 [8], with different frequency bands occupying
different positions in the focal plane, the real criterion lies some-
where betweeen these two values. For the rest of this paper, we
adopt the conservative target of keeping specular reflection less
than 2%.

In our simulations above, we assumed a Lambertian scatter-
ing profile; we tested the sensitivity of our results to the details
of that profile using two Gaussian profiles illustrated in Fig. 5.
One of those profiles closely approximates the Lambertian,
while the other is significantly narrower. The resulting ground
pick-up angular power spectrum for the narrower profile is
only a factor of a few higher than the Lambertian case; this is
not surprising, given that most rays bounce multiple times
before exiting the enclosure. This relative insensitivity to the
details of the scattering profile allows significant freedom in
designing and implementing a suitable scattering enclosure wall
surface.

4. PROTOTYPING A SCATTERING SURFACE

A. Scattering Surface Design

In addition to providing residual specular reflection below ⇠2%
as noted above, a few other considerations influence the design
of a good candidate scattering wall material. In particular, the
scattering surface should work well over a very broad frequency
range, in bands centered from 20 to 280 GHz. Additionally,
since the surface area to be covered is ⇠300 m2, we would like
the material to be lightweight and easy to manufacture in large
sheets. The sheets must be mounted to the telescope structure in
a way that is both mechanically robust and able to survive harsh
ambient conditions at the South Pole for the full 15 year lifetime
of the experiment. Here we explore appropriately textured thin
sheets of aluminum as a candidate scattering surface.

The scattering properties and gain loss of telescope mirrors
that have random Gaussian-shaped deformations with a given

rms and coherence length are often modeled using the formu-
lation developed by Ruze [25]. One of the main findings of that
work is that the antenna gain is reduced by a factor e�(4⇡✏/�)2

,
where ✏ is the surface rms error and � is the wavelength. The
antenna gain here is equivalent to our fractional specular reflec-
tion; this suggests that we need e�(4⇡✏/�)2

< 0.02, which for our
longest wavelength of interest (15 mm) leads to ✏ > 2.4 mm.
Another finding is that the coherence length c of the deforma-
tions sets the width of the scattered power pattern, with the
width ✓ / �/c . Given our desire for wide angle scattering, this
suggests we need to keep c ⇠ �, which would be daunting for
operation near � ⇠ 1 mm for a surface with an rms of 2.4 mm.

However, we can explore surfaces with coherence lengths
larger than � using ray tracing simulations, to see if they can
provide satisfactory scattering to wide angles. These simulations
are also performed with the Zemax OpticsStudio software
package in non-sequential mode. Nearly parallel ray bundles
with incidence angles ranging from 0� to 2� are launched from a
central point towards the scattering surface. The small variation
of the incident ray angles compensates for the finite resolution of
the imported CAD surfaces, which would otherwise generate an
unphysical discretized scattering profile. In these simulations, a
15 cm square scattering surface is modeled as 100% reflective,
and the scattering profile is found by averaging annularly around
a hemispherical detector with 720 radial slices.

After simulating a number of regular smooth feature pat-
terns, we found that a surface constructed from spatially filtered
Gaussian random “noise” provides excellent wide angle scatter-
ing performance. A numerical model of the simulated surface
was constructed by generating Gaussian random heights on
a 15 cm square grid with a pixel size of 0.5 mm, and spatially
filtered in Fourier space to remove modes with spatial wave-
lengths less than 10 mm. After filtering, the surface heights were
scaled to achieve the final filtered surface rms of 1.78 mm for the
prototype design described in this paper. This is slightly lower
than the 2.4 mm rms suggested above, but satisfactory for the
� ⇠ 3 mm measurements described below.
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B. Prototype Fabrication and Characterization

A prototype random noise surface was fabricated from a
150 mm square of pressed aluminum as shown in Fig. 6. The
surface features were defined by a negative mold 3D printed
from polylactic acid (PLA). A 0.5 mm thick aluminum 1100
sheet was then pressed onto the mold using a hydraulic press
with approximately 1000 psi. Even pressure distribution was
facilitated by placing rubber sheets between the piston side of
the press and the aluminum sheet, and a spray-on wax was used
to lubricate the aluminum surface to reduce shearing forces. 3D
laser scanner measurements allowed the protoype surface rms to
be compared to the design; the measured features have an rms of
1.81 mm, which is in good agreement with the 1.78 mm model
rms.

The prototype’s scattering profile was measured with the
apparatus shown in Fig. 7. A Gunn oscillator generates a signal
at a discrete, tunable frequency ranging from 77 to 112 GHz.
The signal is broadcast by a horn at the focus of a plastic lens, cre-
ating a 10 cm diameter parallel beam. That beam passes through
an absorbing-blade optical chopper before interacting with the
sample. The sample was trimmed to a 150 mm diameter circle
and mounted on an aluminum plate surrounded by absorbing
material. The sample is tilted at an angle of roughly 3� relative
to the incoming beam to allow detector access to the specular
reflection peak. Power leaving the sample is measured by a diode
detector mounted on a swing-arm to keep it pointed directly
at the sample at all angles. The diode signal is sent to a lock-in
amplifier for synchronous detection, with the reference taken
from the optical chopper.

To minimize speckle effects due to the long coherence length
of the Gunn oscillator, we spun the sample on its axis rapidly, rel-
ative to the lock-in time constant of 1 s. This provides an annular
average over the scattering pattern and speckle effects, reducing
the noise in the measured scattering profile shown as the red
data points in Fig. 8. We note that in broadband CMB measure-
ments, the coherence length is much smaller, and the inherent
spectral averaging naturally mitigates such effects. The data
points and errorbars are constructed from scans at 10 discrete
frequencies between 77 and 112 GHz, where we normalize each
scan relative to the others by the total integrated power before
averaging. For comparison, the Zemax ray tracing simulations
described in Section 4.A are shown as the blue line. Both the

Fig. 6. Photograph of the prototype aluminum scattering surface.

Fig. 7. Diagram of the apparatus used to measure the prototype
scattering profile.

width and shape agree reasonably well with the measurement.
Finally, we fit the data points to a sum of two 2D Gaussians,
one broad to represent the scattered power, and one narrow to
represent the specularly reflected peak. The resulting fit is shown
as the red dotted line; integrating each 2D Gaussian separately
indicates that roughly 0.1% of the power lies in the specular
peak, well below the 2% maximum desired. We attribute the
specular peak in the measurement to flat areas in the aluminum

Fig. 8. Measured (red data points) scattering profile of the proto-
type random noise surface compared to the prediction from ray tracing
simulations (blue line). The measurement is the average of 10 frequen-
cies from 77 to 112 GHz. The widths of the simulated and measured
distributions are similar. The measurement shows a significantly higher
amplitude specular peak than the simulation. The red dotted line
shows a fit to the measured points using a sum of two Gaussians, one
of which is broad (scattered power, FWHM = 69�), and one narrow
(specular reflection, FWHM = 2.7�). Integrating each of these two-
dimensional Gaussians shows that the specular contains only ⇠0.1%
of the total power, which is well below the maximum desired ⇠2%.
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that did not perfectly conform to the 3D printed mold. Based on
these simulations and measurements, this “noise surface” meets
our scattering criteria near 90 GHz.

C. Enclosure Mounting

The structure of the telescope enclosure will be formed by car-
bon fiber hexagonal honeycomb or foam-core panels supported
by a carbon fiber truss. Rigidly mounting the aluminum scat-
tering panels is thus challenging due to the expected difference
in the thermal contraction of aluminum relative to carbon fiber
over the range of temperatures expected at the South Pole, given
the relatively large size of the panels needed for efficient instal-
lation. The mechanical mounting scheme also needs to remain
robust after many cycles of wind deformation experienced over
the telescope lifetime.

A series of thermal and mechanical tests was performed to
identify a method of attaching the aluminum scattering pan-
els that satisfies all these conditions. In one method, Loctite
E-120HP epoxy was used to bond stainless steel fasteners to
the carbon fiber surface, chosen because it has been successfully
used by other experiments to bond carbon fiber to aluminum
(e.g., [26]). Although a series of simulated wind loading tests
demonstrated that the bonds could survive tens of thousands
of deformation cycles at temperatures ranging from 20�C
to �70�C, they did not survive the stresses of differential
thermal contraction over the same range over length scales of
1.2 m. To avoid these bonds altogether, oversized holes were
drilled through both the carbon fiber and aluminum panels
and secured with stainless steel fasteners. The panels remained
robustly attached after multiple thermal cycles to �70�C, and
the simplicity of this mounting method would allow for easy
assembly at the South Pole site.

5. CONCLUSIONS

Controlling degree-scale variations in far sidelobes that would
generate ground pick-up is critical for experiments searching
for signals from inflation in CMB B-mode polarization. In
large aperture telescopes, such sidelobe structure could be gen-
erated by power that spills over the mirrors and interacts with
the surrounding enclosure walls. We have shown here that the
degree-scale variations in such sidelobes can be greatly reduced
by scattering rather than specularly reflecting that power. Our
simulations suggest that the ground pick-up with a scattering
enclosure would be significantly lower than has been observed
by current generation telescopes, representing a path to reduc-
ing the systematic error contribution in future, more sensitive
instruments. We have also presented a practical solution for
fabricating small prototypes that meet the general requirements
for such scattering panels. Future work will explore fabrica-
tion methods to produce larger such panels at reasonable cost
and testing the scattering performance at a broader range of
frequencies.
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