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Abstract

BICEP is a ground-based millimeter-wave bolometric array designed to study the polarization of the
cosmic microwave background radiation (CMB) and galactic foreground emission. Such measure-
ments probe the energy scale of the inflationary epoch, tighten constraints on cosmological param-
eters, and verify our current understanding of CMB physics. BICEP consists of a 250 mm aperture
refractive telescope that provides an instantaneous field-of-view of 17° with angular resolution of
0.93° and 0.60° at 100 GHz and 150 GHz, respectively, coupled to a focal plane of 98 polarization-
sensitive bolometers.

This work details the design and characterization of the instrument, with discussion of prelimi-
nary results from data collected beginning inaugural 2006 observing season at the South Pole through
present. Instrument testing indicates that the systematic contaminations of the B-mode will be be-
low the threshold required for probing down to a tensor/scalar ratio of r = 0.1. Positive detection of
the E-mode polarization is reported, while the B-mode maps are consistent with noise. In addition,
the fractional polarization of the galactic foreground is constrained to f < 0.05 at moderate galactic

latitudes.
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CHAPTER 1

Introduction

1.1 Why inflation?

How did the universe begin? It is one of the most fundamental human curiosities, and, remarkably,
one which is now firmly in the realm of testable scientific inquiry. In less than a century, Einstein’s
general relativity and advances in other areas of fundamental theoretical physics have combined with
astronomical observations to radically alter our view of the universe — from a static picture to that
of a dynamic cosmos endowed with a particular history and an ostensible beginning.

The resulting Big Bang model, describing an expanding and cooling universe, has proved to be
exceptionally robust in the face of observational scrutiny. Most recently, precision measurements of
the spatial fluctuations in the cosmic microwave background (CMB), the residual 2.7 K radiation
from Big Bang, have continued to provide dramatic confirmations of the model, establishing the
geometry and the content of the universe with unprecedented and ever-increasing precision.

However successful in explaining the nucleosynthesis of light elements, the existence and the
properties of the CMB, and the expansion history of the universe, the standard Big Bang model

cannot adequately account for a number of fundamental puzzles:

o Why is the geometry of the universe so flat today? Without a fine-tuning of the curvature of
space in the beginning, any slight deviation from flatness would have quickly grown with time,

resulting in a re-collapse or a runaway expansion.



o Why is the universe so uniform? The CMB is observed to be isotropic to one part in 10°,

seemingly over causally disconnected regions on the sky.

o Where did the primordial fluctuations that grew to present-day large-scale structures origi-

nate?

The inflationary paradigm[13] is the leading candidate for solving these mysteries. It describes
an exponential expansion of the universe during the first 107> seconds preceding the ordinary Big
Bang, driven by the vacuum energy at energy scales of 10'® GeV — approaching a level at which
the strong, weak, and electromagnetic forces are expected to unify in a Grand Unification Theory
(GUT). Such an inflation implies that the entire observable universe today grew from a primordial
sub-nuclear volume of space, and that the seeds of large-scale structures are in fact the quantum
fluctuations present in that volume. It is an astonishing idea, but, fortunately, one with observable

consequences.

1.2 CMB polarization and consequences of inflation

Numerous experimental efforts in recent years have confirmed that the temperature and polariza-
tion anisotropies in the CMB contain a wealth of information about the evolution and content of
the universe. The detailed results of these observations have provided a growing confidence in the
inflationary paradigm of the origin of the cosmos. One of the basic predictions of the theory of re-
combination — the decoupling of the CMB from matter during the formation of atoms at redshift
~1100 — is that the CMB will be polarized at the level of a few percent of the temperature anisotropy,
and that this polarization will have a curl-free, or E-mode, pattern that is correlated with the temper-
ature anisotropy.

This polarization signature has now been detected by several experiments over a wide range of
angular scales (arcminutes to tens of degrees), providing a heartening and important confirmation
of our basic understanding of CMB physics. DASI was the first to report a detection in 2002[24],
followed by WMAP’s 1-yr measurement of TE-correlations[23], and more recently complemented

by results from BOOMERANG(32][36], CBI[40], CAPMAP[1], and multi-year analyses from both
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Figure 1.1: Recent measurements of the E-mode CMB polarization. Although a number of exper-

iments have detected the polarization of the CMB over a wide range of angular scales, none have

constrained it tightly, and the best upper limit on the tensor perturbations to date is  ~ 0.3. The level

of the galactic foreground is estimated for the cleanest region of the sky available from the South Pole.
DASI[28] and WMAP[35], among others.

By verifying the theoretical model and further tightening the constraints on the cosmological
parameters, the polarization measurements thus far have laid a strong foundation for tackling an even
more elusive goal: measuring the B-mode polarization of the CMB. As much as the temperature and
E-mode polarization are a relic of scalar or density fluctuations in the early universe, the B-modes are
a direct probe of primordial tensor or gravitational wave perturbations[18]—a generic prediction of
inflationary models. This curl component of the CMB polarization, if detected, would be the clearest
and most unambiguous evidence of inflation having taken place.

The B-mode polarization is expected to peak at degree angular scales at £ ~ 100, with the mag-
nitude of the power spectra directly related to the energy scale of the inflation. Current best upper
limit come from WMARP, at r ~ 0.3, where r is the ratio of the initial tensor to scalar spectra at

k = 0.002 Mpc™, still well above being limited by the galactic synchrotron and dust polarization

foregrounds and the lensing confusion which converts the much brighter E-modes to B-modes at



higher ¢.

So far, inflation has passed every observational test. Yet the critical test still remains: the detec-
tion of gravitational wave background (GWB) and its faint imprint on the CMB polarization. An
instrument designed to target the expected peak of the B-mode signature at £ ~ 100, with judicious
selection of observed field and careful control of systematics, can and should be able to probe deeply
below the current best upper limits on r with the foreground contaminations well below the instru-
ment sensitivity. BICEP, utilizing proven bolometric technologies albeit with unprecedented total

sensitivity and well-focused science goals, is just such an effort.



CHAPTER 2

Instrument Design

2.1 Instrument overview

Bicep[21] is a mm-wave bolometric array designed specifically to target the B-mode polarization of
the CMB at degree-scale angular resolution, where the signature of the primordial GWB is expected
to peak. Such a measurement would constitute a powerful new evidence in support of inflation, and
a remarkable probe of the energy scales of the earliest processes in the birth of the universe.

A realistic attempt at measuring the B-modes from the ground requires not only high system
sensitivity, but an instrument and observing strategy specifically geared towards exquisite control of
systematics. In tailoring BICEP for sensitive detection of degree-scale polarization, we have taken care
to minimize or avoid possible sources of systematic contaminations that would otherwise dwarf the
sub-uK cosmological signal. Bicep utilizes field-proven detectors, instrumentation, and mm-wave
technologies, albeit combined with a novel optical and operational design, resulting in a reliable, easy
to characterize, and compact instrument optimized for its inflationary science goals.

The instrument can be largely divided into four major functional parts: (1) mm-wave optics and
bolometer focal plane, (2) cryogenic and vacuum systems, (3) telescope mount and control, and (4)
signal and housekeeping electronics. Figure 2.1 gives a simplified overview of these major pieces of
the instrument.

At the heart of BICEP is a simple 2-lens telescope coupled to a focal plane of corrugated feedhorns,

designed to work at 100 GHz and 150 GHz — large windows in Earth’s atmospheric opacity which



\ x\ \ i / /
\ / /

\ \ \
\ \
\\ \_ insulating |

AN boot
N \

() /
N AR .
\ / \ // _[,/ window
AR AT
[ \ \ 1/ izt |

cold aperture stop ’.|— i T —I" il
& HDPE optics [ Ed‘ ﬁ Teflon

(4K) IR filters 2 £
(80K, 20K) \ reflective
feedhorn | B ,77 i groundshield
array (4K) A K48 7//&
‘\ LN2/LHe electronics /' TH bearing
g =] A”
PSB detectors cryostat
@250mK) "] )
1 /T — AZ bearing
-‘ i
JFET T | m—-k 4He/3He/3He |
readout  © ]I . =1 L fridge } L T

£ :
BICEP cryostat & receiver DSL BICEP platform (7500 Ibs cap)

Figure 2.1: BICEP receiver and mount as installed on site. The core instrument consists of a

cryogenically-cooled two-lens refractive telescope coupled to a focal plane of 100 GHz and 150 GHz

polarization-sensitive bolometers (PSBs) via corrugated feedhorns. Liquid helium cryogenic cool-

ing is necessary to both sufficiently cool the optical elements to minimize radiative loading onto the

detectors, and as a thermal base for the helium sorption fridge system that provides the sub-Kelvin

working temperatures for the PSBs. Once integrated with the three-axis mount (azimuth, elevation

and boresight rotation) and housed inside the observation laboratory, the telescope is fully protected

from the outside elements by the co-moving flexible environmental seal, with only the main aperture

and the forebaftle exposed through the roof cut-out. The building’s roof also supports the reflective

fixed groundscreen which minimizes the refracted ambient radiation from contaminating the signal.
are, rather fortuitously, not far from the peak CMB blackbody radiation and roughly coincident with
the expected null in the galactic foreground emissions. This optical system then guides the incoming
radiation to pairs of polarization-sensitive micromesh bolometers which populate the sub-Kelvin
focal plane, 25 pairs at 100 GHz and 24 at 150 GHz (as deployed for the first season).

As simple as the above may sound, BICEP is indeed a straightforward instrument, with a straight-
forward if daunting mandate: directly measure the temperature and polarization of the CMB and
foregrounds at degree angular resolution. Given this goal the design and engineering of BIcEp, then,
is a complex exercise in turning the core instrument concept into a powerful, functioning machine,
capable of rewarding science.

The following sections detail the development and design considerations of the core instrument
and all the supportive secondary subsystems necessary for the experiment to work as intended, along

with discussion on some of the inevitable trade-offs, compromises and limitations encountered over

the course of building BICEP.



Figure 2.2: Fully operational BICEP cryostat and mount, during test observing in Pasadena, CA prior
to deployment

Band Center (GHz) Band Width (GHz) No. of Detectors Beam FWHM  NET (uKcyp+/S)

96.0 22.3 25 0.93° 480
150.1 39.4 24 0.60° 420

Table 2.1: BICEP instrument summary.



2.2 Cryostat

Because of the desire to eliminate ambient temperature reflectors and incorporate only the minimal
set of optics that would provide the wide field-of-view (FOV) imaging at degree resolution, the entire
core BICEP instrument is housed within a single, contiguous cryogenic volume. This required the
development of a large cryostat, capable of accommodating up to 300 cm diameter optical window
and providing multiple days of continuous operation at a base temperature of 4 K.

The 4 K base temperature is necessary as a heat sink for operating the multi-stage helium ad-
sorption fridge which cools the detector focal plane to 250 mK — crucial for achieving the requisite
raw bolometer sensitivities. While mechanical cryocoolers can provide continuous operation at 4 K
without the need for liquid cryogens, we opted for a wet system that makes use of liquid nitrogen
and liquid helium to both take advantage of our previous experience with similar systems, and also
to avoid any unnecessary engineering and design complications from using a mechanical alternative.

The Bicep LN/LHe cryostat was designed and built in conjunction with Janis Research.! Be-
cause of the lack of external optics, the aperture of the cryostat must be upward-looking. This led to
toroidal, nested cryogen tanks — the outer LN tank surrounding and shielding the inner LHe tank
— with a large cylindrical central volume reserved for the cooled optics and the receiver. The op-
tics/receiver insert is cooled via a high-conductivity Cu baseplate mounted to the bottom surface of
the LHe toroidal tank using a single bolt circle.

Aside from providing adequate mechanical platform for housing the optics/receiver insert, the
main design consideration for the cryostat is thermal. Efficient thermal design not only ensures that
the frequency of operational cycle is reasonably low — minimizing thermal stressing and risks asso-
ciated with each cryogenic transfer — but is absolutely essential at a remote location such as the South
Pole where supplies are limited and vulnerable to failures outside the purview of the experiment.

Three major pathways of thermal conduction — between the outer 300 K shell and the LN tank,
and between the LN and the LHe tanks — determine the hold-times of the two cryogens: (1) direct
conduction from mechanical support structures, (2) radiative loading from non-zero emissivities of

surfaces, and (3) optical loading from the aperture (addressed in more detail in section 2.3).

'Janis Research Company, Inc., Wilmington, MA 01887. Web: http://www.janis.com/
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‘ Liquid Volumn (L) Surface Area (m?) Heat Capacity (Whr) Operating Load (W)
LN 55 3.52 2450 25
LHe 110 2.66 77.6 0.44

Table 2.2: Nominal design dimensions of the two cryogenic tanks. The surface area is that of an equiv-

alent solid cylinder. The operating load is from the measured boil-off rates during normal observing,

and does not take into account excess load from fridge cycling, etc.

The two Gio truss structures between the outer shell, LN tank and the LHe tank are the sole
mechanical supports, responsible for both bearing the weight of the filled tanks and the rigidity of
alignments. The integrated thermal conductances between 300-77 K and 77-4 K can be calculated
from published values,[31] giving 0.965 W/cm and 0.149 W/cm, respectively. The truss structures
have total A/L ~ 0.3 cm, resulting in loadings of ~0.3 W and ~ 0.04 W, respectively, sub-dominant
for both stages.

The net radiative energy flux between two surfaces with non-unity emissivities €4 and €., ac-

counting for multiple reflections, is given by

€x€c
AD = — S opa_Tiy o
€y t+ €c — €Ex€c €y T €c

€u€c

o(TE-TE) for €y, €c < 1 (2.1)

derived from summing the resulting infinite geometric series. Without additional insulation, this
would result in radiative heat loads of ~ 40 W and ~0.13 W for the two stages assuming 5% emissivity,
unacceptably high for LN and not insignificant for LHe. The non-aperture radiative loading can
be mitigated by using low emissivity multilayer insulation (MLI). Approximately 20-30 layers of
aluminized mylar surround most of the exposed surfaces of both cryogen tanks, with integrated
fibrous backing limiting conduction between layers from close contact.

With the design of the G1o support structures driven by mechanical requirements, and radiative
loading minimized by MLI, much of the vulnerability for additional thermal loading — and poten-
tial for improving the cryogenic performance — lies in effectively limiting the broadband radiation
through the aperture outside the observed science bands. The BICEP cryostat was designed with pro-
visions for thermal rejection filters at the top of the LN and LHe tanks, with the latter coupled not

to the tank itself but to an isolated stage cooled by the boil-off He gas through the vent line. This
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makes use of the cooling power of the escaping gas that would otherwise be wasted, and provides an

additional filtering stage to protect the LHe stage from excessive radiation.

2.3 Optics

BICEP’s optical elements consists of an ambient temperature foam window, Teflon IR filters at 77 K
and the He vapor-cooled 20 K stages, and 4 K cooled high-density polyethylene (HDPE) lenses which
form a 17° FOV image of the sky at the focal plane of primary corrugated feedhorns.

The designs of these elements are driven my multiple concerns. First, the cooled image-forming
optics must provide wide FOV imaging of the sky at infinity with low aberrations across the full
focal plane. BICEP’s axisymmetric refractive optical design partly addresses this, eliminating potential
polarization systematics associated with off-axis designs or on-axis secondary support structures.

Second, the system must attain high optical efficiencies for both science frequency bands, to limit
excessive instrument loading on the detectors and prevent degraded sensitivities to the CMB. Prop-
erly designed, the total in-band optical loading should be driven by the site-specific atmospheric
opacity (expected at the order of ~ 10 Ky;), and the instrumental contribution should be compara-
tively small and stable. Careful materials selection and thermal design are necessary to achieve this.

Third, out-of-band IR radiation must be sufficiently blocked from the LHe stage to achieve the
long hold-times necessary for efficient overall operation of the experiment. While IR blocking does
not directly impact the optical performance for the science at hand, this is crucial from an operation

standpoint.

2.3.1 Zotefoam window

The 300-mm aperture vacuum window consists of four individual layers of Zotefoam PPA30,? heat-
laminated to form a single 10-cm thick slab and sealed to an aluminum frame using Stycast epoxy.
A similar low-loss Zotefoam window was used in ACBAR.[38] The window was measured to have
~1% loss at 150 GHz, adding an expected 2-3 Ky, of optical loading on the detectors. Scattering at

millimeter wavelengths is very low due to the small cell size (0.3 mm) and low density (30 mg/cm?).

*Zotefoams Inc., Walton, KY 41094. Web: http://zotefoams.com/
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Figure 2.4: The upper limit on instrument loading is given by extrapolating the effective temperature

of a flat reflector at the window aperture in comparison with standard 300/77 K loads. The asymp-

totic behavior of the effective loading versus pixel radius — falling to ~ 8-10 K at the center pixel

— indicates at most 4-5 Ky, loading from the instrument assuming only a single bounce from the

reflector. Multiple reflections would lower this limit further.
Because the foam window is radiatively cooled to below ambient temperature from both sides, frost
can form from residual moisture in the air. To prevent this, a taut 18-ym polypropylene film was in-
stalled as a cover, with the airspace between the cover and the Zotefoam window slightly pressurized
and continuously purged by warm dry nitrogen gas.

Because the rest of the optics is internal to the cryostat and cooled to cryogenic temperatures,
instrument optical loading is minimized and is dominated by the ambient vacuum window (see Table

2.3). The measured upper limit on the instrument loading is less than 4-5 Kg;, consistent with the

expected loading of ~ 3.5 Ky, in both frequency bands (Figure 2.4).
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100 GHz 150 GHz
(pW) (Kgy) (pW) (Kgy)
CMB 0.067 0.97 0.059 0.53
Sky 1.16 16.7 0.584 5.3
Window 0.160 2.30 0.250 2.79

77 K Teflon 0.063 0.90 0.098 0.89
VCS Teflon 0.013 0.19 0.019 0.17

4 K spillover 0.007 0.10 0.008 0.07
4 Klenses 0.002 0.03 0.003 0.03
Total 1.47 21.2 1.02 9.3

Table 2.3: Expected in-band optical loading. The sky dominates the total loading, and in turn the
window dominates that of the instrument contributions.

2.3.2 IR-blocking filters

Effectively blocking the incoming IR radiation is crucial to reducing the thermal loading onto the
LHe stage and subsequent optical elements at 4 K and below. Two absorptive PTFE (Teflon) filters
of thickness 1.5 cm and 2.0 cm are used at the 77 K liquid nitrogen stage and the LHe vapor-cooled
20 K stage, respectively, for this purpose.

Application as an absorptive IR-blocking filter ideally requires good in-band transmission, high
thermal conductivity to dissipate absorbed radiation to the edge, ease of anti-reflection coating or low
index of refraction, and effective blocking above 3 THz. Attenuation below 3 THz provides negligible
mitigation of the thermal loading onto 4 K. Teflon was chosen over other candidates for meeting the
requirements in all of the above areas, with low in-band loss of 0.015 Npcm™ at 150 GHz and a
relatively low index of refraction n = 1.44.[26] The thermal conductivity of 1.4-2.2 mW cm™ K™*
at 20-80o K is sufficient to dissipate the expected absorbed radiation,[7] and avoid excess heating
of the filters beyond their usefulness. IR-attenuation properties are excellent for this application:
~3 Npcm™ near the cut-on region at 3THz, and negligible transmission at higher frequencies.[2]

To consider the thermal performance of the Teflon filters, we must first estimate the incident
radiative loading from the ambient temperature Zotefoam window. Assuming the window is opaque
at IR (dominating the total emissive radiation) and that the inside surface radiates onto much colder

surroundings, the temperature of the inside surface Ty can be estimated from equilibrium between
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conduction through the window and blackbody radiation:

7 (T = Tox) = 0T (2.2)
where k = 0.4 mWcm™ K™ is the thermal conductivity of the foam window,® and [ = 10 cm is
the thickness. Solving the above gives T;y = 145-170 K for T,y = 210-300 K, which covers the
ambient temperature range between winter South Pole observing and lab testing conditions. Lab
measurement of Ty ~ 180 K agrees well with the above approximation. Note that the physical surface
temperature Ty is a lower limit on the effective temperature incident on the colder stages, which will
be the foam temperature at optical depth of unity.

Left unabated, the window would radiate ~ 4 W into the cryostat (confirmed through direct
experience), or about ten times the final achieved operating load on the LHe stage! The presence of
the IR filters are crucial for intercepting this load. Direct lab measurements of the filter temperatures
indicate that during normal operation, the LN filter equilibrates at ~ 130-150 K at the center and
~80-100 K at the mounting edge, with the range driven by the LN fill level. The VCS filter — cooled
by a 1 m long copper tube heat exchanger along the LHe vent — equilibrates at ~ 70-80 K at the
center and ~ 15-25 K at the heat exchanger itself. This reduces the incident aperture radiation onto
the LHe stage to an expected ~0.13 W.

This is in good agreement with an independent confirmation of the IR blocking efficiency, de-
rived from comparing the LHe boil-off rates between the blanked-off cryostat and one in operational
configuration with the window/filters installed. With the latter, the quiescent loading on the LHe is
15 L/day (~0.44 W). Blanked off, we measure 10 L/day (~0.29 W) — a difference of ~0.15 W.

Note that the primary role of the IR filters is thermal. It reduces the loading on the LHe stage,
with the secondary benefit of easing the workload on the sub-K band-defining filters. They do not
in any way function to define the science bands or to prevent harmonic leaks at multiples of the
band-defining edges.

Without coating, the Teflon filters incur ~ 3.3% reflection per surface. Efficient anti-reflection

coating is accomplished with Zitex, a porous Teflon sheet available in many thicknesses and den-

*As cited by the manufacturer for 10 °C: http://zotefoams.com/pages/EN/datasheets/PPA30.HTM
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sities. The typical relative density compared to regular Teflon is ~ 40%, making it ideal for coating
applications in conjunction with its parent material. The measured index of refraction of n = 1.2
agrees with expectation.[2] A single layer of Zitex per surface is used to achieve good transmission
over both 100 GHz and 150 GHz bands, with ~0.5% reflection per surface.

Due to its low melting point at 120 °C, thin sheets of LDPE provide a cryogenically robust and
mm-wave transparent bonding of the Zitex layers to the bare Teflon filters. Layers of LDPE 2-mil
in thickness are sandwiched between Zitex and Teflon, and press-heated together above the melting
temperature of LDPE. Teflon has a significantly higher melting point and is not degraded in this

process.

2.3.3 HDPE lenses

BICEP uses two cryogenically-cooled biconvex lenses to image the focal plane to infinity, with the
top objective lens providing the 250 mm aperture stop for degree-scale resolution. With the aperture
size roughly determined by the desired angular resolution on the sky, the physical focal length of the
optics is driven by considerations for the edge taper of the primary feedhorn beam profiles at the
aperture and efficient packing density of pixels on the focal plane.

Because feedhorn-coupled arrays sample the sky sparsely, the pixels need to be closely packed for
efficiency, with inter-pixel distances on the focal plane driven by the size of the feedhorn apertures.
Minimum achievable feedhorn aperture diameter — without going under the limit set by the size of
the PSB modules themselves, and accounting for clearances and wall thicknesses — was ~ 14 mm at
150 GHz, giving ~21 mm at 100 GHz by direct scaling so as to keep the illumination of the aperture
the same between the two bands. (See Section 2.4.)

A —20 dB edge taper at the main aperture was chosen to minimize both far-field sidelobes and loss
from internal spill-over, which translates to ~ 3.1 fA diameter feedhorn apertures assuming lowest-
order gaussian coupling of beams to the lens optics. Equating this to the above physical aperture
diameters provides the effective design f-number of f/2.3. We can then derive the plate scale of the

focal plane, given by:

o 1 (180O

X
fds

. )mo.l /mm (2.3)
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where d, is the diameter of the main aperture. The focal plane accommodates a ~ 170 mm diameter
array of pixels, or ~17° diameter region on the sky.

Considering the packing density of the feedhorns on the focal plane is thus a crucial step in the
design and implementation of the entire instrument, not only driving the design of the optics, but
determining the overall scale of the telescope and setting the instantaneously accessible FOV, which
in turn influence everything from baffling and ground shielding to scan strategy.

For reasons of ease of manufacture and low reflection loss, we chose HDPE* for the lenses. The
performance of the HDPE design predicted by the ZEMAX software is similar to that for silicon and
fused silica designs originally considered: Strehl ratios > 0.99 and cross polarization = few x 107>
over the field of view. The induced linear polarization at the edge of the field is predicted to be 0.8%
without the anti-reflection coatings, and less with the coatings, but this has not been confirmed with
measurement.

The shape design of the lenses assumed a uniform 1.9% contraction of the lens between room
and operating temperatures. The validity of this assumption was tested by measuring the 1.7 + 0.2%
contraction of a sample of the HDPE at room temperature and after immersion in liquid nitrogen.
Using a Michelson interferometer, we measured an index of refraction of n = 1.574 + 0.007 at cryo-
genic temperatures, and we used this value in the optical design. Given an index of refraction similar
to Teflon and a melting point (130 °C) that tolerates the LDPE bonding technique used in AR-coating
the IR-blocking filters, both sides of the bi-convex lenses were similarly coated with Zitex.

To accommodate the thermal contraction mismatch between the HDPE lenses and the aluminum
enclosure, each lens is mounted on three thin vertical aluminum vanes. This design is predicted to
position the lens repeatably and was observed to be stiff. Flexible braided copper straps are attached
from the lenses to the 4 K base of the telescope enclosure for heat sinking, and the VCS Teflon filter
minimizes the incident radiation. The edge of the top lens is measured to equilibrate at < 8 K so
negligible emission is expected from the lenses. Circular apertures located at the lenses and in two
intermediate locations within the telescope are blackened with epoxy loaded with carbon black or

iron filings® to minimize stray light.

*Accurate Plastics, Inc., Yonkers, NY 10705. Web: http://www.acculam.com/
*Emerson & Cumings, Billerica, MA 01821. Web: http://www.emersoncuming.com/
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(b) Geometric spot diagrams. The optical performance of the lenses is completely diffraction-limited,
as the above comparisons between the 150 GHz Airy disk and geometric spot diagrams for various
focal plane locations show.

Figure 2.5
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2.4 Feedhorns

The image of the sky formed at the focal plane by the optics must be coupled to the bolometers with
high polarization fidelity and optical efficiency, and well-defined spectral passbands. BICEP uses pro-
filed corrugated feedhorns and capacitive metal mesh filters for this purpose, with each pixel on the
focal plane consisting of 4 K primary and re-expanding feed horns in a back-to-back configuration,
followed by a small thermal gap to the 250 mK band-defining filter stack and PSB coupling feed horn
(Figure 2.6). This arrangement allows for the separation of design considerations between efficient
coupling to the lens optics, spectral band definition, and proper interfacing to the bolometers, and is
similar to that used in ACBAR, BOOMERANG, and Planck HFI.

If designed to propagate only the fundamental HE,, mode, profiled corrugated feedhorns can
offer low sidelobe response and superior polarization characteristics over a wide bandwidth. This is

easy to see when we look at the functional form of the aperture field distribution of such a design:
N r A
E; o< Jo E Uo, | Ix (2.4)

where a is the inner radius of the corrugations and u,, = 2.405 is the first zero of the zeroth-order
Bessel function J,. That is, the field distribution is radially tapered, possesses strictly linear polariza-
tion, and is azimuthally symmetric, ideal for application in this context.

The detailed analytical calculations for the design of the corrugated feeds are available from
Zhang (1993) [43] and numerous other references, which are not repeated here. Instead, the following
discussion highlights a few of the considerations relevant to the specific designs in BiCEp.

The design of the primary feedhorn must take into consideration three major constraints in ad-
dition to the details of the corrugation geometry along the whole length: (1) throat geometry, driven
by the required band definition; (2) flare profile, affecting both the acceptable level of propagation
mode contamination and the overall length of the feedhorn; and (3) the aperture geometry, which
reflect the maximum attainable packing density of the pixels given limitations on the compact design
of the detector array.

In terms of the impact on the optical quality of the experiment, the design of the throat section
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Figure 2.6: The optical aperture is illuminated by corrugated profiled 4 K feedhorns. Re-expanding
back-facing feedhorns provide a convenient thermal gap between the 4 K back-to-back stage and
the 250 mK focal plane. Sub-Kelvin metal mesh filters and the PSB coupling feedhornss define the
spectral bands at both frequencies.
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‘ ﬁMAX Apperrure (MM)  Wo (Mm)  Opywam
100 GHz | 10° 10.695 6.89 6.04°
150 GHz | 6.5° 7.130 4.59 6.04°

Table 2.4: Design parameters of primary feedhorns (maximum flare angle f8,,x, gaussian beam waist

radius at the aperture w,)
of the feedhorns is perhaps most crucial, as it directly influences the allowed modes of electromag-
netic propagation, affecting the illumination pattern and polarization characteristics of the beams
on the sky. In short, following Zhang’s procedure, widest possible bandwidth for single-mode HE,,
performance can be achieved by constraining the ratio of outer and inner radii of the corrugations
to b/a = 1.8309 at the throat, then determining the inner radius a for the desired modal cut-on.

The determination of the waveguide cut-on in this case is equivalent to that of a smooth-walled
circular waveguide: ka = 1.841, where k is the wavenumber at the lowest desired frequency of opera-
tion. In practice, because the throat sections have finite lengths on the order of nominal wavelengths,
the actual achieved cut-on frequencies are noticeably higher and depend on the exact details of the
corrugation design. Simulations with the HESS software were used to numerically derive the effective
cut-on condition with other constraints on the throat design present, giving ka ~ 2.1.

In BICEP, the lower edges of the bands are defined by the throat sections of the PSB feedhorns.
The throat sections of the 4 K back-to-back feeds are of slightly larger diameters to accommodate
the optional Faraday rotator modules, such that they can operate away from the waveguide cut-ons
over the entire bandwidth. The numerically-derived design cut-ons were placed at 83 and 130 GHz
for the two bands for the PSB feedhorns. The cut-ons for the back-to-back feedhorns are at 8o and
125 GHz and do not determine the overall spectral bands.

The design of the aperture diameters of the primary feedhorns is much simpler in comparison.
They have the largest aperture diameters that still allow for the pixel density to be driven by the
minimum achievable size of the PSB modules. The design values are given in Table 2.4. Given the
target throat and aperture sizes, the flare section can be designed. BicEp makes use of a profiled design
with continuously-varying flare angle instead of a conical one for two major reasons: (1) profiled

feedhorns tend to be shorter in length than conical designs for similar performance, and (2) the
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Predicted Feedhorn Patterns for Varying Design Flare Angles
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Figure 2.7: Maximum flare angle B« vs. predicted beam patterns for profiled 100 GHz primary

feedhorns. The curves {(a), (b), (c), (d)} correspond to By.x = {20, 15, 10,2} degrees.
phase center is aligned with the aperture plane. The latter property is particularly relevant for the
front-to-front coupling of the back-facing and PSB feedhorns across the thermal gap, as it minimizes
the axial separation of the phase centers in the absence of lenses in the filter stacks.

The exact profiling can take a number of functional forms with little practical difference in per-
formance in the end, as long as the flare angle varies adiabatically. The profile used for the inner
radius a is:

z iz
a(z) = QAruroar t (aAPERTURE - aTHROAT) ((1 - A)Y + Asin? (Z)) (2.5)

where z is the axial dimension, [ is the length of the flare section, and A = 0.7 modulates the degree
of linearity and is determined by trial-and-error for reasonable performance and design solutions.
A useful metric for the aggressiveness of designing for compactness is the maximum allowed flare

angle Byax. Figure 2.7 shows calculated far-field patterns for four different 100 GHz primary horn
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Figure 2.8: Simulated far-field patterns of the primary feedhorns using modal matching. The red and
blue patterns correspond to the E- and H-plane cuts of the beam pattern; the dotted pattern corre-
sponds to the cross-polar beam at 45° from vertical polarization. The green profiles are equivalent

pure gaussian beams. The approximate aperture stop is indicated by the vertical line.
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designs, identical except for the lengths of the flare sections which directly determine the maximum
angles. In this context where the feedhorn beams will be coupled to a —20 dB aperture stop, the
trade-off is essentially between compactness and directivity. The design corresponding to (c), or 10°
maximum flare, was chosen as a compromise offering good aperture efficiency and reasonable ease
of manufacturing. The length of the 150 GHz primary feed is simply matched to that of the 100 GHz,
giving 6.5° maximum fare.

The field distribution at the aperture of the primary horns (Equation 2.4) not only results in
excellent performance characteristics for polarimetry, but is also convenient for simplified gaussian
optics calculations since ~ 98% of the power is in the fundamental gaussian mode. This maximum
coupling efficiency is achieved for w,/aspsrrurs = 0.644, Where w, is the gaussian beam waist radius
coupling to the feedhorn aperture. This approximation of the propagation of beams was used in
aiding the design of the HDPE lenses.

The predicted far-field beam patterns for the primary feedhorns (calculated with the CORRUG
software®) are shown in Figure 2.8, with the main aperture taper at the objective lens shown by the
vertical line at ~ 12°. Although detailed radiation pattern measurements were not carried out for all
the feedhorns, past experiences with other systems have indicated very good agreement between the
modal-matching calculations by CORRUG and physical measurements. Return loss measurements
using a vector network analyzer were carried out, however, to identify individually flawed feedhorns,

and a small number of these were replaced prior to full system integration.

2.5 Spectral band definition

BICEP’s two frequency channels at 100 GHz and 150 GHz are designed to coincide with windows in
the Earth’s atmospheric opacity, and enable discrimination against non-thermal foreground sources
such as the galactic dust and synchrotron emissions. With the lower edges defined by the corrugated
waveguide cut-ons, the upper edges are provided by stacks of capacitive metal mesh low-pass filters at
the aperture of the PSB feedhorns, heat-sunk and cooled to 250 mK. Multiple layers of metal meshes

are supported on a dielectric substrate for each individual filter, and AR-coated to minimize loss.

®Antenna Software Ltd., UK. Web: http://www.maasdesign.co.uk/
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Average Measured BICEP Bands & South Pole Atmosphere
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Figure 2.9: Average measured BICEP spectral bands.

Correctly tuning the locations of both the waveguide cut-ons and the metal mesh profiles requires
reasonable estimates of the atmospheric emission and expected performance of the receiver. Given an
atmospheric model the bandwidth and band-center of both channels can be optimized for sensitivity
to CMB. The detailed treatment of the optimization procedure is explained in Appendix A; the salient
results are summarized here.

Figure 2.9 shows the expected South Pole atmospheric model appropriate for winter conditions
at the expected elevation of observation (~ 60°), calculated with the AT software[12], along with
average measured spectral passbands of both channels prior to deployment. Rigorous optimization
of the spectral bands can become quite involved, requiring not only accurate atmospheric/instrument
models, but also knowledge of operational choices such as sub-Kelvin focal plane temperature and
detector biasing which may not be precisely determined until a working instrument is available.

In reality — due to the intrinsic uncertainties in the atmospheric modeling, complex dynamic
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‘ Edge Filter (cm™) Blocker1(cm™) Blocker2 (cm™)
100 GHz “B829” 3.65 “B822” 4.00 “B657” 6.60
150 GHz “B647” 5.90 “B807” 5.77 “B712” 8.50

Table 2.5: Nominal metal mesh filter edges and serial numbers.

behavior of the South Pole weather, long lead times involved in developing and testing prototype
metal mesh filters, etc. — more guesswork is involved in the so-called “band-optimization” than one
might be led to believe! Rough locations for the band edges for high sensitivity are readily apparent
even without rigorously detailed calculations, however. Assuming a simple top-hat spectral band and
realistic estimates of the end-to-end optical efficiency is adequate enough to narrow the optimization
phase space to a small range. In particular, since the waveguide cut-ons that define the lower edges of
the bands can be reliably predicted and expected to be sharp, these were fixed early in the design cycle
as explained in Section 2.4, leaving just the profile of the metal mesh low pass filters to be optimized,
fabricated and tested iteratively.

Most critical to the experiment is the upper edge definition of the 150 GHz band, as it is bound by
the strong water emission at ~ 183 GHz, which is highly variable with weather conditions. The lower
edge of the 150 GHz band and the edges of the 100 GHz band are bound by oxygen emission lines
which are stable, and these can be optimized using a static model of the atmosphere. Although a de-
tailed dynamic model of the atmosphere can be attempted to optimized the 150 GHz band — taking
into account both the spatial and temporal fluctuations specific to the observing site — in the end
BICEP conservatively used filter designs with edge profiles similar to the proven earlier-generation
designs in ACBAR, but with better cut-off performance in further limiting the water contribution to
the total loading.

L and

Typically, these filters exhibit spectral leaks at multiples of the cut-off frequency (3.65 cm™
5.9 cm ! respectively for 100 GHz and 150 GHz bands). Two additional metal mesh filters at higher
cut-offs are used at each pixel to efficiently block out these leaks. Testing with thick grille filters
indicates an upper limit of high frequency leak at —25 dB for 100 GHz pixels and —30 dB for 150 GHz

pixels. Limiting the high frequency leaks are crucial: as well as introducing unpredictable excessive

optical loadings and potential spectral mismatches within a pair, there is little guarantee that the
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resulting beams on the sky corresponding to the leaks will be well-behaved, either in profile or in

polarization purity. Theses results are given in more detail in Section 3.2.

2.6 Faraday rotation modulators

Six of the 49 pixels deployed for this first season of observation were employed as testbeds for Fara-
day rotation modulators[19] (FRM), operated as polarization switches in a phase-sensitive detection
scheme between the primary and back feed horns. Such modulation in principle offers the ability to
minimize susceptibility to systematic instrumental polarization, tune the post-detection audio band
for more flexibility in avoiding microphonic lines, and mitigate optical sources of systematic polar-
ization such as differential gain fluctuations. Modulation increases the system’s immunity to offset
variations downstream of the primary feed horns.

The FRMs are functionally similar to a rotating birefringent half-waveplate, but have no mov-
ing parts and are implemented at the back-to-back feed horn section of each pixel. Modulation is
achieved using the Faraday effect, whereby the plane of linearly polarized radiation is rotated during
propagation through a magnetized dielectric. A superconducting solenoid, biased with +o.1 A, pro-
duces +£45° rotation, allowing measurement of the Q Stokes parameter with a single PSB without the
need for pair-differencing.

Rotation angle has been measured to be uniform across both of the optical bands and is extremely
stable over time. At the time of the initial deployment, FRM performance met desired design criteria:
~80% transmission, ~ 1% reflection, ~ 1% instrumental polarization, < 1% cross polarization, > 90%
polarization efficiency, and < 1 mW r.m.s. total power dissipation.

However, because of the large difference in instrument operating modes between pair-differencing
of simple scan-modulated signals (requiring a relatively fast mount scanning speed to place the target
science range of £ ~ 30-300 sufficiently above the 1/ f knee of the atmosphere) and FRM-modulated
scheme (requiring relatively slow scanning for effective and accurate amplitude demodulation of the
incoming polarization), along with the good performance of the former method of pair-differencing
in nulling out the common-mode fluctuations over a wide enough bandwidth, led us to remove the

FRMs at the end of the first season and commit to scan-based modulation of the signal.
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2.7 Polarization-sensitive bolometers

Figure 2.10: A BICEP Si,N, PSB prior to being mounted and wirebonded in its module housing. Only
the longitudinal legs are metalized for polarization sensitivity, and spaced at 150 ym for operation
in both 100 GHz and 150 GHz bands. The metalized and trimmable pair of legs adjacent to the
signal leads allows for custom tuning of the thermal conductance to the 250 mK bath, depending on
expected total loading on the bolometer.

BICEP uses a pair of silicon nitride micromesh polarization sensitive bolometers[17] (PSBs) at
each pixel location, orthogonal in polarization orientations and co-mounted behind shared feeds and
cold band-defining filters. A total of 49 such pairs, 25 at 100 GHz and 24 at 150 GHz, are cooled to
250 mK to achieve close to background-limited sensitivities. After adjusting for the relative respon-
sivities, the pairs are summed or differenced to measure the Stokes I or Q parameters. Because the
orthogonal PSBs observe the CMB through the same optical path and atmospheric column with near-
identical spectral pass bands, systematic contributions to the polarization are greatly minimized.

Due to its wide intrinsic bandwidth, the same micromesh bolometer design can be used for both
100 GHz and 150 GHz band, in detector housings tuned for band-specific 1/4 backshort integrating
cavities and appropriate mating to the corrugated PSB feed horns. Figure 2.10 shows a typical Bicep
PSB prior to being mounted. The optically active absorber mesh area is 4.5 mm in diameter, metalized
along the vertical direction to couple only to a single polarization mode, and suspended along the
perimeter by low thermal conductance support legs. A neutron transmutation-doped germanium
(NTD Ge) thermistor is mounted at the edge of the absorber, placed outside the coupling area to the

incoming guided wave to minimize crosspolar response.
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Figure 2.11: 100 GHz NET¢y; vs. G,, for optical efficiency # = {0.2,0.3,0.4}

Properly tuned, NTD Ge bolometers can offer background photon noise-limited sensitivity in
low loading conditions.[4] The thermal conductance G(T) = (T/T,)? between the thermistor and
the 250 mK bath is tailored for the expected total loading to limit phonon noise. (T, = 300 mK
by convention.) The conductance of the BicEp PSBs is dominated by the signal leads and a pair of
adjacent metalized legs, which can be laser-trimmed to change the final conductance to {40, 50, 67} %
of its full value.

At relatively high end-to-end optical efficiencies (and thus higher fractional photon noise con-
tribution), a wide range of G, is acceptable for low-noise performance. But as the optical efficiency
becomes degraded, the thermal conductance must be appropriately adjusted for maximum sensi-
tivity (Figure 2.11). Prior to deployment, the PSBs for both bands were adjusted to a target value of
G(T = 300 mK) »~ 60 pW/K by trimming both of the adjustment legs, based on achieved optical

efficiency during testing, and expected atmospheric loading projected for observing conditions.
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Figure 2.12: Un-etched PSB mounted into a BICEP module to be used as a thermistor, prior to be-
ing mated with its pair and installed into the focal plane. Alignment pins register the polarization
orientation both within a pair and w.r.t. the focal plane.

The optical time constant 7 ~ C/G determines the maximum desirable scanning speed vy,x ~
Orwin/3Tmax. Single-pole equivalent median 7 was measured to be ~ 21 ms, with 97% of the PSBs
under 45 ms. This allows for azimuth scanning at up to 5 deg /s without significant signal roll-off.
Typically, the beams move across the sky at 1-2 deg /s over the elevation range of the observed field,
safely within the limit set by time constant roll-off considerations. Measurements of the bolometer
transfer functions and model fits to time constant values are detailed in Section 3.5.

PSBs have been used for a number of experiments. Detectors similar in design were used in the
2003 flight of BOOMERANG at 145 GHz,[30] providing the first bolometric measurement of CMB
polarization. PSB modules identical to the ones described here have been deployed in QUAD,[6]
targeting CMB polarization at angular scales an order of magnitude smaller than BICEP’s range. In
addition, the HFI instrument of the upcoming Planck mission will incorporate eight PSBs (4 feeds) at
each of 143, 217, and 353 GHz. The PSB concept derives from previous generations of total intensity
Si;N, micromesh bolometers,[5] used in numerous measurements of the temperature anisotropy

(ACBAR, Archeops, Bolocam, BOOMERANG 98, MAXIMA and MAXIPOL).
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2.8 Helium sorption refrigerator

Figure 2.13: Diagram of the multi-stage sorption refrigerator, showing the pump and evaporator of
each stage (4He, 3He InterCooler, and 3He UltraCooler). The large 4He and 3He IC sorption pumps
are cooled by gas-gap heat switches and housed in a light-tight shield. The small 250 mK stage UC
pump is separately shielded (shield not shown). The sorption unit mounts to the main LHe tank by a
copper flange (4 K contact), which connects directly to the 4He condensation point.

The detector focal plane is cooled to 250 mK by a 3-stage 4He/3He/3He sorption refrigerator
filled with {32,16,2} L (STP) of gas, respectively. This design eliminates the convection found in
previous multi-stage designs[3] during the condensation phase[10] by putting several bends in the
pump tube between the pump and the condensation point (see Figure 2.13). The fridge requires
{4.68,1.62,0.41} kJ to cycle the pumps with a power dissipation of {70,60,60} mW to sustain
the pumps at the end of the condensation phase. A similar design was used to reduce the para-
sitics on an adiabatic demagnetization refrigerator and a large suspended focal plane in the Z-Spec
instrument.[33]

To reduce additional load on the focal plane from the un-pumped main LHe bath, we employ
a thermal intercept stage in the focal plane connected to the 4He evaporator. This stage maintains

1.4 K while the 4He lasts, and 2.4 K after the 4He is exhausted, still cooled by the 3He vapor of the
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second stage (inter-cooler, or IC) and intercepting ~ 30 W of parasitic heating from the 4 K bath.

The cycling of the refrigerator is entirely automated via the control system, and requires ~ 5 hours
to reach 250 mK from the 4 K starting point. The hold time from the start of the cycle is ~65 hours,
limited by the 3He IC stage running out. In normal operation the refrigerator is cycled every 48
sidereal hours at the beginning of each observation schedule, providing an operating temperature
duty cycle of 89%.

The hold time is ultimately driven by the capacity of the IC stage, which is in turn largely deter-
mined by the hold time of the 4He first stage — before it is exhausted the parasitic thermal loading on
the IC is small. The third stage (ultra-cooler, or UC) which provides the actual working temperature
of the focal plane has a capacity beyond the requirements for normal operation, and does not affect
the total hold time.

All three evaporators of the fridge are linked to the focal plane at various isolated stages with
solid OFHC Cu thermal straps which are braced with insulating and/or isothermal supports to guard

against vibrational heating.

2.9 Sub-K focal plane

The focal plane is arranged in a six-fold symmetric pattern, as seen in Figure 2.14. As deployed for the
first season, each hextant contains four pixels at each of the two frequency bands. The central 100 GHz
pixel is read out by one of the six hextants, accounting for a total of 96 +2 light bolometers. Additional
readout channels provide for one pair of 5 MQ resistors, dark bolometers, and high sensitivity NTD
thermistors in each hextant for diagnosing systematics.

A PSB pair can be installed in either boresight “Q” or “U” orientation on the focal plane, defined
with respect to the radius from the center. With a few exceptions during the first season to accommo-
date the FRM test pixels, the orientations alternate between the two in adjacent hextants, such that
upon odd-multiple 60° rotation of the instrument about the boresight, we achieve complete parity
in Q/U coverage on the sky.

A PCB fan-out board on the backside of the detector focal plane routes the individual PSBs of each

hextant to the six load resistor modules (LRM) on the perimeter for readout by the JFET amplifier
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Figure 2.14: 4 K and 250 mK focal plane. The 4 K focal plane as shown reflects the addition of two
220 GHz pixels at the beginning of the second year of observations.

stage. The entire focal plane, from the 4 K back-to-back throat section down to the output of the
JFET modules, resides within a tightly-sealed Faraday cage, eliminating any stray radiation coupling
to the bolometers.

The sub-Kelvin focal plane is thermally isolated from the 4 K base temperature by a series of
Vespel trusses and thermal intercept stages, and hung off from the 4 K back-to-back feed horn plate
such that the complete focal plane — from the primary feedhorns down to the PSBs — form a single
modular unit that can be detached easily from the rest of the receiver insert (Figure 2.15).

The thermal engineering of the truss system is designed to optimize the total hold time of the sub-
Kelvin fridge cycle given expected parasitic loadings on the multiple stages of the fridge. In addition
to the 250 mK UC stage, the fridge provides two buffer stages at the IC and 4He stages. To achieve
adequate hold time for multiple days of operation, it was determined that the loading onto the IC
stage must be kept to within ~25 yW.

The Vespel support structure makes use of two flavors of the material, SP1 and SP22, for different
temperature ranges. In addition we must also consider the properties of the manganin signal read-
out wires for the thermal engineering of the support structure. The thermal conductivities of the

three material can be described by x = x,(T/Kelvin)"; Figure 2.16 compares the conductivities over
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Figure 2.15: Thermal isolation Vespel truss structure. Different flavors of the material are used as
appropriate for optimal thermal properties at each thermal isolation stage. The legs shown in black
represents Vespel SP22.
the temperature range of interest, and Table 2.6 shows the integrated conductances over the expected
temperature differences. The graphite-doped SP22 holds an advantage over SP1 at sub-Kelvin tem-
peratures, and is used for the trussing between the focal plane and the IC intercept ring (inner-most
trussing in Figure 2.15). SP1 is used between the IC intercept and the vapor-cooled 4He intercept
rings, and between the 4He intercept and the 4 K focal plane support cylinder.

Given these numbers, then, we can work out the maximum allowed geometric aspect ratios of
the support legs that meet the required thermal loading on the IC stage. The instrument is operated
in two distinct but regular fridge phases: prior to the 4He stage running out, the equilibrium stage
temperatures for {UC, IC, 4He} are {0.25,0.30, 1.4} K, subsequent to the 4He stage becoming ex-
hausted, the equilibrium temperatures are {0.25,0.38, 2.4} K. The expected loading on the IC stage

in the first phase is ~ 5 yW; during the second phase, this rises to ~17 yW. In both cases the Vespel
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Figure 2.16: Thermal properties of manganin and Vespel.

legs account for ~70% of the loading.

At sea-level testing conditions where the LHe base temperature is higher, the loading on the IC
stage is expected to be near the specified limit of 25 yW. (At the South Pole, LHe temperature is
3.8 K.) The operational advantage of the high-altitude South Pole is thus significant, increasing the
total useful hold time from ~ 40 hours to ~ 60 hours, excluding the cycling time itself.

Despite the relatively large mass of the sub-Kelvin focal plane (~ 5 kg) the canted Vespel legs
are robust against any measurable deflection even at large deviation from vertical orientation of the
cryostat, and there is no evidence of deflection-mediated modulation of the optical coupling at the

front-to-front thermal gap between the PSB and back feedhorns.

2.10 Signal electronics

The readout electronics system uses digitally-generated AC bias current, cold JFETS, analog pream-

plifiers, and digital demodulators. The behavior of the bias generator and digital electronics can be



35

‘ Ko (VW/Cm K) n 00.38-0.25 02.4-0.38 03.8-2.4

Vespel SP1 18.0 1.21 0.58 55.4 99.3
Vespel SP22 17.0 2.00 0.22 78.0 233
Manganin 940.0 1.20 30.6 288 5130

Table 2.6: Properties of Vespel and manganin used in the thermal design of the focal plane support
structure, and integrated conductances for measured AT’s (as specified in the subscripts). The o’s are
given in yW /cm.

changed on demand from the control software, enabling, for instance, DC mode operation for mea-
suring load curves.

A sinusoidal 100 Hz AC bias current, applied symmetrically across 2 x 20 MQ load resistors
to minimize common mode pickup, eliminates 1/f electronics noise above 10 mHz. The quasi-
stationary optical signals can then be recovered using synchronous demodulation of the AC signals.
The bolometer bias is produced by a highly stable, digitally-controlled sinusoidal waveform synthe-
sizer capable of varying the bias frequency from 100 to 200 Hz.

The bolometer readout front end consists of cold JEET amplifiers operated at ~ 120 K, mounted to
the 4 K baseplate and connected to the 250 mK LRM via low thermal conductivity manganin twisted-
pair cables.” The JFETs are necessary to amplify the signal from high impedance bolometers and
protect the bolometer from EMI. Three JFET modules (developed originally for the Herschel/SPIRE
instrument) with two sets of membranes each service the six hextants, dissipating a total of 45 mW at
4 K. The best 24 channels out of 30 available are selected from each membrane, achieving an average
voltage noise contribution of 7 nV/v/Hz. The output of the JFET modules exits the 4 K Faraday cage
through RF-filtered connectors.

Upon exiting the cryostat, the signal is routed inside an RF-tight cage to the room-temperature
preamplifiers, each equipped with a commandable high pass filter for AC bias mode operation. The
preamplifier output is then anti-alias filtered and exits the “clean” electronics through RF-filtered
connectors to be digitized synchronously with the bolometer bias. In AC bias mode, the digitized
signal is multiplied by synchronous sine and cosine, averaged and filtered by a gaussian digital finite
impulse response filter in a low power mixed signal processor. In DC bias mode, the digitized signal

is instead multiplied by +1. This allows for the demodulator transfer function to be measured by

"Tekdata Interconnect Systems, Staffordshire, ST6 4HY, UK. Web: http://www.tekdata-interconnect.com/
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Figure 2.17: Read-out electronics diagram.

applying a delta function in DC test mode, if needed.

The demodulated sine and cosine signals from all the bolometers are packaged onto an ethernet
bus, converted into an optical fiber signal and sent to the acquisition computer. The optical fiber
data are routed through the central section of a pair of slip rings® to allow for unimpeded boresight

rotation of the cryostat.

2.11 Telescope mount

The telescope mount addresses the requirements of reliable winter-over operation at the South Pole
by enclosing all serviceable components of the system except for the receiver window itself within an
easily accessible shirt-sleeve environment. Its unique design, illustrated in Figure 2.18, accomplishes
this while allowing steering and tracking of the telescope through a full range of motion in azimuth

(400°), elevation (50-90°), and continuous rotation about the boresight, or theta axis.

*Moog Components Group, Blacksburg, VA 24060. Web: http://www.polysci.com/
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Figure 2.18: The three-axis telescope mount, cryostat, and ground shield as installed on site. The entire

cryostat and the receiver electronics reside inside the DSL building, with only the optical aperture

and the forebaffle exposed to the elements. A flexible and co-rotating “boot” insulation allows for
unhindered movement of the telescope.

The mount is situated in the upper floor of the new Dark Sector Laboratory (DSL), 0.8 km from
the geographic South Pole. An insulated fabric bellows permits motion in the elevation axis, and
together with double brush seals at the azimuth and theta axes forms an environmental seal between
the rooftop of the building and the front of the receiver which maintains the space around the cryo-
stat, control electronics, and drive assemblies at room temperature. The enclosed observatory space
is kept at a slight positive pressure, so that a constant outward airflow through the brush seals and
special vents directed toward the window eliminates ice buildup there.

The Bicep mount was engineered and fabricated in conjunction with TripointGlobal/VertexRSI.”

Lightweight box steel construction lends the mount extreme rigidity and immunity to flexure; the

combined weight of the telescope, when fully equipped and operational, is approximately 7500 Ibs. It

“VertexRSI, Kilgore, TX 75662. Web: http://www.tripointglobal.com/
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is supported on a steel and wood platform attached to the structural beams of the building. Continu-
ous tilt monitoring and periodic star pointing have confirmed short term stability and blind pointing
accuracy of the combined mount/platform structure to meet our pointing spec of < 20”. Long term
drifts at the level of ~1’/month appear to be dominated by settling of the building.

The mount allows rapid scanning, up to 5 deg /s, about the azimuth and/or theta axes while main-
taining precise pointing and producing minimal vibration. These axes employ ultra-quiet crossed
roller bearings'® and gearless cycloidal motor reducers.'' Integrated testing with the BICEP receiver
drove a choice of toothed belt drives'? for the azimuth and theta axes, which further reduced high

drive speed microphonic excitation to levels well below our detector noise floor.

2.12 Optical star camera

BICEP aims to achieve overall pointing accuracy better than 1% of the beam size to limit contamina-
tion to the B-mode polarization. This requires a precise knowledge of the dynamic state of the mount,
including flexure, axis tilts, and encoder offsets. To aid in the pointing reconstruction, we have built
an optical star-pointing refractor camera with a 2” resolution, mounted adjacent to the main optical
window and co-aligned with the boresight rotation axis.

Since there are ten dynamic parameters (including the collimation error of the pointing telescope
itself), a complete calibration requires observation of at least 20 stars. To be able to establish a point-
ing model during the Antarctic summer, the camera was designed to be sensitive enough to detect
magnitude 3 stars in daylight. For maximum contrast against the blue sky, a sensor with enhanced
near-IR sensitivity is used with an IR72 filter."?

The 100-mm diameter lens, color-corrected and anti-reflection coated for 720-950 nm, was de-
signed by Anthony Stark of the Smithsonian Astrophysical Observatory for the South Pole Telescope
(SPT). Its 9o1-mm focal length results in a small 0.5° field of view. Careful adjustments of the CCD
camera and the mirrors reduced the star camera’s collimation error to 2.4". During the austral sum-

mer season prior to the first season of observations, we were able to successfully capture stars down

1ROLLON Corp., Sparta, NJ 07871. Web: http://www.rollon.com/

"'Gates Mectrol Corp., Salem, NH 03079. Web: http://www.mectrol.com/

>TB Wood’s Inc., Chambersburg, PA 17201. Web: http://www.tbwoods.com/

'3 Astrovid StellaCam EX CCD — AVA Astro Corp., Hudson Falls, NY 12839. Web: http://www.astrovid.com/
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Figure 2.19: Absorptive forebaffle and fixed groundscreen as installed on-site (left), and sidelobe re-
jection performance as measured for the central pixel (right).

to magnitude 2.8 for initial pointing calibration.

2.13 Groundscreen & forebaffle

We use two levels of shielding against ground radiation contamination: an absorptive forebaffle fixed
to the cryostat and a large reflective screen fixed to the roof of DSL. The geometry of the shielding is
such that any ground radiation must be diffracted at least twice before entering the window in any
telescope orientation during operation.

The forebaffle is an aluminum cylinder lined with a microwave absorber to minimize reflected
radiation into the telescope. It is sized to clear the sidelobes of the edge pixels, and long enough so
that the window will never directly see either the outer ground screen or that of the proposed SPT
adjacent to the BicEp facility. The dimension of the forebaftle also prevents moonlight up to 21°
elevation from entering the window directly. The Moon is above this elevation 5 days a month. The
forebaftle’s aperture lip is rounded with a 13-cm radius to reduce diffraction.

After testing many materials for the absorber, we chose a 10-mm thick open-cell polyurethane
foam sheet,'* which had the lowest measured reflectivity (< 3%) at 100 and 150 GHz when placed
on a metal surface.[29] To prevent snow from accumulating on the porous Eccosorb foam, it is lined

with 1.6-mm thick smooth Volara polyethylene foam. The combined Eccosorb HR/Volara stack was

*Eccosorb HR — Emerson & Cuming, Randolph, MA 02368. Web: http://www.eccosorb.com/
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measured to reflect ~5% at 100 GHz. In addition, a self-regulating heat cable is wrapped around the
outside of the baffle to sublimate any snow on the baffle surface, if necessary.

The additional loading on the bolometers due to this forebaffle was measured to be ~ 1 Kg,. Since
the baffle is fixed with respect to the detectors, its thermal emission is not expected to significantly
affect the differential measurements. The attenuation of the ground pickup by the forebaffle was
measured on site to be > 10-20 dB below the already low sidelobes of the primary beams, limiting
the far-sidelobe response to < —30 dBi beyond 30° oft-axis.

The 2-m tall outer screen reflects any stray sidelobes to the relatively homogenous cold sky. The
8-m top diameter is sized so that the diffracted ground radiation will never directly hit the window
even at the low end of our observing elevation at 55°. As with the forebaflle, the edge of the outer

screen is rounded with a 10-cm radius to reduce diffraction.
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CHAPTER 3

Instrument Characterization

3.1 Introduction

To understand the behavior of the instrument, institute a meaningful program of its characteriza-
tion, and properly analyze the data, we must first construct a reasonable model of the signal of the
PSB. Detailed exposition and treatment of the polarized signal response of a PSB is available from
Jones[16]; here we lay out a simplified treatment that seeks to motivate the discussions of instrument
characterizations that follow.

Because of the low intrinsic cross-polar power response of the corrugated feedhorns (~1074) and

the typically high copolar leakage of the PSBs (~few x 107%), we have
eP|(Q) > P (Q) (3.1)

where P, () are the normalized copolar and crosspolar power response functions, respectively, of
a given beam, and e is the polarization leakage. That is, typically, the copolar pattern dominates the
response of a PSB to an orthogonally polarized source, and without much loss to the usefulness of
the following discussions, we can safely ignore P, (Q) and let P(Q) = P, (Q). (Because in general
the response functions are not symmetric w.r.t. the centroid of the beams, there is also an orientation

dependence of the P(Q) that is left implicit.)
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The signal model of a Bicep PSB (ignoring the noise term) is as follows:

d(t)=H; ® g/dvAeFv* /dQ P(v,Q)[(1+€)I+(1—€)(Qcosay + Usinay)|  (3.2)

where

o y is the orientation angle of the copolar direction w.r.t. the coordinates used to measure the
Stokes parameters {I, Q, U}; the bearing angle from the pixel P to the instrument boresight

relates y to the copolar instrument orientation angle x: yp = xp + ap_.p (See Appendix B)

e {I,Q, U} are in units of spectral radiance (W sr ' m~> Hz ") and the dependence on (v, Q) is

implicit

o F} = yF, is the absolute spectral response (normalization of F, and hence the definition of

effective optical efficiency # to be given later)
o A, = (A*/Qy) by the antenna theorem[25], where Q) = [ dQ P(v, Q)
« s' is the DC power responsivity of the PSB coupled to a single, pure polarization mode
« H;®...signifies the convolution of the time-domain kernel of the frequency transfer function.

This can be simplified by assuming e(v) = const.:

Ao .
d(t)=H; ® Efdv Q—va /dQ P(v,Q) [I+y(Qcos2y + Usinay) | (3.3)

wheres=s"(1+¢)andy = 8;3 Further, if {I, Q, U} vary slowly over the scale of the beam:

d(t)=H; ® E/dv AF) [I+y(Qcoszl,U+ Usinzt//)] (3.4)

as may be the case for beam-filling test loads.
Complete knowledge of {, y, P(v, Q), F,, s, H, } allows for the reconstruction of the input {1, Q, U }

on the sky given sufficient sampling (again, ignoring noise issues). But errors in the characterizations
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of these instrument properties will in turn lead to errors in the reconstruction of the polarization map,
some of which can be quite dangerous (as is the case when the large I leaks into Q/U).

A rigorous exploration of these systematic errors stemming from miscalibrations of the instru-
ment can be carried out numerically, given an input scan strategy and a reasonable range of parameter
space to be explored. An input map free of B modes is “observed” with a parameterized model of the
instrument response, and the false B modes in the reconstructed output map quantify the level of sys-
tematic contamination in direct comparison with the experimental B-mode target. In conjunction
with such numerical efforts, however, we can develop some intuitive and qualitative understanding
of the systematic effects with the simplified signal model as applied to direct differencing of an or-

thogonal pair of PSBs.

3.1.1 Polarization orientation & leakage systematics

Let’s ignore everything except y/ y. Given two nearly orthogonal PSBs A and B with relative orienta-

tion angle uncertainty dy:

dyp = i[[i (Qcos (2y + 8y) + Usin (2y + 61//))]

1

= —[I + (Q (cos 2y cos Sy F sin 2y sin ) (3.5)
2

+ U (sin 2y cos 8y + cos 2y sin y) )]

Pair differencing gives

Ad =d, —dy = cos Sy (Q cos2y + Usin2y) (3.6)

that is, an error in the relative angle between the two arms simply results in a scaling of the measured

Q/U — a comparatively benign effect. What about a common mode error (i.e., co-rotation of y’s)?

dap = i[[i (Qcos (2y + 8y) + Usin (2y + 61//))] (3.7)

Ad = (Qcos 8y + Usindy) cos 2y + (U cos Sy — Q sin Sy ) sin 2y
(3.8)
= Q' cos2y + U'sin2y



44

As could be readily expected without the derivation, this gives a mixing between Q/U — potentially
troublesome as this can result in E — B leakage.

Similarly with e:

dup = i[[ £ yYap (Qcos2y + Usin 21//)] (3.9)

Ad = Yatye (Qcos2y + Usin2y) (3.10)
2

a simple scaling of Q/U as is the case for the error in the relative orientation angle.

3.1.2 Beam systematics

Again, ignoring all but the beam response functions, we have:

s = i fdQ Pan(Q) [I+(Qcosay + Usinay) | (3.11)

Ad = / dQ [Py + P, (Qcos2y + Usin2y) |
(3.12)
- [ dQ P,(Q) (PI+ Qcos2y + Usin2y)

where P, 5 = (P, + Py) /2 and P = Ps/P,. Now there is direct leakage of I into Q/U for non-zero P.
Assuming elliptical gaussian beams, multipole expansion of P is convenient. Monopole, dipole and
quadrupole then correspond to differential beam size, pointing and ellipticity, respectively, which are
directly measured quantities.

Detailed study of these beam effects and the resulting distortions of E/B-modes is quite involved.
We can make note of a few important observations without calculations, however. The monopole
leakage of I into Q/U is invariant under rotation, and given sufficient coverage of y it can be ac-
counted for. The dipole leakage is antisymmetric under v — y + 7, and, again, with sufficient cross-
linking of the scan strategy, can be separated from the 2y sinuoidals in principle. (The y-dependence
of P in sky coordinates is implicit.) However, this immunity to the dipole leakage is highly depen-
dent on the scan-strategy, and anything less than an idealy cross-linked observation will result in
significant systematic leakage of AT — Q/U.

Note that the quadrupole leakage is particularly dangerous, as it is symmetric under y — y + 7
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(as are Q/U), and no amount of y coverage is sufficient to separate the temperature leakage into
polarization without direct knowledge of P. Although ground-based instruments with highly circu-
lar beams such as BICEP may contend with other, more immediate systematic hazards, for idealized
experiments with less severe constraints in scanning (such as a satellite mission) the differential el-
lipticity may be the limiting effect among beam systematics.

There have been a number of efforts made to understand these beam systematics as pertains to
CMB polarimetry, most recently by Shimon et al.[39] complementing a series of earlier works by Hu

et al.[15] and others.

3.1.3 Spectral mismatch systematics

Let’s look at a simplified form of Equation 3.4 assuming §v << v, such that A*> ~ const., and ignoring

all but the spectral response,

duas = i fdv F{, [I + (Qcos2y + Usin 21//)] (3.13)

Ad = fdv F;(v) (F(v) I+ Qcos2y + Usinay) (3.14)

using analogous notation as in the discussion of beam systematics. Again there is direct I - Q/U
leakage, but since F is independent of orientation and otherwise static, a well cross-linked scan strat-
egy can in principle deal with this, and is unlikely to be harmful given the well-matched spectral

response of PSB pairs co-located behind common feed structures and band-defining filters.

3.1.4 Relative gain and transfer function systematics

Similarly, given two PSBs with responsivities s, s,

Ao = SATB[I + (Qcos2y + Usin 21//)] (3.15)

Ad = [ss] + s (Q cos2y + Usin2y)] (3.16)

where s, 5 = (s4 % 55) /2, as before. The transfer function in this case can be simply seen as frequency-

dependent responsivity, and absorbed into s, 5. As with the beam effects, errors in correcting for the
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relative gains/transfer functions can leak temperature into polarization. This may also be a dynamic
problem, since both the responsivity and the complex transfer function are subject to variations as
the optical loading on the PSB changes.

Whereas the relative gain errors result in a constant leakage of I into Q/U, errors in the transfer
functions give a scan-speed dependent leakage that manifests as an ¢-dependent contamination in
the fourier domain. Both must be measured to similar accuracies given the specifications derived
numerically. Because the transfer functions are not measured on a regular basis during scanning as
is the case for relative gains, the characterization tests must further demonstrate that the loading-

dependence is limited or known across the expected range encountered during observations.

3.1.5 Numerical specifications on systematic errors

A meaningful instrument characterization regime must be informed by the knowledge of how sys-
tematic errors affect the ultimate science goals. In the case of BiCEp, we are guided by the desire to
measure the B-modes down to an unprecedented limit of 7 ~ 0.1, and must verify that the accuracies
with which we measure the parameters of Equation 3.3 are adequate to limit the contaminations of B
below that level.

Numerical simulations were carried out taking into account the details of actual scanning strategy
to derive such limits, using B-free input maps to quantify the contaminations for various levels of
systematic effects. Table 3.1 lists the results of the simulations with a summary of actual achieved
accuracies in calibrations. The characterization of BICEP meets the specifications for all major areas
of systematic errors. The following sections of this chapter discuss the measurement processes and

their results in more detail.

Definition  Specification Measurement
Relative gain mismatch | (s, —s5) /5 <1.5x107> <0.5x10 2
Polarization orientation Ay < 8.0° ~ 0.3°
Differential beam width | (0, —03) /6 < 4.0x 107> 0.2 X 102
Differential pointing AB/26 <1.5x10? 1.0x 1072
Differential ellipticity (ea—e5) /2 <9.0x107? 0.1 %10 2

Table 3.1: Specified and measured systematic errors derived from numerical simulations of the scan
strategy. The specifications correspond to a contamination magnitude of 0.1 yK at £ = 100. The
measured differential beam parameters correspond to the 75% quantile.
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3.2 Spectral response & optical efficiency

Although the measured spectral response and optical efficiencies do not directly factor into the final
data analysis in an appreciable manner, they are still crucial in the development and testing of the
instrument, and it is important to verify them in some detail.

The spectral response and the end-to-end optical efficiency are not independent quantities, so it
makes little sense to talk of one without defining the other unambiguously. The absolute transmission
can be seen as a product of a normalized transmission and an effective efficiency: F*(v) = nF(v).
The separation is natural in the case of a simple top-hat transmission:

. Av Av
F*(v) =1, v0—7<v<v0+7 (3.17)

where F(v) is just the normalized top-hat function. Given an arbitrary absolute transmission, it is
convenient to define the normalization such that it is analogous to the above trivial case. We can

impose the following condition:
JdvF(v)

W =1 (318)

which is to say, the self-weighted average of a normalized transmission function should be unity. We

can then define the following for convenience:

_ J dvvE(v)
[ dvE(v)

Vo

and Ay = /dvF(v) (3.19)

The optical efficiency # is then simply the direct ratio of the absolute and relative transmissions, as

before:
) LEER) )
[dvF*(v)  F(v)

and /dv F*(v) = nAv (3.20)

which agrees with intuitive definitions of these quantities. The advantage of such a normalization
scheme for spectra in general is that the expressions are fully analytical, simple to calculate, and do
not make use of ad-hoc conventions that are ambiguous in their resulting definition of quantities

such as Av and 7.
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Figure 3.1: Normalized spectral response measured with Martin-Puplett FTS. The normalization con-

vention is given in Equation 3.18.

The normalized transmission was measured using a Martin-Puplett type fourier transform spec-
trometer, coupled to individual beams one at a time. Multiple interferograms were measured for
each channel, and averaged to achieve adequate S/N. Figure 3.1 shows the measured spectra for both
frequency bands. With the exception of two 150 GHz channels that show degraded transmissions
above the waveguide cut-on (possibly due to contaminations within the corrugations in the throat
sections of the feedhorns), the spectra are largely repeatable across the focal plane with consistent
edge definitions.

Figure 3.2 shows the bandwidth vs. bandcenter scatter diagrams. In a fractional sense, the 100 GHz
channels have more consistency in both v, and Av. The distributions are not only wider in the
150 GHz channels, but there is also a slight positive correlation between v, and Av. This is suggestive
of variations in the transmission performance of the low-pass filters across individual filter stacks.

Such variations are tolerable since within PSBs pairs the spectra are still well-matched in general.
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Figure 3.2: Distribution of band widths and band centers.

Small spectral leaks above the band-defining edges are difficult to measure accurately in the pres-
ence of relatively overwhelming optical power from the main transmission bands. Typically metal
mesh filters exhibit leaks at multiples of the cut-off frequency. Even when employing multiple filters
stacks with staggered edge designs that limit such problems, it is important to ascertain the level of
high frequency leaks or set reasonable upper limits on them.

This is accomplished by using thick-grille filters, placed between a chopped thermal source and
the instrument aperture stopped down to ~ 1 in. Two different TGFs were used in testing, with

approximate cut-on edgesat 5.5cm™' and 8.5 cm™"

— designed to be ideally placed halfway between
the main transmission bands and expected locations of the leaks.

Figure 3.3 shows the resulting fourier transforms of the chopped signal for two pairs of PSBs
at each frequency band as representative examples, normalized to the peak response. The thermal
source was chopped at 3 Hz and baseline data were acquired without the TGFs in place (top-most
traces in black). Data for 5.5 cm™ and 8.5 cm™" are shown in red and blue, respectively, accounting

for the reduction factors due to the sub-unity geometric filling factors of the TGFs. The 5.5 cm™ TGF

cuts across the 150 GHz band, and as we expect we see a big response that we can otherwise disregard.
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Figure 3.3: Thick-grille filter measurements of out-of-band leaks. Two TGFsat 5.5 cm™" and 8.5 cm™
were used (with the former cut-on well within the 150 GHz band as can be seen. Noise-limited upper
limit on out-of-band leaks for 150 GHz is at < —30-40 dB; a small leak is measured at ~—25 dB for
100 GHz channels.
8.5 cm™* TGF results for that band show no evidence of leaks, noise-limited down to < —30-40 dB.
A small positive detection in the 100 GHz channels are evident, however, at ~—25 dB. The agreement
of the leak magnitude between the two TGFs suggest that this small leak is above ~ 255 GHz. The
magnitude of the leak is low enough that no adverse effects are expected from simply ignoring it.
Given measurements of the relative spectral transmissions we can then quantify the end-to-end

optical efficiencies in a sensible manner. According to Equation 3.4, for a given beam-filling source

with spectral radiance B(v, T'), the total optical power absorbed by a PSB is given by
Qopr = g fdv AME(v)B(v, T) (3.21)

The total power on the detector is Pror = Pprpc+ Qopr> Where Py pc is the dissipated electric power from
the detector current biasing. By varying the bolometer bias and measuring the resulting loadcurves

for two different source temperatures, we can obtain the power difference (—APgrc = AQopr) across
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Figure 3.4: Measured optical efficiencies for 1st season. 100 GHz and 150 GHz are shown in red and

blue, respectively.
equal bolometer temperatures (and hence equal Proy). The measured AQopy allow us to solve for the
optical efficiency 7 given F(v).

After the integration of the instrument following the deployment for the first season, a series of
loadcurves were measured with ambient and LN sources (~295 Kand ~ 75 K, respectively). Figure
3.4 shows the histograms of measured optical efficiencies for both frequency bands, with typical per-
centage values in the low 20’s. These are somewhat lower than what was expected at the beginning
of the instrumental design process.

A number of channels show large differences in the measured efficiencies within PSB pairs, sug-
gesting some of the spread in the measured values are due to inefficiencies in coupling of the in-
coming radiation to the metalized bolometer webs. Some of the degradation in efficiency is also to

be attributed to the front-to-front coupling of the back-facing and PSB feedhorns where the band-
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defining filters are situated. The coupling relies entirely on incidental overlap of the equivalent gaus-
sian modes of the apertures of the facing feedhorns; no lenses are used to optimize the coupling of

the beams that are axially separated by large multiples of the wavelengths.

3.3 Beam-mapping

To co-add maps appropriately and ascertain the level of systematic contaminations, we must un-
derstand the characteristics of each beam on the sky with sufficient accuracy. Beam measurements
comprise two related, but distinct, general goals which are ‘global’ or ‘local’ in scope: (1) the con-
struction of a radio pointing model which describes the locations of beams on the sphere in relation
to each other and to the telescope attitude, and (2) the characterization of each beam as an elliptical
gaussian, and the resulting measurements of differential beam width, pointing and ellipticity for each
polarization pair of beams.

Ideally, a single set of measurements would provide both the global properties of beam positions
and the local properties of the beam shape and differential parameters. In reality this is made difficult
for an instrument like BicEp. Large degree-scale beams rule out many otherwise bright point-like
sources, as they are too dim; Jupiter and the Moon are viable sources that meet some of the needs
of the characterizations, but are not readily accessible without additional external flat mirrors at the
South Pole site due to their low elevations. (Efforts have been made to take data in this configuration,
however, and full analyses are pending.)

We have thus far relied to two disparate methods: the ‘local’ quantities of each beam are mea-
sured using an unpolarized chopped thermal source in the quasi-far-field region, and the ‘global’
radio pointing model is provided by an iterative fitting of individual channel’s centroid position that
maximizes the correlation between the observed CMB map of that channel and the focal plane-wide
average map, performed separately for the two frequency bands.

There have been three major campaigns to characterize the beams using an unpolarized chopped
thermal source: indoor high-bay measurements at a distance of ~ 41 m prior to initial deployment,
and two outdoor measurements made in the field using a collapsible mast at a distance of ~ 11 m.

Neither configurations are truly in the far-field (~ 2d2,,. /1) at 150 GHz. However, the high-bay con-
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Figure 3.5: High-bay beam maps with an unpolarized chopped thermal source. The left/right panels

show the measured beam profiles for polarization pairs. Multiple measurements were made at differ-

ent boresight orientations to obtain complete coverage of the focal plane. The black circles represent

the fitted ellipsoids with the orientation of the major axes shown by the lines.
figuration is at the transition region for 100 GHz, and the most trustworthy measurements to date
have come from that data set — this despite a much higher optical loading due to the ambient back-
ground compared to the South Pole sky and the resulting loss of sensitivity. The beam profiles were
measured with typical relative noise floor of —20 dB in the high-bay, and —30 dB with the outdoor
mast at the South Pole.

Figure 3.5 shows beam maps made at a single boresight orientation in the high-bay (with the
source at a very low elevation, multiple orientations were necessary to obtain complete coverage of all

%, and none exceeding 2.0 x

pixels). The beams are highly circular, with average ellipticity of 0.9 x 10~
10~ 2. Even under worst-case scenarios, the differential ellipticity would be well under the specified
limit of 9.0 x 107, The mean FWHM are 0.93° and 0.60°, with no significant deviations.

The measured differential beam parameters from this data set are shown in Figure 3.6. Both
the differential beam width and the differential ellipticity are well within the specified limits (see
Table 3.1). The differential pointing is the most dominant measured beam systematics relative to
specifications, with a number of channels near the allowed limit of 0.015. The bulk of the beams are

still well within the allowed range.

Although more than adequate for BICcEP’s stated science goals, the achieved differential point-
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Figure 3.6: Histograms of measured differential beam width, pointing and ellipticity from the high-

bay beam-mapping.
ing performance would be worrisome for the next-generation instruments with Bicep-like optics.
The effect would have to be reduced with a more optimized optical design (provided the underlying
mechanism for the beam separations are understood) or the quality of the beam characterization
tests would have to be improved to achieve higher fidelity.

The high-bay data indicate that there is some correlation between the focal plane polarization
orientation of a given PSB pair and the orientation of the beam separation vector. Instrument “Q”
pixels tend to separate radially, and “U” pixels azimuthally, with the magnitude of the separation
correlated with the distance of the pixel from the boresight, as would be expected from symmetry
considerations. However, the near-field measurements at the South Pole are not completely con-
sistent with this, and dominated by unknown systematics. Work is underway to both understand
the underlying mechanism for the beam separation with lab testing and to construct a more robust

beam measurement regime during the upcoming 2007-2008 season — such work would benefit and
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inform the optical designs of the next-generation small aperture polarimeters.

3.4 Polarization response calibration

To characterize the polarization response of the PSBs, we use a dielectric sheet calibrator based on
POLAR’s design,[34] providing an absolute temperature calibration to £10% and polarization orien-
tation to within +1°, on a monthly basis if needed.

A small partially polarized signal of known magnitude is created by using an 18-ym polypropy-
lene film as a 45° beam splitter in front of the telescope aperture, reflecting a fraction of the beam
onto an ambient load. The ambient load lining the inside surface of the cylindrical calibrator is ex-
actly analogous to the Eccosorb HR/Volara layers used in the forebaftle, giving ~ 95% emissivity over
the two bands and presenting a similar optical load as during normal observing. This particular setup
produces a partial polarization of amplitude ~ 100 mK at 100 GHz and 250 mK at 150 GHz, which
is small enough to ensure that the change in bolometer responsivity due to the calibration process
itself is negligible (see Figure 3.8).

During calibration, the forebaffle is replaced with the dielectric sheet calibrator. Boresight rota-
tion of the cryostat while pointed at zenith modulates the partially polarized signal induced by the

dielectric sheet. Unlike POLAR’s single on-axis beam, BICEP’s off-axis beams see complicated but

calculable deviations from the simple sinusoidal modulation.

Figure 3.7: The dielectric sheet calibrator.
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Figure 3.8: Measured responses and model fits to the dielectric polarization calibrator.

The calibrator is used on a regular basis throughout the observing season. The measured signals
are fitted to within a few percent of the theoretical model reliably, and the polarization orientations
are determined to well within 1°. Measurement-to-measurement stability is excellent, and there is no
indication of any systematic drifts in the measured orientations. The dominant measurement system-
atics are associated with the repeatable referencing of the instrument orientation and the uncertainty
with which that orientation is defined for each successive assembly of the cryostat with the mount.
These are still at the sub-degree level, however, and do not pose a significant problem.

The uncertainty in the absolute gain is expected to be ~ 8%, mostly due to the ~3% uncertainty in
the polypropylene film thickness. Although deriving the absolute gain with the dielectric calibrator is
very useful, especially during early stages of the instrument characterization and testing, ultimately
the definitive absolute gains of all pixels are derived with cross-calibration of observed CMB data

with those of WMAP.
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3.5 Bolometer transfer functions

Bicep depends entirely on pair-differencing the timestreams of orthogonally-polarized PSBs to mea-
sure polarization on the sky. Errors in the ratios of the measured transfer functions within a pair,
therefore, directly result in £-dependent T — Q/U leakages. Simulations of BICEP observations show
that ~ 1% accuracy in transfer function measurements is necessary to limit the systematic B-mode
contributions to below the r = 0.1 level.

Our measurements have largely relied on analyzing the step response to a fast-switching square-
wave Gunn source operating at 10-100 mHz, while under optical loading conditions representative
of CMB observations. Although the requirements derived from simulations apply strictly to the rel-
ative transfer functions within a pair (with far less stringent requirements on the individual absolute
transfer functions, as is the case for the absolute DC calibrations), we have strived to achieve ~ 1%

accuracy on single-ended measurements.

Figure 3.9: Gunn transfer function measurement set-up. The fore-baffle is removed and replaced with
a Zotefoam sheet embedded with diffracting elements (i.e., washers). The Gunn source is placed out-
side the field of view of the outer-most pixels for a small modulated signal against a low-background
zenith sky.
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During the measurements, the telescope is pointed at the zenith, with the aperture of the instru-
ment covered by a sheet of Zotefoam. The Gunn source, either at 100 GHz or 150 GHz, is placed
outside the field of view of the instrument, with the output pointed horizontally going across the
aperture. This allows us to use small embedded washers on the Zotefoam sheet to diffract a con-
trolled amount of the Gunn output into the beams across the entire focal plane while keeping the
overall optical loading within the nominal ranges seen during CMB observing.

In addition to measuring the transfer functions, we explored the dependencies on modulated
Gunn magnitude (to quantify non-linearity) and background loading. The amplitude of the Gunn
source is directly controlled by an attenuator at the source. The optical loading was adjusted using
weakly-emmissive foam pieces atop the Zotefoam sheet along with the diffracting washers.

Initial efforts to measure the transfer functions were made in 2006 February prior to the com-
mencement of first-year observing, with an 100 GHz source only. Because the source had a spectral
leak at a multiple of the base generator frequency, measurements for the majority of the 150 GHz
channels were also possible at the same time. The transfer functions were measured down to 0.1 Hz
with high S/N during this round of testing.

Evidence of significant transfer function roll-off from DC to ~ 0.1 Hz for a few of the channels
— seen in the differenced PSB pair maps as a T-leakage, and hinted at by the above data-set —
compelled follow-up measurements at the end of the first observing season, this time down to 0.01 Hz
(below the lowest effective fourier mode of the elevation nods used to measure “DC” relative gains).
Comprehensive measurements exploring the non-linearity/loading-dependence phase space were
then made prior to the second season observing in 2007 February, this time with both 100 GHz and
150 GHz sources available.

It is important to note that the requirements on the frequency coverage of the transfer function
measurements are directly tied to the strategy used to measure relative gains of PSB pairs during
observing. In the case of BiCEp, even though the spatial frequency range of interest (30 < € < 300)
correspond roughly to the detection bandwidth of 0.1-1 Hz, because the process of relative gain
measurement takes place over a minute timescale, the complex magnitude roll-off between the signal

band and ~0.02 Hz must be known to within 1% accuracy. Otherwise any potentially unknown roll-
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off between the signal band and the effective frequency at which the relative gains are “pegged” will

result in a direct constant leakage of the temperature into polarization.

3.5.1 Analysis Technique

Ideally, the Gunn source presents a perfect square-wave optical signal, and analysis in this case is
trivial: simply take the ratio of the fourier transforms of the response and the input square wave,
keeping only the odd harmonics where power is present. In reality, the quality of the measurement
is degraded by (1) background loading fluctuations during testing, and (2) additional Gunn source
instabilities during the “on”-state. Both are well-described by 1/f spectra, but in otherwise good
measurement conditions it is the latter that has dominated, preventing straightforward analysis of
the test data.

Exploration of this problem has indicated that the instability may be due to sensitive geometric
dependences of the scattered light paths and interferences thereof, which results from the monochro-
maticity and coherence of the source.

The method we employ in analyzing such data is to artificially reconstitute a clean, whole-period
square-wave response using only the Gunn “off”-state portion of the data. Figure 3.10 shows simu-
lated responses of a pair of bolometers with an unstable Gunn source as the input signal, with the

two transfer functions given by the following toy model, as an example:

1—-« (44

Aw) = Aq (3.22)

(1-iwt,)(1 - iwt,) " (1-iwt.)

Bolometer A (green) has a simple single-pole RC profile, with 7, = 30 ms and {7,, «, 7.} set to
zero. Bolometer B (blue) represents a more complex, pathological behavior, with two RC filters in
series along with a significant slow additive component: 7, = 30ms, 7, = 5ms, @ = 0.2, T, = 3 5.
(The signals shown correspond to NTD bolometer outputs, with decreasing voltage corresponding
to increasing optical input.)

The straightforward analysis is to simply take the ratio of the Fourier transforms of the bolometer
timestream and the source input (assumed to be a perfect square-wave), keeping only those modes

with non-zero power, i.e., odd harmonics of the fundamental frequency. But in the presence of excess
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Simulated Response to Gunn + Noise: Bolo A (green), Bolo B (blue)
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Figure 3.10: Simulated responses to the Gunn source with on-state instability.
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Figure 3.11: Comparison of simulated transfer function recovery between straightforward analysis and

“oft”-state-only analysis. The “oft”-state-only analysis avoids contamination from “on”-state noise

without any measurement bias. The second row shows the analysis results where an additional uni-

form white noise component has been introduced to the simulated source.
source instability, this method leaves the results of the analysis vulnerable to noise contamination.

The “oft”-state-only analysis examines each Gunn-“oft” step response separately (shown in red
outline in the first panel of Figure 3.10), inverting and concatenating with the original to reconstruct
a single square-wave period. The third panel of the same figure shows the resulting reconstructed
response of bolometer B. The ratio of the FFTs for this given period then constitutes a single measure-
ment of the transfer function, and the errors in the measurement can be derived from an ensemble
of many such edge responses.

This aggressive windowing of the data to avoid contamination from “on”-state instabilities does
not bias the measurement, however. Figure 3.11 compares the ability to recover the underlying simu-

lated transfer functions between the straightforward analysis and the “off”-state-only analysis. Both

A and B transfer functions are recovered accurately and without noise penalty by the latter method,
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Figure 3.12: Simulated non-linear bolometer responses, for varying levels of peak response compres-

sion.
whereas the straightforward technique suffers from noise penalty due to the “on”-state fluctuations.

This will not be the case in general, since an arbitrarily complex thermal network will have an
arbitrarily large “memory” (or, equivalently, higher dimensionality of initial conditions). Such win-
dowing of the data as we have employed here — keeping only the “off ”-state response and treating
it as the response of a pure step function — will inevitably lead to a biased extrapolation of the un-
derlying transfer function given sufficient levels of “on”-state fluctuations. To justify the usage of
this analysis technique, it must be demonstrated that the bolometers are sufficiently described by a

relatively simple model such as Equation 3.22 with a limited number of parameters.

3.5.2 Effects of Non-Linear Response

The dynamic distortion of the bolometer response as a result of the inherent non-linearity of the

detectors is worth investigating, given the stringent requirements on the accuracy of the transfer
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Figure 3.13: Contribution of a quadratic non-linear distortion w.r.t. the linear response to an input
Gunn signal. Non-linear components expressible in even powers of the input (v?, v*, etc.) will always
result in residuals at twice the input signal frequency.
function measurements. Figure 3.12 shows the range of quadratic non-linearity, parametrized by the
compression of peak response w.r.t. the linear response (in green), for which simulated analyses were
carried out analogous to the results shown in Figure 3.11.

Figure 3.13 compares the square wave response of a linear detector (in black) with that of one with
10% peak compression resulting from a quadratic non-linear term. Once normalized, it can be seen
that the residual between the two is strictly at twice the input frequency: the distortion contribution
is exactly the same for the “on” and “off” halves of the square wave period. This means that the
straightforward analysis of such waveforms to measure transfer functions will be immune to any
biasing effects of non-linear response, as there is a clean separation in the fourier domain between
the measured signal (in the odd harmonics) and the non-linear distortion component (in the even
harmonics).

The same cannot be said for the otherwise advantageous “oft "-state-only analysis technique, as
the process of inverting and concatenating a half-period response to reconstruct a whole period ren-

ders the non-linearity residual to be at the same fundamental frequency as the signal source, and we
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Figure 3.14: The effect of non-linear bolometer response on the analysis of transfer function measure-
ments, for the range of dynamic compression shown in Figure 3.12. The top two rows correspond to
model bolometer A; the bottom two to model bolometer B. To achieve the specified accuracy of 1%
on the transfer functions, the dynamic compression encountered during the measurements must be
kept below ~ 5%.
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can expect the analysis results to be biased by the non-linear response.

Figure 3.14 shows the results of the simulated analyses using both methods, for the range of dy-
namic compression shown previously. As expected from the preceding argument, the straightforward
analysis is totally immune to quadratic non-linearity. In reality, odd-power non-linear components
of a bolometer response will result in biased measurements, but since this is at worst a third-order
effect, we can expect this to be negligible.

The “oft ”-state-only analysis technique is vulnerable to being biased, also as expected, and 10%
dynamic compression can lead to significant biases in the measured transfer functions above the
allowed threshold of 1% accuracy. But the degree of this bias is also mediated by the actual magni-
tude of the underlying transfer function, such that for the model bolometer A which has near-unity
transfer function up to ~ 1 Hz, the effect of non-linearity is minimal (top two rows in Figure 3.14).

The particular danger of non-linearity lies with those channels that have pathological behavior
similar to model bolometer B (bottom two rows in Figure 3.14), with large roll-oft between DC and
the signal bandwidth of interest, and correspondingly large measurement/analysis bias over the same
frequency range.

In all subsequent discussions of analysis of real measurement data, we have applied the above
“oft ”-state-only analysis technique and have verified that the biases induced by the non-linearity, if

any, are below the threshold of the requirement.

3.5.3 Initial Results from 2006 February

Figure 3.15 shows a representative selection of results from data taken in Feb 2006 with the 100 GHz
Gunn source, along with model fits and residuals, for four pairs of 100 GHz PSBs. The measured
transfer functions and errors are shown in black; model fits to Equation 3.22 along with the fitted
parameters are shown in red. The blue and green lines are alternative best fit models with the con-
straints & = o and 7, = o, respectively. Residual plots for both magnitude and phase are with respect
to the red model fit.

The data fit the toy model for the transfer function to sub-% level for the most part, even for

problematic channels such as 91 with a significant low frequency tilt. In otherwise “normal” channels,



Phase (deg)

Magnitude
=

<
o =

|
¥
S

-100F
=150

—200

Magnitude

Phase (deg)

Phase (deg)

Magnitude

Phase (deg)

0.04
0.02

Magnitude

0.1

|
3
S

—-100

-150
-200

0.04
0.02

0.00

-0.02

(.
o o=
S o

RTC 84

+0.000338

T
T

«=0.01064 +0.00325 \‘
Te=120.0 +30.5 ms

two—tau fit

two~tau w/ additive T

1.0
Hz

RTC 84 Residuals

10.0

F—_

yellow fill = £0.2% margin

1.0
Hz

RTC 90

A, =0.996733 £ 0.000351

10.0

7, =1931+1.18 ms
T, =9.947 £ 0.409 ms
a=0.2927 +0.0201

©=79.99 £2.78 ms \

b7

[ two—tau fit
two—tau w/ additive T,
[ one—tau w/ additive T
0.1 1.0 10.0
Hz
RTC 90 Residuals

yellow fill = +0.2% margin

o

1.0
Hz

10.0

RTC 85
A, =0.997942 + 0.000208
. 1O} —
=
El
= T, =12722£0.185 ms
%ﬂ T, =6.0058 + 0.0688 ms
E a=0.005549 + 0.000726
Te=216.4+36.0 ms
0.1
0
B =50
2
% —100F  two—tau fit
£ _isob 1\‘\ o udd‘\l‘\w . ]
—200
0.1 1.0 10.0
Hz
RTC 85 Residuals
0.04
o 0.02p 1
=
2
=000 _—a—w—
4
= _o02} ]
yellow fill = £0.2% margin
-0.04
20
w 10
by
<
2
]
£
a

1.0
Hz

RTCO1

Ay =0.998959 + 0.000139

10.0

1.0p Bl
]
3
| T, =12.163 £ 0.268 ms
£ T,=5.540 £0.104 ms
E a=0.152569 + 0.000754
T=23145 127 ms
0.1
0
B 50
h2
ié“, =100}  two-tau fit
= _isob ‘l?‘\n:luu w u‘d‘d‘u‘ncr( ]
—-200
0.1 1.0 10.0
Hz
RTC 91 Residuals
0.04
o 0.02p 4
=
2
‘2 0.00 oy
=N
s
= 0.0} i
yellow fill = £0.2% marbin
-0.04 \
20
w 10
oy
c
Py 0
]
k|
A —10
=20
0.1 1.0 10.0
Hz

66

RTC 86
Ay =0.9994771 £ 0.0000376
L, 10F
=
2
£ 20 +0.166 ms
E 2980 +0.0745 ms
= 012892 +0.000919
o= 155.17£7.80 ms
0.1
0
B 50
2
% —100F  twotau fit
E 5ol u:@;m w ma‘u:u- =
-200
0.1 1.0 10.0
Hz
RTC 86 Residuals
0.04
o 002
=
2
‘2 0.00 o1
4
= 002
yellow fill = £0.2% margin
-0.04
20
= 10
b5
h2
5
E
=
&=

Hz
RTC 92
A, = 1.002058 + 0.000832
o 1.0F
3
£}
| T, =26.560 £0.227 ms
E T, = 4280 0.166 ms
E a=0.055383 + 0.000616
1 =9123+328ms
0.1
of
B -s0f
e
% =100}  two-tau fit
= _isok ‘l?:”:m“ w u‘d‘d‘u‘ncr(
—-200
0.1 1.0 10.0
Hz
RTC 92 Residuals
0.04
o 002
=
2
E0.00 - e
=
&
> _0.02f
yellow fill = £0.2% matgin
-0.04
20
o 10
by
o4
oy
g
=
A —10
=20
0.1 1.0 10.0
Hz

Phase (deg)

Magnitude
=

o
o =

|
3
S

-100
—-150

—200

Magnitude

Phase (deg)

Phase (deg)

Magnitude

0.04
0.02

Magnitude

0.1

=50
-100

-150
-200

0.04
0.02

=4
=)
S

-0.02

-0.04

Phase (deg)

(.
o o=
S o

RTC 87

Te=189.8+11.2ms

Ay = 0.9992481  0.0000497

7 +0.144 ms
4+0.0579 ms

@=0.007070 £ 0.000477

two—tau fit
two—tau w/ additive T,

1.0 10.0
Hz

RTC 87 Residuals

yellow fill = £0.2% margin

Hz
RTC 93
Ay =1.00479 +0.00152

T, = 14.323 +0.688 ms
T, = 4.506 % 0.406 ms
@ =0.08102 +0.00109

T=987.7+37.6ms

two—tau fit

twotau w/ additive T,

0.1

1.0
Hz

RTC 93 Residuals

10.0

.

T

yellow fill = £0.2% margin,

o

10.0

Figure 3.15: Transfer function results from Feb 2006 for a subset of the Bicep focal plane. The fits to
Equation 3.22 are shown in red; In blue and in green are alternative best fit models with the constraints
a =o0and 7, = o, respectively.
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Model Fitting to 2006—02 Data
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Figure 3.16: Scatter plot of fitted parameters to the toy model.

we typically see 7, ~20ms and 7, ~ 5ms, with negligible additive component (« < 1). The lack of
significant functional deviations from the simple toy model indicates that the analysis method of
truncating the “on”-state responses would adequately avoid biasing the measurement.

Considering just the 100 GHz channels from the above data set (not all 150 GHz bolometers had
acceptable levels of coupling to the source), ~ 10% of the channels had “medium” levels of additive
tau (0.03 < & < 0.1, 7, > 100 ms). Another ~ 10% of the channels had “high” levels of additive tau
(¢ > 0.1, 7. > 100 ms). Figure 3.16 shows 7. vs. «, as derived from fitting to the full model (red
curves/parameters in Figure 3.15). Note that the simple model of two RC filters in series (shown in
blue in Figure 3.15) is not adequate to describe the behavior of all bolometers. Channels 90-93 all
show modest to significant levels of an additive component in their transfer functions, as do several
others channels not shown here.

For significant levels of & (> 0.03) there is a wide distribution of 7. from channel to channel. Based
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Figure 3.17: Nov 2006 measurements, this time down to 10 mHz. PSBs 92/93 show significant low

frequency roll-offs which were not accessible with previous testing.
on this inconsistency we have made the assumption that the low frequency roll-offs from the additive
components of the transfer function are driven by unique defects or contaminations on individual
bolometers, and not an unanticipated feature of underlying design of the bolometers.

BicEp determines PSB pair relative gains using a slow elevation “nod” to induce a common-mode
atmospheric signal at the ~ 50 s timescale. Because of the separation between the frequency at which
the relative gains are measured (~20 mHz) and the science band (0.1 - 1 Hz), we are sensitive to any
transfer function roll-off between 20 mHz and 0.1 Hz, which, if left unaccounted for, will result in
T — Q/U leakage.

PSB pair 92/93 showed strong evidence of such a leakage in initial CMB maps from first year data,
which could not be explained adequately with the 2006 February transfer function results. Figure 3.17
shows the results of second round of testing in 2006 November. Probing down to 10 mHz revealed
significant roll-offs below 0.1 Hz for PSBs 92/93 due to extremely large 7. components, the magni-
tudes of which were not fully visible with the initial testing due to the limited scope of its frequency
coverage.

Because BICEP must deconvolve transfer functions to within 1% to meet its science goals, it is of
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paramount importance to accurately characterize the spectra not only within the science band, but
down to the low frequency at which the relative gains are fixed. Alternatively, in the future it would
be beneficial to construct a calibration regime that takes place within the science band because of
the inherent difficulty in measuring transfer functions to very low frequencies. A more thermally
stable instrument would allow for quicker elevation nods within a ~ 10 s timescale without suffering
from undue movement-induced instabilities. A built-in active calibration source with low intrinsic
polarization and minimal effects on the background loading during the measurement process would

be another alternative.

3.5.4 Follow-up measurements in 2007 February

Most recent measurements of the transfer functions sought to provide reliable and comprehensive
results for both frequency bands, and establish confidence on the levels of dependence on loading
and non-linearity. For each of the two frequency sources now at our disposal, data were taken with
high/low optical loading and high/low modulated signal magnitude. Multiple sets of data were taken
at various instrument orientation to ensure complete coverage of all pixels in the focal plane.

In tuning the level of background optical loading for these measurements, we were guided by the
actual distributions of loadings seen during the entire first season of observing. The test set-up was
adjusted to correspond to these measured ranges.

Figures 3.18 and 3.19 show subsets of the resulting data for 100 GHz and 150 GHz, respectively, for
the four possible combinations of the test set-up: low-loading/high-magnitude (red), low-loading/low-
magnitude (purple), high-loading/high-magnitude (blue), and high-loading/low-magnitude (green).
The error bars shown correspond to the 10 uncertainties over multiple measurements under identical
set-up conditions.

This comparison indicates that there is no significant dependence of the transfer functions on the
optical loading, across the range encountered during normal observing, and that any measurement
bias due to non-linearity of the bolometers is at a level well below the specified threshold — at least
for cases where sufficient S/N was achieved. For bolometers where the measurement uncertainty

exceeded 1% for one or more of the four cases, there are no positive detections of a discrepancy
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Figure 3.18: Dependency of measured 100 GHz transfer functions on optical loading and modulated
signal magnitude. Low-loading/high-magnitude (red), low-loading/low-magnitude (purple), high-
loading/high-magnitude (blue), and high-loading/low-magnitude (green). The measured transfer
functions for the four cases are shown in the first two rows, for four pairs of bolometers; the bottom
two rows show the relative residuals w.r.t. the low-loading/high-magnitude case (red).
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Figure 3.19: Dependency of measured 150 GHz transfer functions on optical loading and modulated
signal magnitude. Low-loading/high-magnitude (red), low-loading/low-magnitude (purple), high-
loading/high-magnitude (blue), and high-loading/low-magnitude (green). The measured transfer
functions for the four cases are shown in the first two rows, for four pairs of bolometers; the bottom
two rows show the relative residuals w.r.t. the low-loading/high-magnitude case (red).



72

g g 8
\ s \ s \ =
i o ; o { { o
; i S =] i i S
wf | -1 = o | | - "
&) i i N i ~ i N i
el | | =gl | | =gl ! 2= & !
: J s X : : S & S X :
=) S S
. . < = =]
<+ < < <
YT 5 gi°RERg T2 3 §3°s88g T2 5 Li°RERg T2 3 §3°g8ug
spmiuse apmiue; apmiuge apmiuse
RRHSSI (8ap) aseyq PISEN 3op) aseyq RIS (8op) aseyq RAEEEIN (3ap) aseyq
g g g
=l =) e =
o ..\.
N 2 ...,» H 38 § 3 ¢ §
< ! = of | | = o= | / - gl | !
&) i N O i i N O i i N O i
g _ =gl | _ =gl | _ =gl | _
: s X H H s & H s K : :
S = S
=1 = (=]
< <
TEE Ti°¥EEg T 3 s3°gegs T2 E fiwgEg T 3 53°g838sy
spmyuse| apmuse] apmuse apmiuse
RSN (8ap) aseyq OISR Sap) aseyq PRSI (Sop) aseyq EHRI (Sap) aseyq
=3 =3 }=3
= < <
=1 =1 =
\ - \.\;\.\ \ - i.&.......\ \ - \
-
Py !
I “ \ BN SR \ \ oA ‘
&) i i N O N i i N i
2l | | 2 28| | e |
: ; s s & ”. s = ;
. . 3 . S . 3 .
S S S
SEE fi°REEg T2 3 s:i°gegy T2 E figsse T 3 53°geus
apnusey bk apmiuse, b apmyuse, o apmyuse, e
RIHSSIN (Sap) aseyq PSS (3op) aseyq PRISEIN Sop) aseyq RIRISEIN (Sap) aseyq
=3 =3 [=3
3 S S
T \ s \ = \»\ \ E \\ \
{ s 8 f i 8 i W
. / T / -1 “ =l !
&) i N O i N i i N i
£ _ o= B ! FEl | * 28| |
: " s " E | m s M m
. . 3 =} . . 3 .
S S =
2 F 5§3°%88g T2 2 g3°fgEg T2 2 g3°wggg T2 g3ioREEg
apmyuge) 4 apmusey o spnyuse o pmyuge] L
G (39p) aseyq I (3op) aseyq PRSI (39p) aseyq S (3ap) aseyq

0.10 1.00 10.00

0.01

0.10 1.00

0.01

0.10 1.00 10.00

0.01

0.10 1.00 10.00

0.01

Hz

Hz

Hz

Hz

ts in 2006 February (blue) vs. 2007

10N measuremen

Comparison between transfer funct

February (red).

Figure 3.20



Magnitude

Phase (deg)

Magnitude

Phase (deg)

Magnitude

Magnitude

Phase (deg)

73

RTC2 RTC 3 RTC 4 RTC 5
0.04 0.04 0.04
0.02 , 002 . , 002
= ] =
000F « % Hnm»wmﬂ-:uﬂ'ﬂﬂ‘ E" 000F r ¢ E" E’J 0.00 = ,...-..f.....qm‘ll[ih
b = b=
-0.02 -0.02 -0.02
-0.04 -0.04 -0.04
10 10
5 5 ? g s
= = 2
1) SO ——— 3 3 5 0
H] H] ]
-5 [ z £ -5
-10 -10
001 010 100  10.00
Hz
RTC 8
0.04 0.04
0.02 , 002 Y , 002
] ] =
E 000} g B 000F ¢ a1 rnmemendin
g E B
= = =
-0.02 I -0.02
-0.04 -0.04
10 10
5 w5 w5 w5
< . g g
oF - - e e g 0 R g 0 B s 0
H] H] H]
-5 £ -5 £ -5 £ -5
-10 -10 -10 -10
001 010 100  10.00 001 010 100  10.00
Hz Hz Hz Hz
RTC 12 RTC 13 RTC 14 RTC 15
0.04 0.04 0.04 0.04
0.02 L 002 L 002 L, 002
] = =
il g P — 2 v T Ot — 2 y SRS——
000! Rt — s I E oo . I ..M E 0w |
= = =
-0.02 -0.02 -0.02 -0.02
—0.04 -0.04 -0.04 -0.04
10 10 10 10
5 o5 D5 w5
< 2 g
N 2 g 0 L g 0
2 H] H]
-5 £ £ -5 £ -5
-10 -10 -10
001 010 100  10.00 001 010 100  10.00 001 010 100  10.00
Hz Hz Hz
RTC 18 RTC 19 RTC 20 RTC21
0.04 0.04 0.04 0.04 Y
-
0.02 0.02 0.02 0.02 =
3 3 Bl
g g E
0.00F 1 f I —g, E000F ¢+ ror i emam = 0.00 B = 0.00
g i g &
b = =
-0.02 -0.02 -0.02 -0.02
~0.04 -0.04 -0.04 -0.04
10 10 10
5 A3 E R
. 2 2 <
OF - - e e > 0 Yy 3 O
2 2 2
= = =
-5 = -5 ~ -5 &~ -5
-10 -10 -10 -10
001 010 100  10.00 001 010 100  10.00 001 010 100  10.00 0.01
Hz Hz Hz

Figure 3.21: Comparison between transfer function measurements in 2006 February (blue) vs. 2007
February (red) — residuals.
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above the noise level.

There was insufficient S/N for the high-loading/low-magnitude measurements for some of the
channels, but as there is redundancy in the coverage of the phase space (assuming the loading depen-
dence and non-linearity effects are independent), this does not change the conclusions drawn from
this analysis.

Figures 3.20 and 3.21 compare the transfer functions between the initial 2006 February measure-
ments and the 2007 February measurements. Excluding those channels that had significant additive
components — which were found to be unstable in magnitude over time in some cases — only 4
bolometers showed appreciable changes in their transfer function magnitudes exceeding 1% (one of
these, bolometer channel 4, is shown here). The consistency of the transfer functions over a year
time-scale for all but a few of the 98 light channels support the continuing strategy of using such
measurements as year-end calibrations; there doesn’t seem to be a compelling reason to carry out the
measurements more frequently.

Rather than attempt to deconvolve less-than-ideal transfer functions, some of the channels were
cut from the on-going initial CMB data analysis altogether. From the first season focal plane configu-
ration, 7 channels were excluded (2 from 100 GHz and 5 from 150 GHz) for excessive low frequency
roll-offs, and a further 4 channels were excluded due to significant inconsistencies between the 2006
and 2007 measurements (1 from 100 GHz and 3 from 150 GHz). One of the 150 GHz pairs with
excessive roll-offs were replaced at the end of the season with spare bolometers. From the second
season focal plane configuration, a total of 6 channels are excluded from analysis (2 from 100 GHz
and 4 from 150 GHz).

Currently, instead of using parameter fits to an analytic model, the measured transfer functions
are directly deconvolved from the raw data as one of the first steps in the low-level processing. The
achieved S/N on the measurements is high enough that we do not expect the measurement noise to

contribute significantly to the filtered and deconvolved timestream data.
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CHAPTER 4

Observing Strategy

4.1 'The South Pole site

The National Science Foundation Amundsen-Scott Station is located at the geographic South Pole,
on the interior ice plateau of Antarctica at an altitude of 2800 m. The extremely dry and stable sky
above the South Pole[27] results in 150 GHz opacity of 0.03 < 7 < 0.04 and atmospheric noise

contamination far below BICEP’s instrumental noise at least 80% of the time. As such, the South

Figure 4.1: The Dark Sector Laboratory at the South Pole Station, where BIcEP is deployed. Further
back to the left, the MAPO building houses the QUAD experiment on the DASI mount.
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Figure 4.2: Distribution of 150 GHz atmospheric opacity during 2006 observing.

Pole station is one of the best available sites in the world for millimeter-wave observation, offering
unparalleled potential sensitivities and observing efficiencies.

We use a 350-pm tipper to continuously monitor the atmospheric transmission, independent of
once-a-day sky dip measurements performed at the beginning of every observation cycle. Figure 4.2
gives the histogram of 150 GHz opacity as measured by and extrapolated from the 350-ym tipper
during the first season of observation, from 2006 March to 2006 October. The extrapolation is given
by a simple linear scaling: 7,5, = 0.0186+0.0112 T350,m as reported by ACBAR from data taken at the
South Pole[37]. The {25%,50%, 75% } quartiles for this distribution are {0.0345, 0.0360, 0.0382},
consistent with measured optical loading for Bicep.

In addition to the excellent atmospheric conditions, from the South Pole it is possible to track a
given field continuously at constant elevation angle. The sky that is accessible for observation from

the Pole includes some of the largest regions of minimal galactic foreground emission on the celes-
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tial sphere. These characteristics of the Pole make it the ideal location for the long, deep integrations
needed to study the CMB polarization signal. BICEP is designed to exploit these advantages in the
course of extremely long integrations on selected fields. The design of the telescope also reflects the
particular environmental challenges of South Pole observations. During the six months of the year
for which the Sun (the strongest source of contamination) is below the horizon, presenting opti-
mal observing conditions, the average ambient temperature is —60 °C. Very long integration times

demand a design that can ensure reliable telescope performance during this period.

4.2 Observed fields

The mount is capable of observing down to a boresight elevation of 50°, providing access to the
minimum foreground regions available from the South Pole. As illustrated in Figure 4.3, we have
selected an ~ 800 deg® region centered at {RA = o hr, dec = —57.5°} as the main science field,
where we spend a total 18 hours per day. A secondary field centered at {RA = ¢ hr, dec = —57.5°},
encompassing the bright Eta Carina galactic plane region, is observed for 6 hours every other day,
complementing our primary science target with a deep study of the galactic polarization. In addition,
a third region at {RA = 15 : 42 hr, dec = —55.0°}, in a significantly brighter part of the galactic plane,
serves as a daily calibration source, and we perform repeated fixed-elevation scans for 10 minutes at
the beginning and end of every 9-hr observing block.

The selected 800 deg® CMB field is among the lowest in galactic foregrounds available of that size
over the entire sky, and certainly the best region accessible from the South Pole. A recent study by
the SPUD collaboration (an upcoming large-format CMB polarimeter with similar optical design as
BicEP) confirms this[9]. Using the WMAP K-band polarized intensity map extrapolated to 150 GHz
as a proxy for the estimate of the synchrotron emission, and the FDS dust brightness model with an
assumed uniform 5% polarization fraction, no other region of comparable size is shown to have lower
angular power spectra contributions from both synchrotron and dust foreground polarization. With
the above assumptions, the B-mode contamination at 150 GHz from dust emission for this region is
expected at the level of r ~ 0.02, far below the BICEP science target.

The galactic foregrounds have enormous dynamic range over the whole sky, and this is especially
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Figure 4.3: Observed CMB and galactic fields, shown against dust and synchrotron model maps.
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Figure 4.4: AZ scan profile used for both CMB and galactic plane observations. The acceleration
during turn-arounds is limited to 1.4 deg/s?; the jerk is limited to 0.47 deg/s?. This results in a strict
turn-around efficiency of 70%, keeping only the constant-velocity portions of the data (bounded by
the dashed lines). The actual used tur-around cut results in an efficiency of ~ 78%.
true for the dust emission. It is necessarily true that as the survey size is increased, the B-mode con-
tamination from galactic foregrounds will also increase, pressuring the optimal sky coverage towards
smaller sizes. Although at small enough scales, the gravitational lensing of the E-mode polarization

into B-mode will begin to dominate over galactic foreground contaminations, BICEP is in little danger

of truly pushing into this limit because of its large instantaneous FOV (17°) and degree-scale beams.

4.3 Scan strategies

In practice, the desire for a high scanning efficiency, rapid scan-modulation of the sky signal, and
other operational concerns play not-so-insignificant additional roles in determining the size of the

scan region. Fixed-elevation scans at 2.8 azimuth deg /s provide the primary signal modulation, with
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Figure 4.5: Raster scan pattern for an 18-hour observing block. The iso-declination galactic plane

calibrations occur at the beginning and end of every 9-hour CMB observing block (only one such set

is illustrated here). Each s50-minute scan-set at a fixed elevation is bracketed by 1-degree elevation

nods at the beginning and end to measure relative gains.
the selection of this rate driven by both sufficient modulation of the signal against the 1/ f sky fluctua-
tions, and as an especially quiet speed that does not excite microphonic-induced thermal instabilities
on the focal plane.

The constant-velocity span used in observations of the CMB and the Eta Carina fields is 50°
in AZ, with additional overshoots from smooth turn-arounds with acceleration and jerked capped
at reasonable maximum values. The resulting scanning efficiency from this profile is 78%. Deeper
integrations on the sky are possible with a more compact observing region, but for the practical limi-
tations of the turn-around efficiency and the desire to avoid keeping data during mount accelerations.

This scan rate maps power on the sky on the angular scales of interest (£ ~ 30-300) to time

domain signals in the range of 0.1-1.0 Hz, above any residual 1/ f fluctuations. For a given field, we
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Figure 4.6: Field differencing vs. AZ-fixed Subtraction. While field differencing is commonly used to

remove ground-fixed contaminations, the filter function for such method asymptotes to 0.5 at higher

spatial frequencies. By fixing the scan w.r.t. the ground for 50-minute observing blocks, we can form

a model of the contamination as the sky drifts through a fixed opening angle. This preserves more

information at the £-range of interest for BiCEP.
perform a raster scan, stepping up in elevation by 15 at the end of every 50 minutes of azimuth scan
and eventually covering 5° in boresight elevation, from 55° to 60°.

We have chosen not to track the field center in RA while scanning; rather, we scan about a fixed
azimuth and update the tracking to catch up with the field once per elevation step. This has the ad-
vantage of making AZ-synchronous and scan-synchronous signals to be degenerate with each other,
and separable from the signal on the celestial sphere. We can, if we so choose, project out a model of
the AZ/scan-synchronous signal from each scan in RA in the final analysis. This approach is superior
to a simple lead-trail field differencing in preserving information on angular scales corresponding to

¢ >~ 40. Figure 4.6 shows the numerically-calculated filter functions comparing the lead-trail field

differencing (in blue) and the AZ-fixed subtraction method (in red), for an opening angle of 12.5°
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in AZ. The direct differencing of two different fields separated by a constant opening angle leads to
a factor of 2 in sensitivity loss. While the low-frequency information loss is greater for the AZ-fixed
subtraction, information is preserved far better above the cross-over point of £ ~ 50.

Note that there is no penalty associated with the fixed-AZ strategy if we decide against the baseline
subtraction. In the analysis of the CMB data so far we have not made use of this baseline subtraction
since there has been no indication of detectable levels of ground- or scan-synchronous contamina-
tions.

BICEP operates in blocks of 48 siderial hours. Each observing block is broken up into four dis-
tinct phases. The first 6 hours are spent cycling the sub-Kelvin fridge back to 250 mK and servicing
the cryogens. Then an 18-hr block of CMB observation completes the first day of the block. The
beginning 6 hours of the second day are used to observe the Eta Carina galactic region, then another

18-hr CMB scan follows. The beginning times are arranged such that the 6-hour blocks of servicing
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and galactic observing correspond to when the main science field is behind the neighboring SPT, so
as to avoid any ground contaminations associated with the large SPT shields.

The order in which the upper and lower halves of the elevation range are covered for the CMB
field is swapped between the first and second days, allowing a jackknife to be performed to check
for any time-variable AZ-fixed contamination. Each 48-hr block is executed at one of four instru-
ment boresight orientations, at 8 = {—45, 0,135, 180}°, giving two independent and complete Q/U
coverages of the field. (Because each of the six hextants of the focal plane alternate in polarization
orientation of instrument Q and U, a 180-degree rotation about the boresite provides a complete
Q/U coverage switch on the sky.) With 78% scan turn-around efficiency and actual CMB observing

of 16.7 hr/day, the total observing efficiency is ~ 54% for the CMB science region.

4.4 Gain calibrations

4.4.1 Elevation nods

At the beginning and end of every 50-min fixed-elevation scans across the science target, we perform
“elevation nods” for the purpose of tracking the relative response of the bolometers. An elevation
nod consists of a sinusoid-like “up-down-return” (normal) or “down-up-return” (inverse) elevation
motion of the telescope with total amplitude of 1° and duration of 1 min. We measure dV;/d(csc E;),
the voltage response of each bolometer i to the change in airmass at elevation Ej;, to correct for the
different radiation response of the bolometers. The elevation nods are centered on the same elevation
as the contemporaneous science azimuth scan, and they produce a signal of 10-20 mK across the focal
plane for a typical atmospheric zenith loading of 10 K. The atmosphere is believed to have negligible
linear polarization.[20][14]

The primary purpose of the elevation nods is to determine the relative response of the bolometers
within a PSB pair so that atmospheric emission and CMB temperature anisotropy are rejected by the

bolometer difference (see Figure 4.7). Over a month of observation, we have measured a typical 10

repeatability of 0.6% in the gain ratio ( 3 (iX%A) ) / ( d(i?EB) ), after subtracting systematic trends with
atmospheric loading. The elevation nods serve an additional purpose of measuring the relative gains

of the detectors over the focal plane, thereby allowing the construction of co-added maps from all of
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the pixels at a given frequency.

In principle, atmospheric emission is rejected perfectly by the elevation nod technique since an
atmospheric signal is used to measure the gains. However, since the CMB has a different spectral
slope within our bands compared to the atmosphere, good rejection of CMB temperature anisotropy
requires good spectral matching of the bolometers. From model atmospheric spectra and typical
measured spectral mismatch, we estimate that temperature anisotropy is rejected by a factor of 10*
for a single PSB. Rejection is improved by an additional factor of ~ 10 since the map pixels are visited
by multiple detectors with multiple rotation angles during the scan.

The elevation nod motion produces a thermal disturbance of the focal plane that is detected as a
false d(gs—‘c/E) in dark bolometers at alevel 0.3% of the response in the light bolometers. Alternating be-
tween normal and inverse elevation nods allows us to partially subtract this effect. Without account-

ing for the thermally-induced response and spectral matching, we expect residual CMB temperature

anisotropy to appear in our polarization maps at the 0.1 yK level.
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Figure 4.9: Common-mode rejection of the atmospheric fluctuation with gain-adjusted PSB pair dif-
ferencing. In red and blue are the two PSBs within a pair. After adjusting for the relative gain, the 1/ f
fluctuations are largely nulled out. The differenced signal is shown in black.

The relative gain can be measured directly within a pair, fitting for dV, /dV;, instead of a focal
plane-wide fit to the airmass model. While this would provide immunity to adverse atmospheric
fluctuations during the elevation nods — any unpolarized common-mode input would provide a
measurement of the relative gain within a pair, induced by the elevation movement or not — a review
of all elevation nod measurements to date and comparison between the pair-derived relative gains
and those derived referenced to the airmass show that the two methods agree to well within 1%.

For the current on-going analysis of the first year CMB data, we employ the airmass model fits
to derive relative gains for the entire focal plane (scaling the measured relgains such that the mean
value over each frequency band is unity, and applying map-derived absolute gains to convert to Tcys

as a separate process).



86

4.4.2 IR flash calibrator

In addition to the elevation nods, we have implemented an infrared source as an independent relative
calibrator. An electrically modulated 2.25 mm? infrared emitter packaged into a compact collimating
optics' is embedded at the end of a Zotefoam arm on the side of the BICEP window. The Zotefoam
arm swings into the center of the beam on demand from the control system. Once in the beam, the
IR source is pulsed at 0.5 Hz for a period of ~ 1 min, producing a typical optical signal of ~ 100 mK.
The flash calibration precedes every elevation nod for redundancy.

We have found that the reliability with which the relative gain is determined compares favorably
with that of the elevation nod method, giving us added leverage and redundancy in dealing with
potential systematic issues in gain measurements. The flash calibrator-derived relative gains have
not been used in the analysis thus far, however, because of concern over biasing due to the extra
optical loading introduced by the swing arm, and the unknown polarization of the IR source, however

small.

'IR-55 — Hawkeye Technologies LLC, Milford, CT 06460. Web: http://www.hawkeyetechnologies.com.
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CHAPTER §

Data Analysis

5.1 Summary of collected data

Bicep commenced regular observations of the science CMB field in the beginning of 2006 March,
concluding the first year of observation at the end of 2006 October. Excluding aborted or otherwise
partial observing blocks, a total of 362 blocks of 9-hour CMB observations were accumulated, equiv-
alent to 181 operational days, or more than 2400 hours of actual data represented in the analysis,
taking into account the end-to-end observing efficiencies.

In addition 94 blocks of 6-hour Eta Carina field observations were made, or more than 400 hours
of actual data including all cuts, providing unprecedented investigation into the on-plane and off-
plane galactic polarization.

After minor upgrades the second season of observing began in 2007 mid-February, and has con-
tinued to date, amassing more than 210 operational days of CMB observing. We expect to achieve ~
250 days before the current winter season comes to a close.

A number of channels out of 98 total light bolometers are excluded from the initial analysis. From
the 2006 data, we have excluded 25 channels (11 from 100 GHz and 14 from 150 GHz), including all
12 used in the FRM pixels, for various reasons ranging from excessive noise to abnormal transfer
functions. From the 2007 data, we have excluded 12 channels (5 from 100 GHz and 7 from 150 GHz),
mostly for abnormal transfer functions. These are conservative cuts; and we can expect some of these

channels to be included back as the analysis of the data matures.
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5.2 Preliminary CMB maps

The raw data are parsed, cleaned and downsampled into an intermediate time-ordered data (TOD)
and stored on disk as inputs to map-making and noise-modelling codes. The transfer functions are
deconvolved for each contiguous, uninterrupted block of AZ scanning as a first step, including the
portions of the data used for elevation nods. This is so that the nominal normalizations of the mea-
sured transfer functions are non-critical, as the relative gains are derived subsequently with decon-
volved timestreams.

After deconvolution, the TODs are low-pass filtered and glitch detection is run, flagging every
half-scan above a certain skew/kurtosis threshold w.r.t. each pair-differenced timestreams. Instead
of forming a noise realization of the missing data from glitches, we simply throw away the entire
half-scan from map-making. The surviving data are downsampled from 50 Hz to 10 Hz, and relative
gains are derived and stored separately.

The CMB maps shown in Figure 5.1 represents data from the beginning of first season observ-
ing through 2007 mid-May. The AZ raster scan strategy employed results in a nicely-tapered spa-
tial coverage, with deep integration concentrated in the center ~ 800 deg® region. The temperature
anisotropy is measured with high signal to noise, as evidenced by the smoothness of the 100-150 GHz
jacknife difference map. The WMAP W band 3-year map was scanned with a model of the Bicep
instrument and filtered identical to the real data for comparison. There is good agreement in mor-
phologies and their registration, providing an effective way of deriving absolute calibrations of the
BIceP maps to within ~10%.

The E/B maps are calculated from coverage-weighted input Stokes Q/U maps using PolSpice[8][41].
As shown in these plots, the E/B maps were Wiener filtered according to the E-mode S/N using the
B-mode map as the estimate of the noise model.

The data as shown here are aggressively filtered in the time domain to remove 1/ f fluctuations, as
a full analysis of the noise properties and their correlations are still pending. We expect that a more
moderate time domain filtering will be possible as the analyses progress, preserving the underlying

power spectra better at lower spatial frequencies. Even so, it is notable that we are beginning to see
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Figure 5.2: Projected performance of BICEP given measured NETs for 1-year and 3-year.

degree-scale features in the E map at the expected level, while the E/B jacknife maps and the B signal
map are consistent with noise. The r.m.s. 1 deg” noise in 100 GHzis 0.89 yK and 0.77 uK for 150 GHz,
in line with expectations.

Figure 5.2 shows expected performance of BICEP for the pending first-year analysis and for 3 years
of observations. Given the achieved sensitivities and observing efficiency at the South Pole, we expect
to reach the current best upper limits on r with the first-year data, and probe down to unprecedented

limits for the full duration of the experiment.

5.3 Galactic polarization

Polarized emissions from our own galaxy is of particular interest looking ahead to future experi-
ments, as they will likely set the ultimate limit to the detection of B-mode polarization at large angular
scales. BICEP has thus far devoted ~13% of total observing to mapping the temperature and polariza-
tion of the Eta Carina region, achieving deep integrations on both the galactic plane and the diffuse

emissions at moderate galactic latitudes. Figure 5.3 shows the collected data up to 2007 May for this
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Figure 5.3: 150 GHz survey of galactic polarization compared with FDS and Planck models. Bicep

has achieved deep integration over the Eta Carina region encompassing both the galactic plane and

the diffuse dust emission at moderate galactic latitudes. The red box outlines such a region where

dust structures are seen at the ~50 yK level, consistent with the FDS model. Preliminary constraints

on dust polarization in this region are < 5%, consistent with recent WMAP all-sky estimates. Bicep

measures the polarized emission on the galactic plane itself with high S/N.
field (the left half of the maps as shown) along with shallower coverages elsewhere. For comparison,
the FDS model 8[11] and the Planck Sky Model[42] are shown.

The WMAP collaboration has constructed a full-sky model of polarized galactic emission from
three years of observations using the 5 frequency channels to separate the contributions from syn-
chrotron and dust polarizations, reporting fractional dust polarization of 0.036 + 0.011 outside the
Po6 mask[22]. Preliminary constraints on the dust polarization as derived by BICEP are < 5% at mod-
erate galactic latitudes, consistent with the WMAP estimates. We expect to provide one of the most

sensitive characterizations of dust polarization levels at these angular scales pending full analysis of

the Bicep data.
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APPENDIX A

Instrument Loading & Noise Model

A.1  Thermal model of the NTD bolometer

The behavior of NTD bolometers can be estimated as a suspended thermal mass linked to a fixed

bath temperature T through a thermal link with its conductance given by
T\P
G(T):GO(F) (A1)

where T is the bolometer temperature and T, is just a reference point, often taken to be 300 mK. The

NTD thermistor has a temperature-dependent impedance given by
R(T) = RoeVA/T (A.2)

which is biased in series with a fixed load resistor R, by a bias voltage V5. The dissipated electrical

power across the bolometer then is

Ve VPR
R(T) (R+R.)*

(A.3)

Prigc =

Typical values for Bicep are: A = 41.8 K, R, = 100 Q, G, = 60 pW/K, and 8 = 1.5.
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The bolometer absorbs incident optical loading Qopr, and in equilibrium,

Qo+ s = [y = SB[ (1)) (A0

Given a small change in the input optical power:

6QOPT = G(T)‘ST - 6PELEC

Vi 2R
=GO - 22R) (1 B R+RL) ok (A5)
R [a v 2R
= G(N)oT + 2 T (R+R,) ( _R+RL)8

The temperature response to a small change in the input optical loading is then given not by G(T')

but by an effective thermal conductance Ggg:

0Qopr = GEFF(T)(ST (A.6)

where

Gere(T) = G(T) + (A7)

R A Vi ( 2R )
T(R+R.)* R+R,

In turn, let’s consider the voltage response to a small change in the bolometer temperature T. We

have V = Vb(R+R ) SO

Vi R
oV =—2 (1— )6R
R+ R, R+ R,

-Vi R R A
= = (1— ) —06T
R+ R, R+ R,

(A.8)

2TV T

We can now express the voltage responsivity to input optical fluctuation strictly in terms of measured

bolometer parameters and set values of R, and Vj:

(A.9)

8VR§VB( R)l

S:_:—— —
oQ 2TV TR+R, R+ Ry ) Gee(T)
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A.2  Optical loading and noise

The spectral radiance of a source at temperature T is

2hv3 1
B(v) = oMo where n, = ST (A.10)
The incident optical load on the bolometer is then
Qopr = i./‘/\21113(1/)3(1/) dv ~ i/12;1B(1/)Av = hvynoAv (A1)
2 2

making the approximation Av < v,. The optical efficiency # and the normalized spectral response
F(v) are defined in Section 3.2. Since the average energy of the arriving photons is hv, the photon
count per unit time is simply

dNn,,

wra Avyn, (A.12)

Variance in the arrival rate of photons [44] given integration time At is

, Av
o’ = Enno (1 +7n,) (A.13)

The uncertainty in power at the bolometer is then

B hvv/ Av
VAt

hvo (1o (1 + nno)]? (A14)

Evaluating this for At = 0.5 s gives the photon NEP in W/\/Hz:
NEPuoron = W28y [, (1 + nno) ] (A.s)

This can be separated into two terms that add in quadrature, and we see that the first dominates over
the other if n, << 1, and vice versa. For very low photon occupation number #,, the uncertainty is
given by counting statistics; conversely, given high photon occupation number (as is typical in radio

astronomy), the noise is proportional to the source temperature. Millimeter measurements of the
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CMB in general must account for both.

The two photon noise terms are:

NEPg o =2 (hv)2 Avnng = 2hvQopr (A.16)

2
2Q0pr

NEP2. . =2 (hv)* Av(nno)* = Ay

(Aay)

The Johnson and phonon noises also contribute to the total NET. With the bias voltage con-
strained, the bolometer impedance is effectively in parallel with the load resistor, and the Johnson

noise is
RR,
+ R,

NEp: - 4kTR. ( G(T) (A.18)

JoHNSON T o) GEFF(T)) x2, whereR, =

We can estimate the effective temperature of the thermal link to the bath as T, = (T + Tyarn) /2,
which gives

NEP;HONON = 4kT*G(T*) (Aag)

Lastly, the amplifier noise is simply a measured constant, and in BICEP this is

NEP;

AMP —

7ov/VHzZ\" (A.20)
S .

Note the extra factors of 2 for the amplifier and Johnson noises accounting for the post-demodulation

bandwidths from AC-biasing of the bolometers.
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APPENDIX B

Pointing Reconstruction & Beams

B.1 Coordinate systems

The pointing model describes the orientations of the telescope mount axes relative to the ideal topocen-

tric coordinates with the following set of seven parameters derived from optical star pointing:
{flexcos, flexgy, tiltya, tilty o, tilts; , zero,,, zerog, }

The forward pointing model transforms from ideal topocentric azimuth, elevation, and deck ori-
entation {A, E, K} of the instrument boresight to raw mount coordinates { A, E, K },. The inverse
pointing model transforms from {A, E, K}, back to topocentric {A, E, K}.

In addition, there are temporary coordinate systems ({A, E,K}', {A, E,K}", etc.) used in the
course of applying the pointing model, which I differentiate here explicitly to avoid any confusion in
discussing the order of operations. Furthermore, because the raw mount coordinates are not suitable
for practical usage nor for making pointing-uncorrected maps (E, ~ 7.6° at zenith, for example),
we regularly make use of yet another coordinate system { A, E, K} where constant offsets have been
subtracted from {A, E, K},. These are stored in the data register antenna®. tracker.encoder_off,
and updated roughly once every re-leveling of the mount such that {A, E, K} approximate ideal
topocentric values. In successive single transformations starting from J2000 equatorial coordinates,

we have:
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Figure B.1: The relationship between deck orientation angle K about the boresight B and co-moving
focal plane coordinates {r, 8, y} of pixel P.

{a,8,x} J2000 equatorial coordinates and DK orientation.

{A,E,K}  Topocentric ideal horizontal coordinates.

{A,E,K}'  Horizontal coordinates defined by the actual tilted AZ axis.

{A,E,K}"  Coordinates given the non-orthogonal tilt of the EL axis.

{ JE, }* Expected (not actual) EL coordinate given flexure terms.

{A,E,K}, Raw mount coordinates without zero offsets applied: {A”, E*, K"} + offsets.

{A,E,K}. “Command” coordinates: {A, E,K}, — encoder_off[o, 1,2].

Note that because of the transformation involving the non-orthogonal tilt of the EL axis and the
large angular extent of the BICEP field-of-view, the pointing model and its inverse should only be
applied to the boresight coordinates, and not to coordinates of individual beams.

It is worth reviewing the connection between the DK angle {x, K, K’, ...} and the co-moving

coordinates of the focal plane. Figure B.1 illustrates this relationship. The instrument boresight B
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(defined by the DK rotation axis) is the origin of the focal plane coordinates {r, 8}, with df < o." The
angle y specifies the polarization orientation w.r.t. the radial vector 7 at P, also with dy < o.

The location of the 6 = o axis is arbitrary and not physically defined on the instrument a priori,
but instead referenced to the meridian at K = 0. To complete the definition, we need to establish two
quantities by conventions: (a) the bearing angle? of the 6 = o direction for K = o (ap_,¢,) and (b) the

direction of increasing K. The current choices are

ap.po =—90 and dK>o (B.a)

which then clearly define the bearing towards P:

ap.p=0-K+ B 0o (B.2)

Solving for the reverse bearing ap_, g gives the polarization orientation referenced to the zenith:

Yp = Xp+ ap.p (B.3)

Given ap_.p we can solve for {Ap, Ep}. Together with yp, these coordinates completely determine P
on the sky.

However, there is still the arbitrary choice to be made about the zero point of the DK encoder —
unlike AZ and EL, the DK angle is a measure of relative orientation and not a direction of a vector.
This offset is not provided by the pointing model parameters from star pointing, but set by conven-
tion:

K" = K, - zeropy, zeropg = antenna0.tracker.encoder_off[2] (B.4)

which means K. = K" by definition. To correctly apply the inverse pointing model, we need to
augment the five measured model parameters with zeropx. This is important! Using just the measured

parameters will result in the pointing-corrected topocentric DK orientation being off by ~ 0.9°.

!i.e., angle increases CW looking down.
*Bearing at point B is the angle measured CW from zenithal direction.
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B.2 Forward pointing model

We start from topocentric ideal { A, E, K} and work towards raw mount coordinates {A, E, K },.

B.2.1 AZ axis tilt

The first transformation addresses the tilt of the AZ rotation axis w.r.t. the true zenith. The parameters
{tilty or, tilty, } — or {x, y} for short — measure southward and eastward tilt, respectively, as shown in
Figure B.2a. The intersection of the x- and y-tilt great circles (in dotted blue) locates the transformed
zenith Z'.

It is convenient to express {x, y} in terms of magnitude and azimuth of the tilt {®, Q}. A simple
derivation is to apply gnomonic projection® centered at Z, which maps XZY Z’ onto a rectangle with

diagonal tan @. Using y = 180 — Q and the shorthand ¢ = tan ¢ for convenience, then,*

¥=0cosy, j=0Osiny =— O=./F2+7j2, tany-= (B.5)

RN

This is slightly different from the solution cited by CBI and used in QUAD’s pointing code, which

can be recovered with spherical trigonometry by making the approximation

tan (y cosx)

y' ~ycosx = cos® =cos(ycosx)cosx, tany = (B.6)

sin x

valid only for small y.

Typically, ® ~ arcmin so that even cartesian approximations ® = /x> + y2 and tany = y/x are
sufficient, but in other contexts involving large {x, y}-type angles (e.g., using large x-y offsets in
observations, describing the focal plane in cartesian coordinates, efc.), the exact solution shown in
(B.5) should be used.

Given {©, Q} and ideal topocentric { A, E, K} of point P, we can get { A, E, K}’ by solving AZPZ'

as shown in Figure B.2b. The sign convention is da < o as is for  and y, and since the coordinates of

*The projection from the origin onto a plane tangent to the sphere at Z.
“T assume the availability of a 4-quadrant range function tan™" (sin ¢, cos ¢) = ¢ whenever both arguments are known.
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(a) The AZ axis tilt is described by angles {x, y}, or alternatively in magnitude and azimuth {©, Q}.

(b) The coordinates of P in the tilted basis is given by solving AZPZ' on the sphere.

Figure B.2
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Q (at the axis of rotation A = Q — 90) do not transform,

a=A"-Q+18o0, B=Q-A, y=K-K' (B.7)

Applying the spherical cosine and sine rules to solve for «, y, and E’,

E' =sin"" (cos @ sin E + sin ® cos E cos B) (B.8)
i E sinE - @sinE’
A= Q- 180+, o = tan" sin 3 cos ’ sin . cos @ sin (B.o)
cos E’ sin © cos E’
K =K-y, - sin 3 sin ® ’ cos® — sin Esin E’ (B.10)
cosE’ cosEcosE’

where f = Q - A.

B.2.2 EL axis tilt

The second transformation addresses the tilt of the EL rotation axis (tilty; = ®g) w.r.t. the tilted
AZ plane (Figure B.3). We only consider rotation about 0Q since rotation about other axes are
degenerate with {zero,, zerog, }. The direction of OQ is defined to be perpendicular to the physical
AZ and EL rotation axes, co-moving with the instrument. Note the sign convention d@; > o at Q.

The internal angles are

a = 90, B =90- (A' - A") , y=K - K" (B.11)

with « fixed by construction. Gnomonic projections are very useful when right angles are involved,

and in this case projecting to a tangent plane at Z’ right away gives

cos 3 = sin (A' - A") = tan ®; cot (90 - E') =tan O, tan E’ (B.12)

Solving the rest of AZ'BZ",

sin O
cos E’

) (B.13)

" . —1 [ sin E' " / Y / 1" I -1
E" =sin o | A" =A"—sin (tan@EtanE ), K" =K -sin
cos Oy
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Figure B.3: Tilted EL axis coordinate transformation

B.2.3 EL flexure

The displacement of the center-of-mass (CM) of the cryostat from the EL axis — as well as CM-
displacements of substructures from their support points — results in a gravitational torque-induced
flexure, and an offset between actual and expected elevation.

A displacement along the DK axis induces an offset o< cos E, whereas a displacement orthogonal

to both the DK axis and the EL axis gives o< sin E. Defining E, as the elevation of the effective CM:

AE = pfcos Ecy = pscos (E — 0Ecy)
(B.14)
= ps ( cos (0Ecy ) cos E + sin (0Ecy) sinE)

where §E), is the downward EL offset of the CM from the DK axis, and the constant ps < o such that

AE = Ecruar — Eexprcrep- Assuming AE ~ small, the transformation from E” to E* is then given by

E* ~ E" - prcos (8Ecy) cos E" — pgsin (8Ecy) sin E” (B.15)
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Or, in terms of the fitted parameters:
E* ~ E" —flexcos cos E — flexgy sin E” (B.16)

B.2.4 Zero offsets
Ay, =A" +zero,,, E, = E* + zerog,, Ko = K" + zeropg (B.17)

Again, {zero,,, zerog, } come from star pointing fits; {zerop } is an arbitrary quantity that reflects

the chosen 0 = o axis of the focal plane, stored in the register antenna0. tracker.encoder_off[2].

B.3 Inverse pointing model

We start from raw mount coordinates { A, E, K}, and transform towards ideal topocentric {A, E, K }.

The order of operation is in reverse. The first three are trivial:

A" = A, - zero,y,, E* = E, — zerog,, K" = K, — zeropx (B.18)

E" = E* + flexcos cos E* + flexgy sin E* (B.19)
sin O

E' =sin™! (sinE" cos ®E) , A'=A" +sin? (tan CH tanE') , K'=K"+sin™* ( =
cos

) (B.20)

The inverse of the AZ axis tilt transformation can be derived from (B.7)-(B.10) with the substitutions

{A,E,K} s {A,E,K}/, a s -pf, y s -y, Qs Q+180 (B.21)
which give

E=sin"" (cos OsinE’ + sin ® cos E’ cos (x) (B.22)
A-Q-p B - tan™" sinacosE’  sinE’ —cos®sin E (B.23)

= - > = tan b 2

cosE sin ® cos E 3
KoK+ o sinasin® cos® —sin E'sin E (B.24)

- v y= cosE '’ cosE'cosE 24

where a = A’ — Q + 180.
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