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ABSTRACT

The inflation paradigm postulates a period of rapid expansion in the early Universe, which would generate
gravitational waves. These tensor perturbations would produce a faint B-mode signature in the polarization
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of the cosmic microwave background (CMB), but this signal is orders of magnitude weaker than that from the
CMB'’s other anisotropy and that from astrophysical foregrounds. Placing more-stringent upper limits on this
signal or making a definitive detection thus requires exceptional control over instrument and measurement
systematics, in addition to extremely-deep maps. The fourth BICEP Array receiver, BA4-90/150, aims to
build and improve upon the heritage of the field-leading BICEP series of small-aperture CMB experiments
with a dichroic instrument observing in 90 and 150 GHz bands, to advance the search for the inflationary
B-mode signal. The instrument will utilize transition-edge-sensor bolometers, which will be read out using a
new two-level time-division-multiplexed system and be fed via feedhorn-coupled orthomode transducers and
refined cold refractive optics, with the goal of both improving systematics control and sensitivity over existing
receivers. With a planned deployment to the South Pole in the 2026-27 austral summer, the instrument will
occupy the fourth and final remaining slot in the BICEP Array mount, completing the phaseout of Keck
Array receivers. An overview of the BA4-90/150 receiver will be presented, along with a discussion of its
current status and future plans for the instrument.

Keywords: cosmic microwave background, telescopes, cryogenics

1. INTRODUCTION

As the hot, dense early Universe expanded and cooled, photons were eventually able to free stream, forming
the cosmic microwave background (CMB) sourced from the surface of last scattering, around 380000 years
after the Big Bang. Much can be gleaned about the early Universe from the angular power spectra of
the CMB, both from its temperature spectrum and from its polarization, which is typically decomposed
into an even- and odd-parity basis, i.e., E- and B-mode polarization. Previous experiments have measured
the temperature and E-mode polarization to high precision, cementing ACDM as the standard model of
cosmology.! However, while ACDM parameterizes spatial curvature, it explains neither the flatness of our
observed Universe nor the homogeneity of the CMB. These features are explained by the inflation paradigm,
which postulates that the Universe underwent a period of rapid expansion immediately after the Big Bang,
flattening the Universe and placing the entire CMB in causal contact.? Although there are many different
inflationary theories, all include this rapid expansion, which would produce primordial gravitational waves
that would imprint a B-mode polarization pattern in the CMB. This extremely-faint signal is typically
parameterized as the tensor-to-scalar ratio, r, and is orders of magnitude weaker than that associated with
the CMB’s other anisotropy and astrophysical foregrounds.

The BICEP series of experiments has searched for the degree-scale B-mode polarization pattern indicative
of inflation for the past two decades using small-aperture refractors observing from the South Pole, providing
field-leading constraints on 7.2 Observations are ongoing with the fourth-generation BICEP3 instrument?® and
three fifth-generation BICEP Array receivers,® as well as one remaining third-generation Keck Array receiver.
The sixth-generation BA4-90/150 instrument is intended to replace the final remaining Keck Array receiver
in the fourth slot in the BICEP Array mount. This new instrument will feature refined optics in combination
with upgraded feedhorn-coupled dichroic detector modules operating in bands centered near 90 and 150 GHz
in combination with two-level fully-differential time-division multiplexed (TDM) readout, with the detector
and readout upgrades developed in the context of the BA+ Project. Each of the ~ 2000 feedhorns will be
sensitive to two orthogonal polarizations in both frequency bands, for a total of ~ 8000 optically-sensitive
detectors, similar to the detector count of the existing BA2-150 and BA3-220/270 instruments. This receiver
was previously known as “PreSAT” and was intended to field prototype optics, detectors, and readout
developed for CMB-54, using a 100 mK adiabatic demagnetization refrigerator, in order to provide early risk
retirement.5 The cancellation of CMB-S4, while unfortunate, is allowing us to instead move forward with a
more-robust configuration better aligned to the BICEP program with a 300 mK base temperature, while still
leveraging advancements made under the CMB-S4 effort. In particular, design changes are intended to further
reduce instrumental systematics and make them easier to mitigate. While systematic errors are not currently
limiting BICEP constraints, control of systematic errors will become ever more important as map sensitivity
improves, and these errors become progressively more difficult to mitigate. Increasing per-pixel sensitivity is
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Figure 1. Ray trace of the BA4-90/150 optics design, incorporating, from left to right, two high-density polyethylene
(HDPE) lenses and a spherical focal surface with a radius of 1400 mm. Flat filter elements are not included in this
diagram, but their inclusion only results in slight changes to the lens placement.

also a design goal. This new instrument will soon ship to the South Pole, for a planned deployment during
the coming 2026-27 austral summer.

The remainder of this manuscript is arranged as follows. The instrument’s optical designs will be discussed
in Section 2, followed by its detectors, readout, and module designs in Section 3. We will then describe its
current status and future plans in Section 4, before concluding in Section 5.

2. OPTICS

The instrument optics use a refined prescription based on mature CMB-S4 small-aperture telescope (SAT)
work, which was based on the previous BICEP Array design, which in turn was influenced by earlier CMB-54
work. The design consists of two high-density polyethylene (HDPE) lenses and a spherical focal surface with
a 1.4m radius of curvature; each lens has two aspheric surfaces, and each surface is defined by eleven even
polynomial terms. Initial design work was done using Qg polynomials, which are an orthogonal basis,” as
they seemed to perform better with Zemax’s optimizer* than more traditional even polynomials; a change of
basis was then performed to even polynomials prior to final optimization, as even polynomials are significantly
easier to use for mechanical drawings for manufacturing. A ray-trace of this design is shown in Figure 1. The
optics were designed using a 580 mm aperture and 30° field of view, for a large etentue; the field of view
matches prior BICEP Array receivers, but the aperture is enlarged from 550 mm, which is possible due to
other changes in the receiver to increase beam clearances. In addition to the standard terms to minimize
wavefront error, the figure of merit for the optics design optimization included terms to enforce telecentricity
and minimize f-ratio variation across the focal surface; these additional terms result in a design that more
uniformly illuminates the aperture stop with the detector beams, in a time-reverse sense, which should reduce
beam systematics. Other terms are also included to favor thinner lenses, to reduce ripple toward the edge of
the lenses and enforce a monotonic surface profile, and to favor designs with rays closer to perpendicular
to the lens surfaces. The final design achieves a Strehl ratio > 0.99 at 150 GHz, with sagittal f-ratios of
£/1.57-1.59 and tangential of f/1.57-1.65.

Beyond the lenses, the optics include a vacuum window and a radio-transparent multi-layer-insulation
(RT-MLI) filter stack, an alumina filter, a nylon filter, and a low-pass edge filter for thermal filtering. The

* Ansys, Inc., Canonsburg, PA, USA; https://ansys.com/
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vacuum window is a polyethylene-composite ultra-thin window, which is ~1.3 mm thick, similar to those
previously deployed on BICEP Array receivers and BICEP3,2 but incorporating recent process improvements
that reduce the RMS thickness variation to ~20 pm (~ A/100 at 150 GHz) and with a larger clear aperture
diameter of 76 cm. The receiver is currently using an RT-MLI filter stack® constructed from twelve 3 mm
thick layers of Zotefoams Plastazote HD30,* an HDPE foam with a ~400um cell size, but we are planning to
switch to Zotefoams Ecozote PP35, a polypropylene foam with a ~50-150 um cell size,’ for reduced in-band
scattering. The 10mm thick alumina filter consisting of Kyocera* AO479U alumina and is similar to the
filters in existing BICEP Array receivers but with an enlarged diameter to increase beam clearance. The
nylon 6 filter is similarly enlarged compared to prior BICEP Array receivers; it may have an identical 7.5 mm
thickness, but other thicknesses are also being evaluated. The final filtering element is a low-pass edge filter;°
we have demonstrated that we can reach base temperature on the receiver without this filter and that it is
thus not necessary for cryogenic reasons, so it may be eliminated if above-band “blue leak” in our detectors
can be sufficiently reduced without it.

In order to minimize optical systematics, all optical surfaces, with the exception of extremely-low-index
foam, are anti-reflection (AR) coated, with a goal of < 0.1% per-surface reflection on all optical elements.
For polyethylene elements, this coating will be a two-layer coating comprising an inner layer of sintered
polytetrafluoroethylene (sPTFE), with an outer layer of expanded PTFE (ePTFE). The nylon filter will use
a similar coating, except the sPTFE layer will be replaced with a low-density polyethylene (LDPE) layer, due
to nylon’s higher refractive index. For the alumina filter, a three-layer epoxy—ceramic composite coating is in
development, but a fallback for the initial season may be a heritage two-layer epoxy coating comprising an
inner layer of Stycast 2850FT® and an outer layer of Stycast 1090, similar to that used in the BA1-30/40 and
BA3-220/270 instruments.

3. DETECTORS, READOUT, AND MODULES

The detector modules being developed under the BA+ initiative for the receiver consist of feedhorn-coupled
orthomode transducers (OMTs) feeding transition-edge sensor (TES) bolometers. Each horn includes four
optically-sensitive TES bolometers, with two per orthogonal linear polarization, with pairs for both the 90
and 150 GHz bands. Each TES includes two superconducting transitions, with a titanium “science” transition,
as well as a higher-temperature aluminum “lab” / calibration transition. Between the OMTSs and the TES
bolometers are diplexers and on-chip band-defining filters. An additional two “dark” TES bolometers will
be included in each pixel, although only a subset of these will be read out. The detector wafers are to be
fabricated by JPL, based on prior designs for BA and CMB-54.

Similar to prior BICEP experiments, these detectors will be read out using time-division multiplexing
(TDM). This readout chain will consist of NIST mux21 SQUID multiplexing chips'! in the detector modules,
with higher gain, increased bandwidth, and reduced crosstalk compared to prior designs; NIST SA23 SQUID
series arrays at 4 K; and new warm electronics being developed at SLAC, which are being validated against
the Multi-Channel Electronics (MCE) hardware developed at the University of British Columbia!? and
are expected to have higher bandwidth. These upgraded components will use two-level row addressing for
increased readout density and will enable fully-differential readout, which should reduce susceptibility to
out-of-band radio-frequency interference (RFI).

The detector wafers will be integrated into a flat-pack module design, which is a hybrid of the existing
BICEP Array module design and the module design developed for CMB-S4. The sky side of the module
starts with a feedhorn plate, which is coupled to the detector wafer using a photonic crystal and waveguide
interface structure. The detector wafer is followed by a backshort and a wiring printed circuit board (PCB)
surrounded by both superconducting niobium and high-u magnetic shielding. The SQUID multiplexing chips

* Zotefoams PLC, London, England; https://www.zotefoams.com/

T A cell size of ~50 pm was measured on a material sample, but Zotefoams PIS-E003 (Issue 0, Revision 4, which is
provisional) specifies the cell size as 150 pm.

¥ Kyocera Corporation, Kyoto, Japan; https://global.kyocera.com/prdct/fc/

¥ Henkel AG & Co. KGaA, Diisseldorf, Germany; https://www.henkel.com/


https://www.zotefoams.com/
https://global.kyocera.com/prdct/fc/
https://www.henkel.com/

are installed on a set of three silicon wiring chips, which are then attached to the aforementioned PCB. The
feedhorn plate includes 167 smooth-wall spline-profile feedhorns'3 with an 8.94 mm horn pitch, which will
be drilled into a metal block. While aluminum is the preferred material for this block for reasons of mass
and ease of fabrication, it is sub-optimal for magnetic reasons, as it concentrates the magnetic field near the
TES bolometers when it becomes superconducting; thus, non-superconducting alternatives such as brass or
magnesium alloy are also being considered. These modules will then be installed on copper spacers that are
attached to a copper baseplate and will position the modules such that the phase centers of the feedhorns
follow the spherical focal surface. In order to maximize detector packing on the focal plane, pairs of modules
will be installed on these spacers, which will then be fastened to the baseplate such that the modules are only
1 mm apart; this mounting mechanism allows for the modules to be installed without access to the bottom of
the baseplate but also without requires space to fit a screwdriver or hex key in between the modules. Between
four optically-sensitive bolometers per horn, 167 horns per module, and a total of twelve modules, there will
be a total of ~8000 optically-sensitive detectors in the receiver.

4. CURRENT STATUS AND FUTURE PLANS

As of the time of writing—mid-to-late 2026 July—the receiver is currently cold, on its 18" cold run. It is thus
well characterized cryogenically, having productively served as a North American detector and systems testbed
for the development of previous BICEP Array receivers. We plan to build up a new cryostat, designated
BAD5, as a testbed to serve this purpose going forward. Optical testing with 90 GHz BICEP3 and 150 GHz
BICEP Array modules is in progress; this testing is using heritage MCE hardware for detector readout,
pre-science-grade optics, and a heritage focal plane structure. Optics are in the lab, with AR coating planned
in the coming weeks, as final coating materials arrive. The cold readout is half populated, with the remaining
parts on order, as are the mechanical parts for the new focal plane design.

One or two more cold runs are planned for the next two months, for integration testing of optics and
the focal plane. The receiver will then be packed and shipped in late September or early October, for Pole
deployment this coming austral summer. The initial engineering season will include 90 GHz (BICEP3), and
possibly 150 GHz (BA), slot-antenna-coupled modules and a NIST 90 / 150 GHz horn-coupled module, with
the latter incorporating the new mux21 SQUID chips. This will validate the new dichroic optics and allow
for cross comparison of module types. We aim to populate the focal plane with BA4+ modules in subsequent
seasons and plan to switch to SLAC TDM warm readout electronics.

5. CONCLUSIONS

The BA4-90/150 receiver is intended to be a refinement and upgrade of previous BICEP Array receivers,
as the BICEP collaboration’s sixth-generation receiver design. Its changes are intended both to further
reduce instrument systematics and to increase per-tube sensitivity. The instrument will deploy in the coming
202627 austral summer, replacing the last remaining Keck Array receiver. The initial season will collect
engineering data with a menagerie of detector modules for validation of the optics and comparative testing,
and we intend to complete the focal plane over subsequent seasons.
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