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Abstract The BICEP/Keck series of experiments target the Cosmic Microwave Background
at degree-scale resolution from the South Pole. Over the next few years, the “Stage-3” BI-
CEP Array (BA) telescope will improve the program’s frequency coverage and sensitivity
to primordial B-mode polarization by an order of magnitude. The first receiver in the array,
BA1, began observing at 30/40 GHz in early 2020. The next two receivers, BA2 and BA3,
are currently being assembled and will map the southern sky at frequencies ranging from
95 GHz to 150 GHz. Common to all BA receivers is a refractive, on-axis, cryogenic optical
design that focuses microwave radiation onto a focal plane populated with antenna-coupled
bolometers. High-performance antireflective coatings up to 760 mm in aperture are needed
for each element in the optical chain, and must withstand repeated thermal cycles down to
4 K. Here we present the design and fabrication of the 30/40 GHz anti-reflection coatings
for the recently deployed BA1 receiver, then discuss laboratory measurements of their re-
flectance. We review the lamination method for these single- and dual-layer plastic coatings
with indices matched to various polyethylene, nylon and alumina optics. We also describe
ongoing efforts to optimize coatings for the next BA cryostats, which may inform techno-
logical choices for future Small-Aperture Telescopes of the CMB “Stage 4” experiment.

Keywords Cosmic Microwave Background, Inflation, Polarization, Anti-Reflective
Coatings, BICEP Array

1 Introduction

Since the discovery of the Cosmic Microwave Background (CMB) in 1965, precision ob-
servations have provided evidence in support of a Big Bang origin of the Universe. Small
anisotropies in background temperature trace density (scalar) perturbations that subsequently
led to the growth of large-scale structure. Since 2006 the BICEP/Keck (BK) series of exper-
iments has mapped CMB polarization from its observing site at the South Pole. The curl
component of the polarization, also known as B-modes, may carry a faint signal caused by
primordial gravitational waves. Such tensor perturbations naturally arise in theories of cos-
mological inflation describing an early phase of rapid expansion in the first 10732 s after
the Big Bang. Today the key to constraining inflationary models (generally parametrized
by the the tensor-to-scalar ratio r) is disentangling the primordial B-mode signal from as-
trophysical foregrounds and gravitational lensing. Data taken by the BICEP2, Keck Array,
and BICEP3 CMB polarization experiments up to and including the 2018 observing season
presently limit r to < 0.036 at 95% confidence [1].

BICEP Array (BA) is a third-generation refractive telescope that consists of 4 receivers
observing at microwave frequencies ranging from 30 GHz (deployed in 2019) to 270 GHz
(in development) [2,3]. Most of the optical chain (presented in Fig. [1) is held at cryogenic
temperatures in order to reduce thermal loading on its superconducting detectors. Materi-
als are chosen for low loss at microwave frequencies combined with high absorption in the
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infrared: High-Density Polyethylene (HDPE) for the lenses (held at 4 K) and the ambient-
temperature vacuum window; alumina and nylon for infrared filters at 50 K and 4 K, respec-
tively. Optical elements are coated with antireflective (AR) layers in order to mimize stray
reflections previously seen to cause systematic effects in the beam response. AR coatings
must produce low reflected power over observational bandpasses, and withstand differential
thermal contraction during cryogenic cycles.

=

— HDPE window (ambient)

| ‘ — Zotefoam IR filter
— Alumina IR filter (50 K)

s — HDPE objective lens (4 K)

1 meter

— Nylon IR filter (4 K)
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— Low-Pass filter
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Fig. 1 Schematic of optical elements in the BA1 receiver. The vacuum window and both lenses are made of
HDPE. The design includes an alumina infrared filter held at 50 K and a nylon filter at 4 K. For reference,
the lens and window diameters are 638 mm and 876 mm, respectively. See [3] for further details on the BA1
instrument. (Color figure online.)

In these proceedings we present the development of laminated antireflective coatings
for single-band observations at 30/40 GHz, 95 GHz and 150 GHz. Section |Z| outlines the
production and testing of custom epoxy AR layers for alumina substrates, in this case the
50 K alumina filter of the first BICEP Array receiver (known as BA1). Section@presents the
fabrication method and performance of AR coatings designed for HDPE and nylon optics
at 30/40 GHz (deployed in BA1), 95 GHz and 150 GHz (in development for future CMB
receivers).

2 Epoxy AR-Coatings for Alumina
With its high index of refraction, high thermal conductivity, low in-band loss and substantial

IR blocking ability, aluminum oxide ceramic (also known as alumina) is a good candidate
material for optics at millimeter wavelengths [4, 5]. A novel two-layer AR-coating process
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was developed for the first BICEP Array receiver alumina filter. Layers of Stycast 2850 and
1090 were precision-cast in a granite mold, using petrolatum and Sprayon® MR-314 as re-
lease layer. The sheets were then vacuum-bagged with the alumina filter for heat-lamination
with low-density polyethylene (LDPE) as a bonding layer. To ensure durable adhesion after
cryogenic cycling, the alumina was sandblasted with high-purity aluminum oxide, and after
bonding to the alumina optics the AR layers were laser-diced for stress relief. The process
resulted in a robust filter with excellent in-band transmission (see Fig. [2).

Antireflective layers for the subsequent BA receivers are currently in development fol-
lowing the same method. A single layer of mixed Stycast 2850 and 1090 is intended for
the 95 and 150 GHz receiver alumina coatings. (The same mixture was used with a dif-
ferent, costlier application technique for BICEP3 [6].) Current development is focused on
ensuring the thinner epoxy layers intended for higher frequencies reliably separate from the
mold. The process is intended to work for curved lens surfaces as well, using mild heating
(40 —50° C) to deform the layers before bonding.

BA1 Alumina Filter Transmission
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Fig. 2 Room-temperature transmission of the alumina infrared filter in the 30/40 GHz band of BA1. Colored
lines show four consistent measurements taken with a Fourier Transform Spectrometer. The dashed line
shows a model of the transmission, including room-temperature absorption (which decreases significantly at
low temperatures). (Color figure online.)

3 Teflon AR-Coatings for Plastic Optics

HDPE and nylon optics are generally easier to manufacture than alumina and require lower-
index antireflective layers. Two types of commercially available polytetrafluoroethylene
(PTFE, also known as Teflon) membranes generally present densities and thicknesses suit-
able for plastic substractes at millimeter wavelengths: expanded PTFE (ePTFE) and sintered
PTFE (sPTFE). Example formulations used in the BK program include TeaditE] RGD ePTFE
used in BA1, as well as Porex@ﬂ sPTFE used in Keck Array.

For future observations at 95 GHz and 150 GHz with BICEP Array-sized optics, none
of the materials previously used for smaller-aperture receivers were available in sufficiently
large sizes. As aresult we developed a custom heat compression process to modify the thick-
ness and refractive index of two ePTFE formulations: Teadit® RGD and Teadit® SH. As

1
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shown in Fig. 3] we tuned the applied compression pressure in order to reduce the thick-
ness and increase the density of ~0.7 mm Teadit® RGD and ~0.5 mm Teadit® SH gasket
samples, to meet targets for quarter-wavelength AR-coatings at 95 GHz and 150 GHz, re-
spectively. The compression set is performed at a temperature above the glass transition of
PTFE [8], and is dimensionally stable under repeated vacuum and cryogenic cycling. For
infrared filters made of nylon, which presents a higher index n than HDPE, we found off-
the-shelf sPTFE from Fluorseals® to be a good match for the desired AR index /n. Again
the AR layers were heat-laminated to each optic using vacuum bagging and LDPE as a
bonding layer. Differential thermal contraction between the plastic substrates and AR layers
is minimal, resulting in excellent adhesion performance.
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Fig. 3 Optical properties of ePTFE samples heated to 137°C and compressed at different pressures ranging
from 1 to 10 atmospheres. Left: Colored lines show the increase in index and decrease in thickness of two
ePTFE formulations. Right: Change in the optical path length for the same two ePTFE formulations treated
at different pressures. Solid horizontal lines show targets for 95 GHz (red) and 150 GHz (blue). These results
point to process pressures of ~5-7 atmospheres for Teadit® RGD and SH in order to optimize performance
in these two bands. (Color figure online.)

Fig. E|presents reflectance measurements carried out with a Vector Network Analyzer at
30/40 GHz and 95 GHz. Off-the-shelf 1.3 mm Teadit® RGD provided satisfactory perfor-
mance for the BA1 receiver at 30/40 GHz. However, tuning the parameters of commercially
available ePTFE membranes improved performance for 95 GHz and 150 GHz compared to
the 30/40 GHz band. Table|I| shows the final parameters of the AR layers for all three bands,
as measured from fits to the reflectance spectra in Fig.[4]

4 Conclusions

We have developed novel techniques to produce high-performance antireflective coatings
for the alumina, HDPE and nylon optics in the 30/40 GHz, 95 GHz and 150 GHz bands.
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Fig. 4 Room-temperature reflection spectra of AR-coated HDPE and nylon samples taken with a Vector
Network Analyzer in two frequency bands (30/40 GHz and 95 GHz). Spectra measured at 95 GHz are extrap-
olated to 150 GHz to assess the performance of the Teadit® SH AR coating tuned for this band. Fit spectra
are shown as dashed lines. The resulting average in-band reflections are very low for these AR- coatings
designed for 30/40 GHz (top), 95 GHz (bottom, blue and orange lines) and 150 GHz (bottom, green line).
(Color figure online.)

Frequency Substrate \ AR material Compression Index Thickness (mm)

30/40 GHz HDPE Teadit® RGD ePTFE 1 atm 1.231£0.002 1.618 +£0.001

30/40 GHz Nylon Teadit® RGD ePTFE 1 atm 1.226 +£0.001 1.632+0.001
95 GHz HDPE Teadit® RGD ePTFE 5 atm 1.243 £0.005 0.650 4+ 0.003
95 GHz Nylon Fluorseals® sPTFE 1 atm 1.291£0.005 0.580+0.002
150 GHz HDPE Teadit® SH ePTFE 7 atm 1.25+0.01 0.395+0.003

Table 1 Final indices and thicknesses of AR layers designed for various plastic optics at 30/40 GHz,
95 GHz, and 150 GHz, fit from the reflectance spectra shown in Fig. E] These measurements show that
the heat/compression process results in the desired changes in index and thickness of the Teadit® ePTFE.

We will continue to validate their optical performance through reflectance and transmission
measurements at 150 GHz. Finally, we will research new methods to produce the thin AR
layers needed for the highest-frequency BICEP Array band at 220/270 GHz, as well as
future receivers for the CMB-Stage 4 experiment.
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