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Abstract

The E and B ExperimenEBEX) was a long-duration balloon-borne cosmic microwave backgr(OmB)
polarimeter that ew over Antarctica in 2012. We describe the experifseaptical system, receiver, and
polarimetric approach and report on their ight performance. EBEX had three frequency bands centered on
150, 250, and 41GHz. To make efcient use of limited mass and space, we designed acdSr high-
throughput optical system that had two ambient temperature mirrors and foureattoe-coated polyethylene
lenses per focal plane. All frequency bands shared the same optical train. Polarimetry was achieved with a
continuously rotating deomatic half-wave plattAHWP) that was levitated with a perconduting magnetic
bearing(SMB). This is the rst use of an SMB in astrophysics. Rotati&tability was 0.45% over a period of

10 hr, and angular position accuracy wd®D The measured modulation eiency was above 90% for all
bands. To our knowledge the 109% fractional bandwidth of the AHWP was the broadest implemented to
date. The receiver, composed of one lens and the AHWP at a temperatufetbie4polarizing grid and other
lenses at K, and the two focal planes at 0.5 performed according to speciations, giving focal plane
temperature stability with auctuation power spectrum that had /& knee at 2mHz. EBEX was the rst
balloon-borne instrument to implement technologiearatteristic of modern CMB polarimeters, including
high-throughput optical systems, and large arrays of transition edge sensor bolometric detectors with
multiplexed readouts.

Key words:balloons— cosmic background radiatiencosmology: observationsinstrumentation: polarimeters
polarization

1. Introduction be predicted given the measured intensity anisotropy. Lensing
of E-modes by the large-scale structure of the universe
| produces cosmologicBmodes at small angular scales, while
an in ationary phase at sufiently high energy scales near
gﬂe big bang is predicted to leave another detectstede
ignature at large and intermediate angular s¢BEsmann
et al.2009.

The E-mode polarization of the CMB wagst detected by
the DASI experimentKovac et al.2002, and other experi-
ments soon followed su{Scott & Smoot 2010. The
20 current afliation. combination of all measurements is in excellent agreement

Measurements of the cosmic microwave backgrd@hiB)
have provided a wealth of information about the physica
mechanisms responsible for the evolution of the universe. In
recent years, experimental efforts have focused on measurin
the CMBs polarization patternsE-modes andB-modes
(Zaldarriaga & Seljakl997. The level and spect shape of
the angular power spectrum of CMBmode polarization can



https://orcid.org/0000-0002-5127-0401
https://orcid.org/0000-0002-5127-0401
https://orcid.org/0000-0002-5127-0401
https://orcid.org/0000-0003-0527-2948
https://orcid.org/0000-0003-0527-2948
https://orcid.org/0000-0003-0527-2948
https://orcid.org/0000-0002-8241-4156
https://orcid.org/0000-0002-8241-4156
https://orcid.org/0000-0002-8241-4156
https://orcid.org/0000-0003-4151-9450
https://orcid.org/0000-0003-4151-9450
https://orcid.org/0000-0003-4151-9450
https://orcid.org/0000-0002-8702-6291
https://orcid.org/0000-0002-8702-6291
https://orcid.org/0000-0002-8702-6291
https://orcid.org/0000-0001-9238-4918
https://orcid.org/0000-0001-9238-4918
https://orcid.org/0000-0001-9238-4918
https://orcid.org/0000-0003-2086-1759
https://orcid.org/0000-0003-2086-1759
https://orcid.org/0000-0003-2086-1759
https://orcid.org/0000-0003-4679-0485
https://orcid.org/0000-0003-4679-0485
https://orcid.org/0000-0003-4679-0485
https://orcid.org/0000-0002-5900-2698
https://orcid.org/0000-0002-5900-2698
https://orcid.org/0000-0002-5900-2698
https://orcid.org/0000-0001-8377-3153
https://orcid.org/0000-0001-8377-3153
https://orcid.org/0000-0001-8377-3153
https://orcid.org/0000-0002-6954-6947
https://orcid.org/0000-0002-6954-6947
https://orcid.org/0000-0002-6954-6947
https://orcid.org/0000-0002-1337-6088
https://orcid.org/0000-0002-1337-6088
https://orcid.org/0000-0002-1337-6088
https://orcid.org/0000-0003-1971-7151
https://orcid.org/0000-0003-1971-7151
https://orcid.org/0000-0003-1971-7151
mailto:hanany@umn.edu
https://doi.org/10.3847/1538-4365/aae434
http://crossmark.crossref.org/dialog/?doi=10.3847/1538-4365/aae434&domain=pdf&date_stamp=2018-11-06

THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 239:7 (25pp, 2018 November Aboobaker et al.

with predictions. B-mode polarization from gravitational provide a resolution of 8.0/, sufficient to probe the lensing
lensing of E-modes and from Galactic dust emission has alsosignal at/ ~ 1000. It also gave dlat and telecentric focal
recently been detectgHlanson et al2013 Ade et al.2014 surface to accommodate the array of TESs that were
BICEP2 Collaboration et a2014 Naess et ak014 BICEP2/ fabricated on silicon arrays. This optical system required
Keck and Planck Collaborations et2015. Intense efforts are  lenses to enhance the throughput provided by the two warm
ongoing by ground- and balloon-based instruments to improvemirrors. The lenses, the focal planes, and the cryogenic
the measurements, separate the Galactic from the cosmologicséfrigerators that kept them at temperatures below ambient
signals, and identify the flationaryB-mode signature. are described in Sectioh We implemented an achromatic
The EandB Experiment(EBEX) was a balloon-borne  half-wave plate(AHWP) because it made fe¢ient use of
CMB polarimeter striving to detect or constrain the levels the throughput for the three frequency bands. We used it
of the irflationary gravitatival wave and lensing&-mode  in continuous rotation to avoid low-frequency noise. In
power spectra. EBEX was also designed to be a technologydection 4 we discuss the implementation of the AHWP,
pattinder for future CMB space missions. To improve the SMB, the rotation mecham, and the polarimetric
instrument sensitivity, we iplemented a kilopixel array of  calibration.
transition edge sensdTES) bolometers and planned for a
long-duration balloofilight. We included three spectral bands 2. Telescope and Optics
centered on 150, 250, and 4BMHz to give sensitivity to both
the CMB and the galactic dust foreground. The combination
of the 400ded intended survey size and an optical system The EBEX optical system consisted of an off-axis Gregorian
with 0°1 resolution gave sensitivity to the range reflecting telescope coupled to a cryogenic receiver containing
30 < £ < 1500 of the angular power spectrum. Polarimetry refractive optics, a rotating AHWP at a cold aperture stop, and
was achieved with a continudysrotating achromatic half-  a polarizing grid that directed independent polarizations to each

2.1. Optical Design

wave plateg(HWP). of two focal planes; see Figufle
Several new technologies have been implemented and tested The parabolic off-axis primgrmirror collected incoming
for the first time in the EBEX instrument. It was tist radiation and, via an elliptical secondary, formed the

balloon-borne experiment to implement a kilopixel array of Gregorian focal surface Idin behind the vacuum window
TES bolometric detectors. It was also fivet to implement a of the receiver. Afield lens was placed coincident with this
digital frequency domain multiplexing system to read out the focal surface and was tilted B from the optical axis. The
TES arrays; this digital system was later adopted by a numbefield lens formed an image of the primary at the cold aperture
of ground-based experiments. Finally, it was tfiest stop, which was immediately after the AHWP. Past the cold
astrophysical instrument to implement and operate a superStop a pair of pupil lenses collimated the ray bundle. A wire
conducting magnetic bearingSMB), which was used to grid linear polarizer pa§sedne state of polarization and
levitate the HWP. reflected another, forming two optical branches. Camera
Design and construction of the experiment began in 2005. Alenses on each branch formed fiveal flat, telecentric focal
10 hr engineeringlight was launched from Ft. Sumner, NM, Planes, denoted as thorizonta) and V (vertica) for the
on 2009 June 11, and the long-duration sciefight was ~ Pranches that were transmitted andeaed by the grid,
launched from McMurdo Station, Antarctica, on 2012 respectively. At the focal plane conical feeds backed by

December 29. Because the majority of the 25-day |Ong_circular waveguides coupled the light from free space into the
durationflight Was in 2013 January, we refer to thight as detector cavities. Theftectors and cryostat were mounted on

EBEX2013. the gondolés inner frame and were surrounded byfleasfto

This paper is one of a series of papers describing thecontrol sidelobe pickup.
experiment and its iflight performance. This paper, called .
EBEX Paper 1, discusses the telescope and the polarimetric 2.2. Ambient Temperature Telescope

receiver, EBEX Papeél (EP2;The EBEX Collaboration The ambient temperature telescope was an off-axis Gregorian
20183 describes the detectors and the readout system, angjizuguchi-Dragone desigiMizuguchi et al.1978 Dragone
EBEX Paper (EP3;The EBEX Collaboration et a2018D, 1982 with an entrance aperture of 1.05 deined by the cold
describes the gondola, the attitude control system, and othegtop. Thet-number varied across tfield of view(FOV) by up
support systems. Several other publications give additionako 109, with an average gf1.9. The telescope geometry is
details about the EBEX experiment. Some are from earliershown in Figure, and the parameters of the design are tabulated
stages of the progran®xley et al.2004 Grainger et al2008  in Table1. To minimize sidelobe pickup due to spillover power,
Aubin et al.201Q Milligan et al.201Q Reichborn-Kjennerud  poth the primary and secondary mirrors were 1.4 times larger
et al. 201Q Klein et al. 2011 Sagiv et al.2012 Westbrook  than the size dimed by ray-tracing of a 1.0% entrance aperture
et al.2012, and others discuss some subsystems in more detaifliameter. All ray-tracing analysis used a In@5aperture
(Polsgrove 2009 Reichborn-Kjennerud201Q Sagiv 2011 apodized by the Gaussian illumination from the feed horns as
Aubin 2012 MacDermid 2014 MacDermid et al.2014 appropriate for each frequency band; see Se2ti®n
Westbrook2014 Zilic 2014 Chapman2015 Chapman et al. The 1.5x 1.8 m parabolic primary mirror weighed 48
2015 Didier et al.2015 Aubin et al.2016 Didier 2016. and was previously used in Archeaf@&enoit et al2002. The

The science goals of EBEX and the choice of technical 1.2 x 1.3 m and 2Xg secondary, a section of an ellipsoid of
implementation placed constraints on the design and operarevolution, was fabricated for EBEX. Each mirror was
tion of the instrument. In Sectioh we describe the EBEX  machined from a single billet of 6061-aluminum. The mirrors
optical system, including the warm telescope, the cold optics,
and the frequency bands. The optical system was designed t&" Machining by Remmele Engineering, New Brighton, Minnesota.

2



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 239:7 (25pp, 2018 November Aboobaker et al.

/§/7 < field lens
/Q K HWP pupil lenses

Nt
RN / / V focal
,‘\ ‘ A\, plane
% 7
Xy

secondary _ <

,Z\/X

: camera
\ lenses
primaty polarizing (//
100 cm grid s H f(l)cal
. 40cm plane

Figure 1. Ray-tracing of the EBEX optical design consisting of two ambient temperafie&toes in a Gregorian cfiguration and a cryogenic receiygft). Inside
the receive(right), cryogenically cooled polyethylene lenses formed a cold stop and provided diffraction-limited performancéatvelecentric, ® FOV. A
continuously rotating achromatic half-wave plate placed near the aperture stop and a polarizing grid provided the polarimetry capabilities.

had a 5mm thick rdlecting surface backed by a hexagonal rib We optimized the lens shapes using the ray-tracing codes
structure designed to provide stiffness during surface machinCode\V?? and ZEMAX?? The optimization constrained solu-
ing while minimizing weight. The rough machined mirrors tions to aflat and telecentric focal plane while maximizing the
were heat treated to the T6 condition before the lasty@50  diffraction-limited FOV so as to accommodate as large a
were milled from the iféecting surface. The machined mirror number of detectors as possible. Due to an error, we used
surfaces had roughness of less tham® Additionally, small n = 1.52 in the optimization. We discuss the consequences of
areas at the center and at theand+y edges of each fiector this error in Sectio2.7. All designed lens surfaces were conic
were polished to optical quality to enable laser alignment. Wesections of revolution. With: = 1.52 the designed lenses
measured the primary and secondary mirror surface contourprovided a diffraction-limited FOV with Strehl ratio above
using a tooling ball laser probe and found ifigsire accuracies 0.8 across the entire focal plane, as shown in FigurEhe

of 51 and 48um, respectively. Thifigure accuracy was/13 total throughput of the optical system for each focal plane was
of the wavelength at the highest edge of the highest-115cnfsr.
frequency band. Each of the two EBEX focal planes consisted of a layer of

band-déning electromagnetidilters, a monolithic array of
) ) feed horns attached to a monolithic array of waveguides, seven
2.3. Receiver Cold Optics and Focal Planes detector wafers, wafer holders afiductor and capacitor
The receiver cold optics formed a reimaging camera that(LC) Boards; and a back cover that, together with the array of
transferred the image formed at the Gregorian focus to the focalvaveguides, completed a Faraday cage around the detectors;
planes. Thg=number was approximately preserved, while the see Figure4. The electromagnetidilters and waveguides
camera hosted an internal aperture stop, enlarged the diffracdefined three frequency bands centered on 150, 250, and
tion-limited FOV, and formed twfat, telecentric focal planes. 410 GHz. The focal plane was arranged such that four wafers
The receiver section of the light path also included electro-operated at 15GHz, two at 250GHz, and one at 41GHz.
magneticfilters, the AHWP, and a polarizing wire grid beam The LC boards were part of the multiplexed frequency domain
splitter. bias and readout of the detectors, which are discussed in more
Optical elements inside the receiver were heat sunk todetail in EP2. Each detector wafer had 128 wired detectors that
several distinct temperature stages. The vacuum window was atere biased and read out with eight pairs of wires.
ambient temperature; theeld lens and the AHWP were at The arrays of smooth-walled feed horns coupled the
liquid helium temperature; the aperture stop, pupil lenses, andadiation from free space to an array of waveguides with
camera lenses were at approximately; and the focal planes  chokes; see Figur& The horns were truncated cones with an
operated near 0.28. entrance diameter of 6.3@m and a length of 2&m for all
To ensure consistent material properties, we machined all thérequency bands. The exit diameter was 1.32, 0.81, and
lenses from a single block of ultrahigh molecular weight 0.48 mm for the 150, 250, and 4XBHz bands, respectively,
polyethylene(PE). We measured a sample of this PE at room matching the waveguide diameters immediately below the feed
temperature in a Fourier transform spectrometer and found théiorns. The waveguide plate was hdn thick. We spaced the
index of refraction to be = 1.503+ 0.002 with no detectable horns and detectors at 1.7% for 150GHz, which was
birefringence (én < 0.004. Extrapolation to 4« using the
Lorentz-Lorenz equation with linear contraction between 1.5 22 synopsys Optical Solutions.
and 2% gives a predicted cold index between 1.53 and 1.5422 OpticStudio from ZEMAX.
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Figure 2. Geometry of the EBEX Gregorian-Dragonéeeting telescope. Lengths are in cm.

~ Tablel 4 i i i i i i ; 1.00
Gregorian Telescope Parameters

Effective focal length 198 cm 3t y '
Aperture diameter 105 cm 0.96
PR focal length 80cm 2
Z between PR and SR axes °12
PR offset 100 cm 8 1 4 ‘ 0.92
SR semimajor axis length, 110.2cm © 04 *
SR semiminor axis lengtih, 98.21 cm — : J
SR conic constank’ —0.2059 w— 1 0.88
SR opening half-angle 26 2
PR maximum size 1.5 1.8m | 0.84
SR maximum size 1.213m =3¢
Note. Five fundamental parameters fide the geometry of an off-axis -4 ; i i . ” 3 ) 0.80
Gregorian Telescop@pper section PR(SR) denotes the primargecondary -4-3-2-10 1 2 3 4 ’

reflector. The middle section lists derived parameters relevant to telescope Az de
fabrication. The physical mirror dimensiori®wer section are the full ’ g

fabricated size of the mirrors and are 1.4 times larger than the ray-tracingrigure 3. Detector wafer outlines on the focal plane, overlaid by Strehl ratios,

apertures. with frequency denoted as a number at the center of each wafer. We improved
optical performance near the edge of tield of view at the expense of
performance at the focal plane center. Strehl ratios are not shown bégand 3

6.626mm. The horn |ength maximized the 4GMHz band gain radius, as thesgelds are strongly vignetted, causing ray-tracing codes to fail.

with a moderate reduction in the gain of the other two
bands(KLng 1950. Tohe predicted gan at 150 and ,ZG(HZ optics for the 15@5Hz band by aligning the 158Hz feed
was 84% and 93% of the maximum, respectively. We hons 1o the focus of the telescope optics. This defocused the

machined the feed horn array and waveguide array each fromsg and 410 GHz feed horns. The predicted loss in coupling

a single piece of aluminum. Before machining, they were efficiency at 410GHz, where the defocusing was the largest,
aligned with dowel pins and bolted together. The horns wereyas only 3%.

machined with a custom cutter that marked the waveguide
centers. Then the horn array was removed, the waveguides
were drilled, and both pieces were plated with a 0,/42i7gold

layer. The horn array was then reattached to the waveguides The focal planes were the reference for the alignment of the
using the dowel pins to ensure alignment. We optimized theentire optical system. They had no adjustable degrees of

2.4. Telescope Alignment
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Figure 4. EBEX focal plandleft). The observing bands arefahed byfilters and waveguidgsee Sectio.6). Conical feed horns coupled the detectors to free space;
see Sectio.3 Seven wafers held 141 bolometers each at 150, 250, 0G#i¥0 Below the wafers were LC boards, first step in the readout chain. Detector and
readout details are discussed in EP2.

freedom for motion, and thus all optical elements were alignedwere between 25 and 1485 and 350 zm from the design

to them, spedically to focal plane H. We made no attempt to values, with an rms of 11@80) um.

align the two focal planes relative to each other and relied on Thefinal nine distance measurements were used to recreate
their common, rigid mechanical construction. We also made nothe most probable relative positioning of the optics. That
attempt to ensure that pairs of detectors at the two focal planegeometry was programmed into CodeV, and the beam sizes
simultaneously observed the exact same sky location. Thevere compared to the nominal alignment. The 250 and
combination of a rotating AHWP and wire grid made each 410GHz beams were expected to grow by 10%, and there
focal plane detector an independent polarimeter sensitive to th#/as no change expected for the X58z beams.

incident/, Q, andU Stokes parameters.

The lenses and polarizing grid were mounted on custom-
made adjustable supports that gave a dynamic rangenof 3
and T in lateral and rotational positions. They were aligned to The PE lenses and vacuum window were coated with
the focal planes using a portable coordinate measuremenmicroporous Tgor™ to provide a broadband antiiection
machine?* The alignment took into account the femili- coating (ARC). The Telon had an index of refraction
meters of differential thermal contraction of the receiver n = 1.23. A 200um thick layer was bonded to the sky-facing
elements, including the receiver shells, the Vespel legs thaside of each lens, and a 4n thick layer was bonded to the
mount the optical elements to thek4cold plate, and the PE focal plane side. For the vacuum window the thicknesses were
from which the lenses were maggilic 2014). 180and 460um, resp_ectlvely. Figur® gives the caICL_JIated_

We transferred the alignment of the internal optics to a end-to-end transmission as a function of frequency including

reference frame dieed by three tooling balls mounted on the &l optical elements.
cryostat shell near the vacuum window. This reference frame_ W€ chose the ARC thicknesses of the porougofieby ray-

was used to align the secondary mirror to the receiver, anotracigg ?. rar:ﬁet of %Va”%blgl thlicknefsest and Cth?OSi?g. the
subsequently the primary mirror was aligned to the secondary,ggnm g]c?r '2’;ch acogtt?ngu%eptionewgwfeicﬂ;tézn:ﬁg iurpnouigtlﬁlae_
Th_e mirrors were mounted to th? inner frame of the gondOIaMueller matrix of the optical system traced from the sky to, but

using custom-built hexapods with a &8n lateral and 3

tational d . Th . d d : not including, the AHWP. This Mueller matrix was averaged
rotational dynamic range. 1he primary and secondary mirrors, ;g tne entrance pupil and ofige frequencies within each

each had three tooling balls in known locations relative to theband We choose the ARC that minimized instrumental

reflector surface. After the initial mounting of the secondary olarizationI0? + IU? at the azimuth extreme of the FOV

mllrr(_)r, v(\j/_e used at? inside rr1]1|cromt_ater to dmeasurg the nllr_1 herelQ andIU are Mueller matrix components. The design
relative distances between the receiver and secondary tooling,., ijed maximum instrumental polarization at 150, 250, and

balls and compared them to the distances required by thg1gGHz of 1.2%, 1.8%, and 0.5%, respectively. The
optical design. The repeatability of the inside micrometer instrymental polarization was dominated by the tilt and
measurements was 0.0i8n. We used a computer program to ¢ rvature of theield lens.

CaICUIate the hexapod |eg |engthS that W0u|d bring the mirl‘or to The Tdlon ARC was heat_bonded to the PE |enses_ During
its required position. The hexapod legs were adjusted manuallfhis process, the lenses distorted relative to their machined,
and locked in position, and the distances were remeasured tg@esigned shape. We measured fihal lens shapes including
verify proper alignment. The procedure was repeated for thethe ARC and ray-traced thgnal optical system. Figuré
alignment of the primary mirror relative to the secondary. Post-shows the effect on the Strehl ratios; compare to Figufhe
alignment, the nine distance measurements between thaverage change in Strehl ratio was a decrease of 0.02, 0.03, and
secondary and the receiv@éhe primary and the secondary 0.11 for the 150, 250, and 4XBHz bands, respectively.

2.5. Antireflection Coatings

24 Microscribe MX. 25 Porex, U.K.
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1.0 410 GHz, respectively, relative to the TEmode. Contribu-
~— Center tions from higher modes were negligible.
— 3°H The absorptive IRilter was a 12.7nm thick slab of T&on
0.8 — 3 Az heat sunk to the liquid nitrogei.N) stage. We chose Tlen
= NOARG for its low index of refraction and strong infrared but relatively
0.6/ low millimeter-wave absorption. However, because of its low

thermal conductance, the central region of fitter reached
temperatures of 11K, making emission from thidilter a
significant fraction of the total calculated optical load on the
detectors; more details are provided in EP2.

For ground work we added an NDF on the focal plane side
of thefield lens. Without the NDF the atmospheric load during
ground testing would saturate the detectors in all bands. The
0.0 NDF was made from a slab of Eccosorb MFlthachined

2150 200 250 300 350 400 450 down to produce seven hexagonal segments of different
Frequency (GHz) thicknesses. Since the NDF was nedield stop, these seven
Figure 5. Total transmission as a function of frequer(ogd, green, blue segments Corres.pondEd to the seven wafers on the focal plane.
including the ARC applied on the vacuum window, len§ésys, and AHWP, The Centr"’il SeCt'Q“: CorreSpondmg to the &Hr wafer, was
compared to the transmission without ARGyan. We used CodeV to 6.6 mm thick, while the 250 and 158Hz segments were 10.8
calculate theél Mueller matrix element at three locations on the focal plane: the and 18.3mm thick, respectively. The NDF was coated with a
T e e St o g tampers 0.5 MM 2Yer of Telon. The precicted ransmission of the NDF
Itﬂ?es wa’s not available. The vertical khaki bars F:)show ther)IIEBgEX frequgncywas 1.4%, 1'3_%’ and 1.6% at the 150, 250, and @&
bands. bands, respectively.
We measured the end-to-end frequency response of the

Figure7 gives the calculated instrumental polarization of the instrument using an Ebefastie spectrometeFastie19523
final optical system, including optical elements up to and 19520 Polsgrove 2009 Zilic 2014 that had a 120K
including the field lens. Thefield lens was the dominant Dlackbody and a chopper as an input source. The output
contributor to instrumental polarization. This is represented byradiation was coupled to the receiver ealyithout the warm
the radial orientation of the polarization vectors and the telescope-spectically to the throughput of individual focal

increase in magnitude with radial distance. plane detectors using lenses and a fold mirror; see Figlre
A translation stage was used to couple the spectrometer to

between 10 and 12 detectors from each frequency band. The
12mm exit aperture of the spectrometer gave output
frequency bandwidths between 1.3 and Gz, 2.4 and

A set of rdlective and absorptive low-pa#ters(see Figurs 5.1 GHz, and 4.1 and 7.GHz for the 150, 250, and 41GHz
and Table2), together with the horn-array waveguides, were bands, respectively. We measured the frequency response of
dominant in determining the transmission properties of thethe detectors with a resolutidmat was approximately half the

Transmission
o
S

o
N

2.6. Electromagnetic Filters and Frequency Bands

instrument. We used metal mesh low-pélisrs(Ade et al.  width of the output bandwidth. For each frequency band
2006 and an absorpnve Tlen filter. For ground operations we find an average response as a function of frequency by
only, a neutral densitilter (NDF) was also used. averaging individual spectra weighted by signal-to-noise

We used two types of metal mesh low-paigers, a ratio. We then least-squares minimize the average and the
“thermal and“low-pass edg€.PE).” The thermatfilters were predicted responses with anesall scaling as the only free
10 pm thick polypropylene with a copper mesh layer sized to parameter; during that step, the highest predicted response is
reflect frequencies in the infrared band. The Lif€rs were normalized to 1. The measured bands are shown in Figure
made up of multiple layers of single mesh layers embedded inand are interpreted as the end-to-end band shapes because
polypropylene with microporous Ten (see footnote 25 within these narrow bands thenhient temperature mirrors
antirelection coating. Three types of LRHers were placed are achromatic.
sky side of the polarizing grid to reject thermal radiation, and
two LPEfilters per frequency band were placed on each focal 27 B
plane to déne the high-frequency edge of each of the bands. /. beams
The 3dB cutoff for each of thed@ters is given in Tabl@, and Viewed in the time-reversed sense, the focal plane feed
thefilter transmission curves for the 18z filters are shown  horns launch antenna patterns that propagate through the
in Figure9. The low-frequency edge of each of the three EBEX optical system into a fdield pattern on the sky. In addition to
frequency bands was set by circular waveguides positionedhe horns, the polarizing grid and the aperture stop are central
between the horns and the detector wafers; see Hguriee in determining the fafield shape and size of the beam. The
waveguides had diameters of 1.32, 0.81, and thé8for the polarizing grid breaks the rotational symmetry of the horn, and
150, 250, and 41GHz bands, respectively, giving the turn-on therefore the beams are inherently elliptical. As the aperture
frequencies listed in Tabl2 The location and cutoff of the stop is an image of the primary mirror, the Fourier transform of
high-frequency edge of the bands due to the iR&s made its illumination gives the fafield pattern.
the TE; mode dominant. Convolving the transmission of the A rigorous prediction of the fdield antenna pattern requires
LPE filters with the transmission function for the §Mnode, physical optics calculation including all elements in the optical
which is the next most dominant mode, Miad that it
contributed 1.4%, 4.2%, and 0.07% for the 150, 250, and 2® Emerson and Cuming Microwave Products, Inc.
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Figure 6. Strehl ratios at the focal plane as calculated using the measured shape of the lenses after applying the ARC. The change in Strehl differeddmtween the f
planes because each focal plane had a different camera lens.

path. We do not have the capability to carry out this the azimuth motor, described in EP3, many detectors have only
calculation. We make approximate predictions by simulatinga few passes in the vicinity of the source, and we cannot
the antenna pattern of the horn, calculating the shape of itgeliably reconstruct their beam shapes. We therefore construct
illumination on the stop, and carrying out the Fourier transform one effective temperature beam map per frequency band using
to find the farfield beams. To simplify the calculation of the all detectors for which we have valid absolute calibratithe
Fourier transform, we use a circularly symmetric Gaussianabsolute calibration is discussed by Aubin et28116) The
pattern that is the bedit to the elliptical pattern. The 150, 250, and 41GHz maps use data from 331, 231, and 80
predictions for the illumination on the stop and for the far- detectors, respectively. The data maps are compared to
field beams are given in Tabi The table shows that at temperature reference maps that are made with various
150 GHz a significant fraction of the beam is intercepted by the smoothing scales, as described below. We deduce the beam
cold stop. This is the main reason we kept the stop at asize from the reference map that béist the data.
temperature below that of the sky. For the 250 and 41GHz bands we generated the reference

We measured the beam size and shape of the EBEX opticalemperature maps by summing the component maps, which
system on the ground and flight. On the ground we used a have been scaled to and integrated over the measured EBEX
tunable(125-140 GH2 Gunn diode with a modulating power bands(Planck Collaboration et aR016. For the 150GHz
source mounted on a water tower that wasrbbigh and band we used the 143Hz map. At this frequency the
104 m horizontal distance from the payload, giving a total component map reconstructs RCW38 poorly, and theGH43
distance of 11%n. The source had a wire grid polarizer at the data are stifciently close to the EBEX 15GHz band. We
exit aperture to ensure highly polarized emission. For themade a bank of reference maps by smoothing the temperature
150 GHz band measurements the source frequency was set tmap with a 2D symmetric Gaussian to a range of scales from 8
140 GHz. We used a doubler and a tripler to set the source toto 40, The pixelization was . Using the EBEX2013E-
254 and 410GHz for the two higher-frequency bands, BEX2013 pointing information, we created detector-djeci
respectively. We raster-scanned the source while simultasimulated time-ordered dafaOD) by scanning the bank of
neously rotating the AHWP to make detector time streams thateference maps. The TOD were subject to the skiteeing
had three modulations: the raster scan period, the rotation of thand processing as the corresponding EBEX20§Bt detector
AHWP, and the opoff modulation of the source. Using the data. We compared the measured data and each of the
double demodulation analysis technique described insimulated maps for a square region that%2 & 1°2 around
Appendix A, we made intensity maps of the source with a RCW38.
subset of the detectors. Witted the measured antenna  We found inflight beam sizes of 32, 30, and/30r the 150,
response of each bolometer to a 2D Gaussian and extracte®50, and 410GHz bands, respectively; see Figur#t These
the two FWHMSs; Figurd2 shows a beam map for one of the were larger than beams measured on the ground. There are two
detectors at each frequency band. To give an indication of thepossible reasons for this differenc@) detector pointing
average beam per frequency band, Figishows a signal-to-  uncertainty, andb) nonoptimal alignment of the telescope.
noise ratio weighted map made from all the beam maps of allMaking combined maps from many detectors requires knowl-
detectors at each frequency band. Tabigves the measured edge of their relative positions on the focal plane with an
sizes of the beams. Wind that the beams at the higher- accuracy much smaller than the inherent beam size, namely,
frequency bands are larger than the design. We ascribe thi§-3! As discussed earlier, we could not ugight data to
difference to the error in indegsee Sectio2.3) and to a slight determine these relative positions for many of the detectors.
misalignment of the telescope, which would affect the higher- Instead, we relied on the mechanical design of the focal plane.
frequency bands more than the 1GBiz band. For a handful of the detectors at 2681z for which there were

The inflight beam size is inferred from maps made of passesdata, there was evidence that this assumption gave offset errors
of the galactic source RCW38. Because of a malfunction with on the order of the beam size, leading to smearing and hence to
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Figure 7. Magnitude and orientation of calculated instrumental polarizé#®iior the EBEX optics up to and including thield lens. Orientation is indicated by the
polarization vectorgblack bars Both the color scale and the length of the polarization vectors give the IP magnitude.

300K 1‘/\/\ﬁndow Table 2
______________ 1 —Thermal4 List of the Filters Common to the Entire Optical Path and Those Bpémi

_____________+—Thermald Each Frequency Band

77 KThermaB —‘QThermaB -
LPE]l e Teflon Common Filters

------------ <« Thermal4 Name 3dB
LPE2b % ~~IPE2 (GH2)
4K  AHWP \ * T~ Field Lens Thermal 3 8930
N\ — NF Thermal 4 6400
____LEE_Z_b_ e e e LPE1 803
& _———— ¥ Aperture stop LPE2 631

Pupil Lens 1 LPE2b 531
Pupil Lens 2

1K Polarizing Grid Band Filters

Band Name 3dB

@ Camera Lens (GHY (GH2

______________ == y LPE150 A 183
— Band Defining Filters 150 LPE150 B 172

Focal Plane 150 waveguide 133

KN Cold Plate LPE250 A 337

250 LPE250 B 285

Figure 8. Ordering offilters along the optical path and their thermal stages. 250 waveguide 217
. LPE410 A 558

larger combined beam maps. The ground beam measuremen LPE410 B 245
were conducted before shipping the payload to Antarctica. The 410 waveguide 364

shortflight season in Antarctica did not allow time to repeat
beam Pattem _measurements after _reassembllng the pqyloagote.The “3 dB” Column gives the 8B cutoff and turn-on of the low- and
and it is possible that telescope alignment was not optimal.high-passilters, respectively.
Further evidence for this hypothesis is provided by the apparent
elliptical shape of RCW38 at the EBEX 18Hz band; see . ) )
Figure 14. The Planck map of RCW38 at 14&Hz shows a  interference deviceSQUID) preampliers, the design had to
more circularly symmetric shape. We note that it also has amplement several features that were unique to this balloon
smaller peak temperature. Simulations comparing the sym-application and to our detector and readout scheme. They
metric beam smoothing of the map with smoothing using aninclude accommodating a double vacuum window mechanism
elliptical Gaussian of the size indicated by the datdicarthat (DVWM), minimizing sensitivity to detector radio frequency
the smaller peak amplitude is due to the symmetric smoothing(RF) pickup, and reducing as well as characterizing magnetic
pickup in detector readout components. These features will be
discussed in subsequent subsections.
An overall view of the receivéf and its main elements is
The EBEX receiver was designed to contain the cold opticalgiven in Figurel5. Its bare, dry weight was 64y; it was
elements, as described in Sectib8 and to provide sticient 809 kg including all cryogens anfiight hardware.
cryogens for 10days oflight. In addition to providing
appropriate heat-sink temperatures between 0.25 &hdod
optical elements, detectors, and superconducting quantuni’ Fabricated by Precision Cryogenics, Inc.

3. Receiver
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0.0 i\ R 5 band. The parameters measured are for the long and short FWHM of a 2D
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Gaussiarfit.

i . 3.1. Cryogenics
Figure 9. Measured transmission curves for the low-pass confitiers and,

as an example, for the additional band-spet50 GHz bandilters. The high-

The receiver had eight thermal stages. Five of these stages
pass response shown for the 1r8&h diameter waveguide of the 1&8MHz

band is based on calculations.

Blackbody ‘flchopper
source

Collimating (
Fold lens

mirror- *ﬂ——i::__ 4 -

Spherical mirror
LSS N

‘ b _/ | Ebert-Fastie
Diffraction || -----=-=-----
Cameral_ grating HPF
lens <> LPF
17
Y|/ couples to 50 cm
\/ EBEX reciever

were provided by the mechanical construction of the cryostat,
which included an outer vacuum shell at ambient temperature,
a nitrogen vapor-cooled layer that was typically at K8@&
130-liter LN reservoir, a helium vapor-cooled layer that was
typically at 25K, and a 130-liter liquid heliurLHe) reservaoir;
see Figurd 5. Three other temperature stages were provided by
sub-kelvin refrigerators that will be described below.

During flight, we maintained both LHe and LN near
atmospheric pressure using vaffahat maintained a pressure
of 15.7+ 1 psi. The reservoirs were kept near atmospheric
pressure to stabilize the cryogen temperatures at design values
and to reduce the boil-off rate of the cryogens. We also had
commandable, motorized gate vaRfew vent the tanks to
ambient pressure, if necessary, speally in case offlight
termination before cryogens expired. These were only used

Figure 10. Diagram of the spectral response measurement using the- Ebert \yhen theflight ended, long after the cryogens expired. Tdble

Fastie spectrometer. The diffraction grating was rotated to send icspaod

of frequencies through the exit aperture. At the exit aperture, high- and Iow-glveS the pr‘ﬂlght calculated heat loads on the LN and LHe

passfilters (HPF, LPH selected a single diffraction order coming from the

reservoirs. With 130 liters each of LN and LHe, these give a

grating. The EberFastie spectrometer was mounted on top of the EBEX hold time of 11.8 and 10.8ays for LN and LHe, respectively.
receiver(not shown, and two lenses coupled the output to the EBEX optics, The LHe cryogen ran out after 10.8 days; we did not monitor

illuminating a single detector on the focal plane.

1.0 \

0.8

0.6

0.4

0.2

0.0 Iz

Frequency (GHz)
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50

the LN hold time.

Cooling to sub-kelvin temperatures was achieved with two
closed-cycle, pressurized helium adsorption refrigeratoks.
two-stage 3B TP liter “He refrigerator cooled the aperture stop
and downstream optical elements with the exception of the
focal planes. When the AHWP was rotati(ggationary, the
base temperature was 1120) K, the hold time was 4837) hr,
and the calculated load was 32®) yW. The source of power
dissipation by the AHWP mechanism is discussed in
Section4.3.1 The second most sididant source of heat load
on the 1K stage was conduction through the polyimide égs
with which the optics box was mounted to the cold plate. A
cryogenic stepper motor was used as a mechanical heat switch
between cold plate and the optics box during initial cooling of
the equipment. This reduced the cool-down period from 12 to
4 days.

Two heat-sink temperatures, 320 and 240, were
provided by a three-stage adsorption refrigerator wifftie
pre-cooling stage and e refrigerators. The focal planes,

28

Figure 11. Measuredpoints and predictedsolid lineg bands at each EBEX o Tavco, Inc.

frequency. The native measurements were made with higher frequency,_  Varian, Inc.

resolution and were binned to reduce clutter. The predictions are normalized  Chase Research Cryogenics, Inc.
to 1.0. 1 Vespel SP-1, Dupont.
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Figure 12. Example ground calibration beam map from one detector for each of thgefth®50 (middle), and 410GHz (right) frequency bands.

including the detectors and their associated LC bogges the pressure differential of the atmosphere on the thick
EP2, were operated near 250K. Both the 320mK and 1K window. When the payload reached altitude above which the
stages were used as heat sinks for wires leading from the focadmbient pressure was less thantd®, a ground operator
planes to warmer temperature stages. The refrigerator hadommanded a motor that moved the thick window aside,
2 STP liters ofHe, a total heat load of 08V on the coldest  exposing an open aperture above the thin window. The thick
stage, and a hold time of 84 hr. The heat load on the coldeswindow was moved back befofght termination to protect
stage was dominated by a QM load owing to detector the thinner window from atmospheric pressure.
wiring. We conducted diection tests on 36m PE windows to
The cryogenic system had temperature stability better tharmeasure the maximum centralfldetion as a function of
our requirement on gaiftiuctuations. Temperatufiictuations window thicknesses and differential pressures; see Fifire
over a representative period of several hours are shown inThese tests indicated that at the expeéitsat pressures of up
Figure1l6. The 0.1mK rms temperatuructuations produced to 10torr a 1mm thick PE window would be adequate. A
bolometer gairfiuctuations of 0.05%, which were negligible 10 torr pressure differential was considered a conservatively
compared to other sources of calibration uncertainties. high estimate because it corresponds to an altitude of 28 km.
Flight altitude ranged from 34 to 36kbn. Thermal emission
from the thin window was a factor of 10 less than in-band
3.2. Double Vacuum Window Mechanism CMB power at 150GHz.

At the top of the 30(K shell, a 30cm open aperture window During the EBEX2013light, we removed the thick window
separated the vacuum environment of the receiver fromwhen the payload ascended through a pressuretair.8The
ambient pressure. Several materials were considered for thihick window was returned to the optical path after the liquid
vacuum window, including sapphire, zotefodhpolypropy-  Cryogens were exhausted, ddys after launch. Ifiight
lene, and polyethylene. We chose polyethyl@t® because of ~ readout of the DVWM position and poight inspection
the combination of its optical properties, durability, cost, easeindicated nominal operation. The DVWM s described else-
of implementation, and the availability of broadband antire- Where in more detailZilic et al. 2017.
flection coating.

We used a 12.7hm thick PE when operating the receiver
in the laboratory. Thinner material would bow inward and
(1) deflect and damage the infrared blockifilgers that were The TES bolometers, the SQUID prearfipts, and the bias
mounted beneath the windo@ee Figure8) and (2) induce and readout wiring were sensitive to RF electromagnetic waves
instrumental polarization due to differentidleetion. Thermal and were thus susceptible to RF interfereitiel). Columbia
emission from a 12.fhm thick PE window operating near Scientiic Balloon Facilitys radio and video transmitters
300K, which was a typical receiver shell temperaturécstt, operating at frequencies between 0.9 andGHz were a
would have given 30% higher in-band load at 150z source of RFI. To mitigate RFI, we constructed an RF-shielded
compared to the CMB. To reduce this load, we implemented aenvironment that encompassed all the RFI-sensitive equipment.
DVWM that consisted of both the 12r@m thick and a thinner ~ The shielded environment is shaded green in Fi@Are
window. The mechanism is shown in Figdiz During ground The majority of the RFI cavity consisted of a Faraday cage
operations, the thick window was placed above the thin provided by metallic walls. It included the receigevacuum

window with the cavity between the windows evacuated to putjacket, a can at the bottom of the cryostat that contained the
SQUID controllers, a domestic dryer hose whose metallic shell

32 7otefoams, PLC. shielded cables between the receiver and the readout crates, and

3.3. Mitigation of Radio Frequency Interference
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Figure 13. Signal-to-noise ratio weighted ground calibration beam maps made from beam maps of all detectors of each frequleficiobagia: 150, 250, and
410 GH2.

the walls of the readout crates. Connections between Faradagurchased in sheets and was wrapped and spot-welded along a
cage walls had RFI gask&tor relied on closely spaced screws vertical seam spanning the length of the RF towers. The welds
to give a waveguide cutoff below 6 GHz. were spaced everyram for integrity of the seam and rejection
The 30cm diameter vacuum window was many RF of RF frequencies less than BHz. The foil was electrically
wavelengths across, allowing RF radiation to enter the cryostatonnected to the metallic ends of each of the heat-sink points
cavity (red shaded region in Figule®). The bolometer wafers  using electrically conductive silvéiled adhesive. We used a
were protected because they were enclosed in a Faraday caggobium foil owing to its low thermal conductivity below its
and because the waveguides between the feed horns and te5K superconducting temperature. For our RF tower
bolometer cavities acted as high-pfikers. Bolometer wiring  geometry the heat loads on the 0.25, 0.33, aKddmperature
passed from the focal planes ViRF towers; which will be stages were 0.06, 2.9, and 4L\, constituting 9%, 18%, and
described below, to SQUID amiiirs mounted below the cold 21%, respectively, of the total load on these stages.
plate, and from there through the various cryogenic shells to the We used commercial capacitiifters’™® for housekeeping
300 K vacuum jacket; see Figul®. It was therefore important  wires—such as for temperature sensors and refrigerator control
to ensure that the intershell region was RFI free. We prevented—that crossed the cold plate, which was the boundary between
RF radiation from entering the cryossatntershell region by  the RFl-contaminated and RFI-clean environments. At room
gluing a 25.4um thick stainless steel foil between the temperature, thélters provided a capacitive coupling between
cryogenic shells near the vacuum window. The glue wasthe signal lines of wiring and the system ground with a 3 dB
electrically conductive. The additional thermal load imposed by cutoff frequency of 640 kHz and greater than 50 dB attenuation
this foil was 1% the total load on the LHe stage and smaller forabove 1GHz. We measured the frequency response of the
the warmer stages. The f@ilRF attenuation between 0.9 and filters at LN and found that the frequency for thdB point

2.5 GHz varied from—16 to —26 dB, respectively. increased by a factor of approximately 2. Otherwise, the
Between the focal planes and the cold plate of the instrumencharacteristic shape of the response remained the same as at
were two structures, one per focal plane, catiRgF towers: room temperature. To compensate for the frequency increase of

The RF towers provided an RF-clean environment for the wiresthe 3dB point, we connected twidters in series. We assumed
leading from the focal plane to the SQUID arfiplis while that the measured change is a consequence of thermal
minimizing the thermal conductance between the 0.24 andcontraction of the embedded capacitors and that subsequent
4.2 K thermal stages. Each RF tower was a cylinder composedeontraction to liquid helium temperature was negligible.
of sections of Vespél tubes interspersed with heat-sink Similar filters were also applied on wires between the SQUID
terminals and terminating near the focal planes with a stainlesgontrollers and the readout crates; they were used as an added
steel bellows. Bolometer wiring passed inside the cylinder. Theprecaution.
bellows attached to the Faraday cage surrounding each of the
focal planes and facilitated the mechanical connection between 34 M . I
. . . . 4. Magnetic Shielding
a focal plane and its tower despite possible misalignments. The
four heat-sink terminals gave thermal connection to the 0.25, Both the TES bolometers and the SQUID afigis are
0.33, 1, and 4.X stages. An RF-clean environment was sensitive to varying magnetiields. We discuss each in view of
maintained inside the RF tower by using a 99.9% purityrb the following two sources of time-varying ambient magnetic
thick niobium foil to completely wrap the Vespel tube through field: (1) changes in orientation relative to Easthmagnetic
which the wires passed; see Figut@. The niobium was  field vector as a function of the azimuthal motion of the
gondola, and2) changes due to the rotation of the magnet on

33 parker Hanffin, rectangular strip EMI gasket.
34 Vespel SP-22, by Dupont. 35 Spectrum Control.
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Figure 14.Maps of RCW38 at 150, 250, and 4BMHz (left to right made by smoothing the datap row) with symmetric Gaussians. The smoothing scales give the
bestfits to maps made with da¢aottom row from 331, 231, and 80 detectors at 150, 250, and@H@, respectively. The data indicate that some of tHight
beams were elliptical; see the text.

which the HWP is mounted because of spatial inhomogeneity In addition to the MHz readout frequency that was used for
in its magneticfield. The rate of variation of both of these all detectors, we had a readout channel that monitored the
sources is at most a few tens of hertz. SQUID ampliiers at very low frequencies, at and near DC. We
did detect variations in Earfth magneticfield flux passing
through the SQUIDs in that readout channel, cati8@UID
3.4.1. SQUIDs DC.” This detection is now used to quantify the attenuation of
; ; i the SQUIDS magnetic shielding.
nioEb:iiuCrT] (?—|QutL)J::-[r) (\é\;azllfz;t())rcl)(]:)a’tte:m\j/VItgagr]l Egg?élnghlaéghff Figure22 shows data from the SQUID DC channels of three

SQUIDs was inserted into a magnetic shilds shown in SQUIDs mounted on three different boards. There is a clear
Figure 21. sinusoidal modulation at a frequency of one azimuthal rotation.

The few tens of hertz magnetield variation in the sources  1he boards are mounted at different azimuthal angles relative
is much smaller than the standard -A.MHz readout  tO each other, which is the source of the phase offset between

frequency of the SQUIDs. We therefore do not expect thesethe three data sets. We set the zero angle in the right panel of
sources to contribute spurious signals. We searched fofFigure 22 such that a SQUID board mounted at that angle
azimuth- and HWP rotation-synchronous signals in resistorswould be aligned with the orientation of Edetimagnetidield

and in “dark’ SQUIDs; these are SQUIDs that were not atthe time the data were taken and thus show a phase angle of
connected to bolometers but that otherwise shared the samgero. We measured an offset e8° with variance of 16
readout path as regular detectors. We binned 6 flighf TOD compared to the befit. The data support the interpretation of

in both gondola azimuth and HWP rotation angle. Neither the modulation in the signal due to Eadtmagnetidield.

raw data nor the binned data show any signature of During the 105 minutes of data shown, the horizontal

synchronous signals above the noise. component of EartB magnetidield is® = 0.103 G(Thébault
et al. 2015. The attenuation due to the magnetic shielding,
36 The MuShield Company Inc. defined as the magnetifiux measured with the shielding
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Window 3.4.2. TES Bolometers
z ! = Filters We assessed that no protection was necessary for the
'f,. detectors, and none was provided. The combination of HWP
X % i 1.235Hz rotation speed and design azimuthal scan period of
r ‘ Plate 50 s placed the polarization signals nedti5 far from the tens
it ' of millihertz frequency expected from modulation due to
VCS— == ~ ‘ Earthis magnetidield.
I it Aperture The rotation of the HWP itself was very stabisee
.y - 1 g ‘ r Stop Section 4.3.1), putting any modulation of the bolometer
(iN Al ‘ response due to magnetield inhomogeneity of the rotor
Lenses < T (| Polarizing exactly at this frequency and its harmonics. Such signals are
| - Grid degenerate with other rotation-synchronous signals, which are
Focal 4 il \I ) removed during our data analysis process. The characteristics
Plane V' fi} D A1) dlile of the EBEX2013 time domain data are discussed in more
LN2 3 o N , detail in EP2, Didiex2016), and Raach2017).
Tank [[[I ‘w“ = ‘e :
) . Focal )
1|_-H9I< o Plane H 4. Polarimetry
an | - RF EBEX used a combination of a continuously rotating AHWP
SQUD-aiee—~—————— — — W Towers and a stationary wire grid for its polarimetry. Above a
Boards =7 temperature of 30 K thermal emission from the HWP exceeds

‘ the power from the CMB. We therefore mounted the AHWP to
the 4K temperature stage. The AHWP was placed approxi-
122.0 cm
. . o . mately 1cm toward the sky side of the aperture stop of the
Figure 15. Electromagnetic radiatiotsolid green linesentered the EBEX . : .
receiver through a vacuum window and traverskiers, a lens, and the half- optlcal system; see FlguleThe ape_rture stop _Was heat Sl_‘mk to
wave plate before reaching the aperture stop of the optical system. Two lensethe 1K temperature stage; see Fig@# Tracing the optical
collimated the beam. A polarizing grid transmitted one polarization state to path from the sky inward, the AHWP is behind the mirrors, the
focal plane H and fiected the other to focal plane V. Wires from the focal ygcuum window. and thd&eld lens. Thus., the instrumental
plane were channeled through Faraday cagde towers to SQUID boards. At : ' :
The focal planes operated near OikR&area enclosed in blue dashed jjmaost poIanzatlon mduPe‘d by these elements is mOdl.'”ateq by the
of the internal optics was maintained neak fand was enclosed by an AHWP and contributes to our observed polarization signal.

absorber-lined metallic shielghown as green shig|dand all components
inside of the red dashed line were cooled to liquid helium temperature. Two .
sub-kelvin refrigerators are not shown. 4.1. Half-wave Plate and Grid
The AHWP was made of a stackfofe 24cm diameter a-cut
sapphire disks following a Pancharatham de@i@ncharatnam

Pre-EBEX2013 Calculated Heat-[aotgg éontributions to the LN and LHe Stageslg":’s'_The aperture stop d,lameter was d@ EaCh, of _the
during Flight sapphire plates was approximately 1n6@ thick, making it a
standard HWP for a frequency near 388z. This was near the
Element Load on LNmW)  Load on LHemW) middle of the broad band required from the AHWP. The
(mW) (mwW) thickness of each of the plates is given in TableX-ray
Support structure 2260 56 diffraction analysis on a smaller, t& diameter a-cut HWP
Radiation 12,500 138 from the same venddr corfirmed the crystal orientation and
Wiring _ 880 33 showed a negligible level of defects. The stack is glued by
AHWP operationaverage N/A 15

interleaving 12.5:m thick polyethylene sheets and hot-pressing
the entire stack in an oven. The @2 diameter ARC consisted
Total 15,640 358 of six glued layers per side. Starting from the outermost sapphire
plate and listing outward, the layers were Stycast?266,
Note. Values labeledtaveraga are the time-average values over the duration TMM®6,3° Stycast1266, TMM3, 12.6m thick polyethylene,
of the Antarcticflight based on individual duty cycles. and microporous Twn. The Stycast thickness was approxi-
mately 0.025mm, and the initial thickness of the TMM was
divided by theflux that would have been measured without, is 8.rgijrr\r:jmt.oAigefgngllu;ﬂ%kvr;/ggs.S'{,yvceasfguﬁgc?h;;l\/ltms l%s& vgss
survived several cryogenic cycles, although small cracks
=V 1 1 ) developed at the outside rim and slowly grew with each
B Tou av/de )’ cryogenic cycle. Inspection after the EBEX2QEBEX2013
flight showed that these cracks did not penetrate the 19cm
optical diameter.
The ordinary and extraordinary axes of each plate were
determined by placing the plates between two co-aligned wire

Refrigerator operatiotaveragg N/A 116

bsqup

whereV,, is the measured SQUID channel volta§igguip is

the magnetidlux through the SQUID{V/d® is the SQUID
response function, which is known for each of our SQUIDs,
andG is_a known gain factor that depends on the deta_ils of the37 5 vicon Technologies, Inc.
electronics. For 105 SQUIDs wind a mean attenuation of 38 gmerson and Cummings, Inc.
1.7 x 10 * with a dispersion of 0.6« 10%. 39 Rogers Corporation.
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Figure 16. Left: temperature of the coldest stage of the three-stage adsorption refrigerator over 10 hr of the EBEEKR20T® 0.11mK rms temperature stability
exceeded the requirement on ghirctuations. Right: the power spectrum of the temperdiurtiations for the same data section givegfaknee at 2mHz and is
identical to that measured on the detector wafesshown. For frequencies higher than ifHz, the power spectrum is averaged at constant fractional bandwidth
of 0.3%.

grid polarizers andinding minimum transmission at the zero- 2.5 um thick mylar. The lines have a pitch of 2@ with
path difference of a Fourier transform spectrometer. fiMee 10 pum wire spacing. The transmission of the grid for radiation
plates were then glued, a temporary ARC applied, and theparallel(perpendiculgrto the transmission axis was measured
transmission of the stack measured as a function of frequencyo be larger than 98.7%ess than 0.14%in the EBEX bands.

for 17 stack orientations when placed between two polarizers The transmission axis of the grid is determined by using a
that were(1) co-aligned,(2) at 90 relative to each other, and microscope tofind the orientation of the lithographed lines
(3) at 4% relative to each other. All the data were bféstor relative to the grid holder. The error in this measurement
individual plate thicknesses and rotation angles. For thsse is (725.
we assumed the following room temperature indices of
refractionn and absorption coifientsa for the ordinary(o)

. b 4.2. Continuous Rotation Mechanism
and extraordinary axeg) (Savini et al.2006):

We considered using various types of mechanical bearing

n,=3.053+14-10%v+2-1077v2 + 3 - 107%° systems to achieve continuous rotation. They included small-
@y =52-103+55- 10742+ 8 - 10~63 and large-diameter stainless steel ball bearings, needle bearings
= 3387 4+ 4 - 10412 with ceramics, and bearings made of_ special materials such as
¢ ' Teflon and Vespel. We had two requirements for a successful
ae=52-10""?2, implementation:(1) low-power dissipation, where low was

defined as 10% or less of the 360W total power load on the

where the frequency is in cmt. These measurements were Y&V ; . o ;
q y liquid helium stage, an¢?) HWP rotation lifetime exceeding

reported by Matsumura et 2009, .and the results are gvenin -5 million rotations at cryogenic temperatures without signi

Table5. Extrapolating the absorption values tol8@Moncelsi cant wear and tear to sustain the entire long-durdiigit at

et al.2014), the absorption of the AHWP stack is expected to be oiation rates of up to Biz including margin. Available

less than 0.7% at all frequency bands. information about friction and experimental testing indicated
After thefinal ARC was applied, we again measured the end-that none of the mechanical systems we considerediestis

to-end transmission of the AHWP as a function of frequency, poth requirements when considering the size and weight of the

this time for three relative orientations of the polarizers, EBEX rotor. Mechanical bearing failure due to wear and tear
and for each of these orientations at evetyds the AHWP. invariably resulted in a sharp increase in power dissipation. We
The three polarizer®rientations werél) polarizers transmis- thus chose a high-temperature SMB that provided a no-wear,
sion axes co-aligned?) at 45’ to each other, an@®) at 9Cto  mjcrophonics-quiet, and relatively low power dissipation
each other(see also Savini et al2006 2009 Moncelsi rotation.

et al.2014. The measurements were done at room temperature. Hanany et al(2003 proposed using an SMB for continuous
The effective ordinary axis for a broadband radiation with a yotation of an HWP and demonstrated a prototype system.
low-pass cutoff at 60GHz is marked on the side of the stack Additional papers present the characterization of theiciset

and is later used for alignment and inside the EBEX receiver.of friction, vibrational amplitudes, resonant frequencies, and
Using the transmission measurements, we calculated th@ources of power dissipatighiull et al. 1994 Matsumura
predicted Mueller matrix elements as a function of frequency 2006 and discuss the implementation of this system in the
and polarization modulation fefiency (PME) per band  EBEX 2010 North American teslight (Klein et al.2013). In
assuming top hat band shapes. Wifel average PMEs that thjs section we review the EBEX2013 implementaiee also
are larger than 90% for all three bands, giving a total fractionalk|ein 2014). Figures23 and 24 give a functional sketch and
bandwidth of 109%. SectioA.4 discusses the calibration of details of the technical imp'ementation, respectively_
polarization rotation and measurements of the PME with the
receiver.

A 45 cm inner diameter wire grid is used to analyze the
polarization information modulated by AHWP. The plane of = The SMB consisted of a stator made of tiles of YBCO and a
the grid is oriented at 45t0 the incident radiation such that rotor made of segments of NdFeB magitfethe stator is heat
radiation linearly polarized in one direction ifleeted to the V. sunk to the liquid helium bath. It is made of 33 tiles that are
focal plane and radiation polarized in the orthogonal directionglued into a ring with inside and outside diameters of 271 and
is transmitted to the H focal plane; see FiglieThe wire grid
is made by photo-lithographing 4@@n thick copper lines on  “° Adelwitz Technologiezentrum GmbH, Germany.

4.2.1. Superconducting Magnetic Bearing
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Figure 17.Components of the double vacuum window mechanism. The open aperture and thick window on the sliding plate are moved along roller assemblies by
stepper motor drive mechanism. The thick window was placed above the thin window in ground operations.
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.0 0.5 1.0 1.5 2.0 Figure 19. Mitigation against RF contamination relied dittering and a

; ; Faraday cage for the SQUIDs, wires, and electronic boards. We glued stainless

Window Thickness (mm) steel foil between different cryogenic shells near the vacuum witmmm-in

Figure 18. Central délection of a 3cm diameter polyethylene window  at top righj to prevent RF radiation from entering the intershell region of the

supported at the edge as a function of window thickness under variouscryostat. Waveguides at the back of the feed horns in the focal plane provided

differential pressures. For EBEX2013 we chose a thin window thickness of high-passiltering. The Faraday cage consisted of the walls of the cryostat, the

1 mm (vertical solid line. SQUID controller can, a dryer hose, and the walls of the readout crates. Filters,
shown on the cold plate and near the SQUID controllers, were installed on
individual wires.

331 mm, respectively. The entire ring is glued into a G10 FR4

lass epoxy composii&10) holder. . .
g The Eing)-/shapgd rf)torgwas made of two layers, each Ofand was pushed into the rotor by a spring. At temperatures

eightarc sections that were stacked brick-like on top of eachbEIOW the YBCO critical temperature we pulled the grippers to

other. The inside and outside diameters were 284 anullet the rotor levitate above the stator. For the pulling we used a
316 rﬁm respectively, and the total height wasm. All inear actuator that was connected with kevlar strings to all the

sections were glued into a G10 holder. The axial nfedad at grippers; see Figur@3. The actuator maintained its last

5mm distance from the surface at the mean radius Wasposition when its power was turned off. .
214 01kG. The AHWP was mounted to the rotor with The rotor was driven with a belt made of 2.5 cm wide Kevlar

tape. The belt connected the rotor to a pulley. The pulley was
éjriven by a thin, hollow, low thermal conductance shaft that
extended to the outside of the cryostat and coupled to a DC
brushless motor. We used a fétuadic vacuum feedthrough at
Jdhe vacuum jacket of the cryosfatnside the cryostat the drive
shaft was coupled to the helium vapor-cooled shield and to the
liquid helium stage using two extra-clearance, molybdenum
disuffide dry lubricated stainless steel ball bearings. A tensioner
pulley that was mounted with the same type of bearing was
used to maintain belt tension. Over the EBEX2@ifht these
bearings withstood over 1.5 million rotations with no evidence

an aluminum holder. A wavy washer and an indium wire
enhanced the thermal contact between the HWP and th
holder. The aluminum holder also had a slottedibaat was
painted with highly emissive matal to increase the radiative
coupling between the rotor and other receiver cold surface
(Bock et al.1995. It was slotted to eliminate eddy currents
induced by inhomogeneities in the magnéiigtd frozen into
the superconductor stator. The overall mass of the rotor,
including HWP, magnet, and frame, was k@ and the
moment of inertia was 0.14g m?.

. . of failure.
#.2.2. Warm Support and Drive Mechanism To achieve steady-state rotation, we used two commandable
At temperatures above 96 the rotor was held 3.2hm settings for the DC motor, an initial low-speed andireal

above the superconductor by a warm support mechanismhigher-speed setting. The initial G-& low speed was a binary
consisting of three aluminum linear motion grippers. Each
gripper was mounted on two parallel, free-motion, linear stages™ Ferrotec.
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Figure 22. Left: SQUID output DC voltage measured as a function of the payload azibluthdot3 and a cosindit (red solid lines for SQUIDs mounted at
azimuthal angle 28(top), 203 (middle), and 282 (bottom relative to the orientation of Earthmagnetidield. More intense data points indicate more data in the
specfic azimuth and voltage bin. Right: measured phases of the sinustsdsthiown on the left for 105 SQUIQdoty. Zero angle is set to align with Earsh
magneticfield at the time the data were recorded. The fiesffset of a line with unity slopéred is —8°; the variance about thé is 16°.

Table 5 Figure 26 shows angle reconstruction over a period of

Parameters of the EBEX Five-stack Sapphire AHWP 56 minutes that was stacked rotation by rotation and
Mean Plate Plate Thick- Fitted Plate Fitted Relative averaged. A Imear, mcreasg betweeh #nd 360 was
Thickness ness SD Thickness Orientation subtracted. The deviations displayed are the result of speed
(mm) (mm) (mm) (deg variations that were repeataloleer many rotations. The most
1655 0016 1665 0 prominent deviation had_ a period of_ one rotation and was
1.657 0.015 1.677 26.5 likely due to an overall dipoletsucture in the strength of the
1.647 0.013 1.648 94.8 magneticfield between the rotor and stator. This period also
1.657 0.013 1.675 28.1 gave rise to the largest-amplitude peak in the power spectrum
1.636 0.017 1.640 -2.6 of the rotation rate, as shown in Figu2€. The sawtooth

structure shown in the inset of FiguB§ arises from the
Note. For each plate, the thickness was measured at room temperature in 8&rroneous assumption during the angle reconstruction that
locations. Thefirst and second columns give the mean and standard deviationagch zero crossing corresponds to exactﬁy750 The
(SD), respectively. The thermal contraction of sapphire between room a”dconstruction of the chopper wheel and the alignment of the

cryogenic temperatures is less than 0.1%. Aftefitleestack was constructed, . .
we fit spectroscopy measurements to a model in which the thicknesses an(&'ED/phOtOdIOde gave closed areas that were SyStematlca”y

relative orientations of the plates were allowed to vary; see text. Here we giveSlightly larger th_an the open ones; thus, the assumption that
the bestit values(right two columns each zero crossing corresponds {@®gave a reconstructed
angle per slot that was wrong by less tha®@b. We did

not attempt to correct for thierror, which was negligible

Table 6 compared to other uncertainties.
Phase Shift due to the Achromatic Nature of the AHWP, for Each of the The rotation rate of the SMB extracted from the
Calibration Test Setups reconstructed angle gives rrageed variations of 1.5% over
I 1 0,
Frequency Band Receiver-only Test End-to-end Calibration & per'Od of 10 hr. This level decreases to 0.45% when we

first average the reconstructed angle over a full chopper

;28 gg; 152 1?;2 slot period, namely, over®5b, thus eliminating the ‘@05
410 GHz 29 5 systematic error in angle reairuction discussed in the

previous paragraph. Analysis of the data shown in Figure
reveals that 80% of the rms speed variations are due to
4.3.1. EBEX2013 Operation and Performance broadband readout and mechanical noise, rather tharfispeci

. system resonances. The speed variation at frequencies near
For the EBEX2013light we released the warm support and 1 17 js much slower than the rotation rate of the rotor, and

set the AHWP rotating at a frequency of 1.235well before \ye hypothesize that these variations are due to a torsional
payload launch. It continued to rotate without interruption mode of the thin drive shaft. Figu2? also shows highp
through launch. The rotation was stopped and started severgleaks at harmonics of the rotational frequency and others at

times duringflight, but the warm support was re-engaged only 0.91 Hz and harmonics thereof. We do not know the origin of
after liquid helium was exhausted. Over the duration of thethe 0.91- j (j =1, 2, 3,...) Hz peaks, but the high suggests

flight the rotor executed 584,000 rotations at the nominalthat these are not due to the tensioner pulley.

rotation speed. The total number of rotations is slightly higher Prelight measurementadicated that the power dissipation
because we exclude a duration of about 4 hr that includesat 1.2Hz was 15mW and that approximately half of that
periods during which the speed ramps up to or down from thepower came from Joule heating due to eddy currents and half
nominal rotation speed. due to friction in the Kevlar belt and bearings of the
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Figure 23. Top (left) and side(right) views of the SMB system. At temperatures belowk9he rotor, made of NdFeB magnets, and the HWP levitate above the

stator, made of YBCO superconductor tiles. A kevlar belt transfers the motion of a drive pulley to the rotor. A tensioner pulley keeps the kedatemsidve

pulley is coupled to a motor external to the cryostat. Three spring-loaded mechanical grippers support the rotor at temperaturésHimmyar@connected with
kevlar strings to a linear actuator. A combination of a disk with slots, an LED, and a photodiode are used to encode rotational position.

pulleys(Klein 2014). This estimate of total power dissipation elements, Equatio(2) becomes
proved accurate, as the finght total liquid helium hold time

matched predictions to withi2%. D(@t) = %[1 + €Qcos(@y(t) — ®) + eUsin(@dy(t) — )]
J=00
4.4. Polarization Calibration + Z Ajcos(jy (1) + ¢).
=0
The TOD of a noiseless instrument with a combination of ’ 3)

continuously rotating HWP and wire grid analyzer is
We have lumped all spurious effects into the fioetsA; and

1 phasesp; and phenomenologically allowed them to be present
D) = 2l + €Qcos(@y(t) — @) + e Usin(y (@) — )], at all harmonics of the rotation frequency. In practice fitlsé
) few terms in the expansion are dominant, anding that they
vary with time on timescales slow compared to the rota-
. i . tion rate.
where the incident polarized radiation has Stokes vector
parameterd, Q, and U, € is the PME,y = whyp is the 4.4.1. Polarization Rotation

instantaneous angle of the HWRy.p = 27fhwp is the
rotation rate of the HWP, and is an overall offset that
encodes the angle between the orlentatlc_)n thatekey = 0 known orientation, expressible as, — (1/2) arctat/Q),
and a frame that diees theQ, U coordinate system. In 54 geterminingd from the TOD. We used a standard lock-in
EBEX, Yy IS the angle betWeen the d0ub|e S|0t Of the angle technique‘ Mu|t|p|y|ng Equat|0m3) by COS(4’}/) and S|m4fy)

encoder and its LED;y = 0 is when the double slot is  and low-passing to keep only the terms at zero frequency gives
illuminated. ForQ, U it is typical to use either a frame that is

locked to the instrument or one that is locked to the celestial Dcos(dy) = 5( 0 )Cos(Zain +®) + Ay cos(ey)

Calibrating the polarization rotation consists of illuminating
the experiment with nearly 100% linearly polarized light of

sphere. The EBEX polarization calibration relied only on 4\ cosRayy)

ground-based measurements, as there were no bright astro- 4)
physical millimeter-wave sources with 8afently high

polarization to use as calibrators durifiight. Therefore, Dsin(4v) = i(—Q )sin(Zozin + @) — Ay sin(y). (5)
for the calibration we used@®, U system that is referenced to 4\ cos(2ain)

the instrument. The orientatiorQ was in the symmetry
plane of the optical system, perpendicular to the optical
axis of the receiver, and aligned with thealirection shown
in Figure 1. The +U direction is at+45° relative to Q
(positive angles follow the right-hand rul€alibration of the [D sin(4'y))

$ = arctan — 20 (6)

The spurious term characterized Ay and ¢, represents, for
example, incident polarization other than the intended source.
Without it we readily have

instrumental polarimetric sponse consists of determining D cos(47)

the offset angled (see Sectiot.4.) and the PMEe (see
Section4.4.2. To discriminate against spurious polarization signals, we

Equation(2) is idealized. It neglects instrumental polariza- temporally modulatethka“chopped) the source at frequency
tion and ignores spurious input Stokes vectors. Adding thesew, = 2xf,; in reference to Equatio(B), I, Q, and U where
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Figure 24.Cutaway of the implementation of the SMB with color coding for the different functional elements. The drive pulley and shaft are shown in grgen, rotati
elementgthe SMB magnet, HWP, holder, and fi@fin red, and the SMB statgthe YBCO superconductor tiles and ho)dier blue.

chopped, but the terrd, was not. The HWP was rotating transmission axis of the polarizing grid was aligned parallel to
continuously at frequencysnw,. The combination of the  the symmetry plane of the optical system to wittia,@jiving
temporal modulation of the polarized source and the contin-input polarized light aligned with-Q in our reference frame.

uous rotation of the HWP placed the polarization signals of _The measured values offor the calibrations are shown in
interest at two sidebands of wihy hwp + we and Figure28. Since the receiver-only calibration used a broadband

source, the data shown are an average over the band. For the
reject the spurious polarization. We describe the doublecalibration with the entire instrument we used a_coherent

. . . : . source, and the data are valid only at the frequencies shown.
demodulation technique in Appendixand show how it gives  The error bars are the standard deviations of the values
Equation (6). The bolometer response timeintroduced a  measured among different detectors of a given frequency band.
phase shift between the recorded and input orientation of aor the receiver onlgend-to-engiwe measured 100, 22, and 69
polarized signal. We corrected for the time constant by (42, 56, and 151 detectors for the 150, 250, and 4G®iz
estimating each bolometsitime constant and deconvolving bands, respectively.
the TOD using a single-pollter response. The process of We also used the EbeRastie spectrometer described in
time constant estimation and deconvolution is described inSection2.6 to ascertain that the change in the phéseirhin
AppendixB. Detailed time constant measurements showed tha€ach band matched predictions. We placed a wire grid polarizer
a single-poldilter model is only approximate and introduces a at the output of the spectrometer. Using the double demodula-
bias in the determination ab. We determined the biasp tion technique described in Appendix we extracted a phase
using simulations, as described in AppenBixWe report a angle_qs as a funqthn of frequenoy. We only measured th.e

' i o . variation ofg(v) within a band; we did not attempt to determine
measured that already mcludes' this bias correction. an offset that would determingv) relative to®(v). The data
We measured the anglé using two cofigurations: a

. . ) ) are shown in Figur@8; predictions and measurement are in
corfiguration with only the receive without the warm

) ) i agreement when the data of each band are given a single
telescopg which we call“receiver only; and a cofiguration arbitrary phase offset.

with the entire instrument including the warm telescope, t0 e compared the measurgdo predictions. The phadeis
which we refer as“end-to-end. For the receiver-only  given by

calibration, a wire grid polarizer was mounted to the vacuum

window of the cryostat. The signal to the detectors was ® = —40 + 20 — 4p — 4breadon — 4A4(v), 7
modulated between a room-temperature chopper blade black-

ened with Eccosorb LS140 and a Styrofoam bucket containingWheree is the angle between the angle-encoding LED and the

Eccosorb CV# and LN thatfilled the light throughput +0 orien';a_tionﬂ?s the angle betwgen the transmission axis of
entering the receiver. Measurements of the orientation of théh€ polarizing grid and-Q, and ;. is the angle between the
wire grid transmission axis gave the orientation of the incidentordinary axis of the AHWP and the double slot; see Figre
polarization to better tharf . Time delays between the readout of the HWP angle and the
For the end-to-end calibration we positioned a coherentdetector data give rise to an offset angle encodetdayou
source atop a 5M tower that was 10 away from the The achromatic nature of the HWP gives a frequency-
payload. The source was chopped affi electronically, and a  dependent offsetA, () (see Section4.l). Following the
polarizing wire grid was placed at the output of the horn so asright-hand rule, a positive angle corresponds to a counter-
not to rely on its polarization properties. The entire instrument, clockwise rotation when viewing the focal plane from above.
including receiver, warm telescope, and gondola, scanned the We used a coordinate measuring machine to determine the
source to construct antenna patterns of the telescope. Weaxes déning the angle®, 3, andu. Through an analysis of
determined the relative orientation of the source and telescopéhe firmware we determined th&f,qouiwas 10.69 ms. This
by measuring the orientation of each relative to the gravita-delay corresponded to &£& rotation of the AHWP at the
tional acceleration vector using commercial tiltometers. The1.98 Hz rotation frequency of the AHWP used during both
calibrations. The orientation of the effective ordinary axis of
42 Emerson and Cuming, Inc. the AHWP is frequency dependent. The effective ordinary

4upwp — we. We used adouble demodulation technique to
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Figure 25. Left: raw time domain angle-encoding signal over one period of rotation after subtraction of an offset and a gradient. The wider pulse in thHeemiddle is t
arbitrary zero-angle mark. Red marks denote zero-level crossings. The temporal separation of the marks isfaesigh@é8dl angle separation. Right: histogram of
the difference between the input angle and reconstructed angle in a simulation of the HWP angle reconstruction pipeline. The standard Wviation is 0

4.4.2. Polarization Modulation Efficiency

0.041 The PME of a polarimeter is the ratio of the measured to

input level of polarization. We deduce the predicted PME of
the AHWP from Fourier transform spectroscopy transmission
measurements as described in SectidnThe predicted PME
for the three frequency bands is given in Teblé&/e measured
the PME using the Ebeifffastie spectrometer, described in
Section2.6. We replaced the diffraction grating with fiat
aluminum panel to enable broadband measurements with the
blackbody source. We placed a polarizing grid at the output of
the EbertFastie spectrometer so that the light entering the
receiver was to a good approximation fully linearly polarized.
The polarized light was temporally chopped by the chopper at
. : s ‘ . - the output of the spectrometer and coupled to one detector at a
100 200 300 time. We measured the PME by monitoring the detector
AHWP angle (degrees) response to chopped light as a function of orientation of the
Figure 26. Angle reconstruction over 4176 rotations, folded rotation by Ebert_Fa.Stle pOIarl.zer'.An example measurement of a@H@
rotation and averaged. A linear increase betwe®rar@l 360 has been detector is shown in Figug9. The average PME measured for
removed. The deviations from zero are due to speed variations. The inset showgach of the three frequency bands is given in T&blEo our
the effects of a nonuniform duty cycle in the chopper encoding the angle; knowledge the EBEX AHWP fractional bandwidth of 109% is

& o o
o O
8 8 B

-0.04;

Deviation (degrees)

-0.06}

see text. the broadest band response of any HWP reported to date.
axis over a band up t€600 GHz was determined and marked 5. Summary

on the AHWP using the Fourier transform spectroscopy '

transmission measurements described in SedtioWe used EBEX was thefirst balloon-borne experiment to probe the
measured values for the index of refraction of sapphire atCMB polarization with a kilopixel array of TES bolometric
Cryogenic temperaturegoewenstein et al1973 Afsar & detectors. The optical system consisted of two ambient

Chi 1991 to model the expected frequency dependence of thetémperature aluminum mirrors and four cryogenically cooled

AHWP at its operating tempdtae and derived values for PE lenses to increase the throughput and to forfiataand
A,(v) for each of the calibration tests. They are given in telecentric focal surface for each of the two focal planes. The
[0} .

Table6. tot\r;t\l/ throughputt pﬁr(;‘fc\)/cal plar;]ge WF':lshcldr'ﬁ2 sr.I s 1o
—_ — e used a stac e sapphire half-wave plates to form an

e O e APt facionl benduidth of 10%% 0 o
prediction and the measurements, and we ascribe thiSknowledge, this is the broadest fractional bandwidth Wlth which
difference to an offset of°3n the detérmination of the axis an AHWP has been used to date_. The AHWP was _Iewtated by

. S i ) means of an SMB, thigrst such application in astrophysics. It was
defining » = 0. This is the ordinary axis of the HWP as |qateq continuously at a rate of 1.235 with power dissipation
determined during spectroscopy in the zero-path differenceést 15 mw on the 4K stage. Six mechanical bearings that were
position. The adjusted prediction is shown in figtire as a  jmplemented as part of the drive train executed more than
blue band. There is an uncertainty in the determination of eachy 5 mijllion rotations over 10 days. Rotational speed stability was
of the terms in Equatiort7). This uncertainty leads to an 0.45% over a period of 10 hr when averaging angular decoding
uncertainty in the predictedt, which gives the width of the  over £5. We reconstructed the angle with an uncertainty @f,0
blue band. The sources of uncertainty are tabulated in Table a factor of more than 10 smaller than required for measurements of
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Figure 27.Power spectrum of 6Minutes of SMB rotation speed data. The horizontal axis is logarithmic at frequencies bétcand linear above. Highp peaks
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Figure 28. Results of the two polarization rotation calibration télstack and
red data poinysand the predicted phage as a function of frequencgplue
dashed line and band; see jex/e also measured the relative phase within
each band using an Ebdrastie spectrometégray); all the data points for a
given band were adjusted with a single arbitrary phase off§¢the predicted
phase.
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Figure 29. Angles that determine the calibration of polarization rotation.

the tensor-to-scalar ratio of= 0.05. We calibrated the polari-
metric response using double fral modulation to eliminate
sources of systematic uncertainty.

Table 7
Uncertainties for Each of the Parameters in the Predictidn of
Parameter Uncertainty Source
0 <0°1 Geometrical measurement error
Jo] <0°1 Geometrical measurement error
0°25 Uncertainty in transmission axis measurement
7 <0°1 Geometrical measurement error
A, 0°7 Uncertainty in AHWP model
Oreadout <0°1 AHWP speed variations
Total *8

Note. The total is a quadrature addition of the individual contributions.

Table 8
Predicted and Measured PME for Each Frequency Band
Frequency Band Prediction Measured
150 GHz 0.99 0.98 0.06
250 GHz 1.0 0.98t 0.02
410 GHz 0.92 0.92+ 0.06

Note. The predictions were calculated using the Fourier transform spectrosc-
opy measurements described in Secidnand assume fiat input spectrum.

The measured values are a weighted average over seven, four, and nine
detectors at 150, 250, and 4BMHz, respectively.

train. We used broadband ARC that consisted of glued layers
of porous Téon on the lenses and a combination of TMM and
Teflon on the AHWP. Polyethylene and Stycast were used as
glues. As a consequence, the system has an approximately
achromatic response with 60%0% transmission over the
entire range of frequencies. For an optical system using
refractors, this is the broadest fractional bandwidth operated
simultaneously by any CMB experiment to date.

The receiver that was built to house the cold optics performed
according to spefications, giving focal plane temperatures near
250 mK and temperature stability with//lknee at 2nHz. We
implemented a double vacuum window mechanism to reduce
emission from a thick vacuum window fidat altitudes.

With EBEX we were thdirst to implement on a balloon
platform many of the technologies characterizing present-day

EBEX had three frequency bands centered on 150, 250, andiigh-throughput CMB polarimetric instruments. These use

410GHz, all sharing the same refractiveflective optical
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Appendix A
Double ModulatiorvDemodulation and Extracting ®

1.0}

We consider the signal recorded due to a source that is
chopped between two intensities, polarized at angleand
detected by a polarimeter with an HWP and a polarizing grid.
We are only interested in linearly polarized light; therefore, the
input Stokes vector is

1
Sin =10 |, ®)
U

X =3 Xcos(lwt + ¢, X=1,0, U, )
1

Relative Amplitude
o
@

o
N

with

— Fit
-+ Data

0.0 50.0  100.0 1500 200.0 2500  300.0  350.0
Angle (degrees)

PME = 0.99+0.01

0.0

wherew, is the chopping frequency. We include an arbitrary

Fi 30.M ¢ of the PME with one 2604z detector. Data boint number of/ harmonics inX because the chopping is not
igure 30. Measurement of the with one z detector. Data points : : : : "

are the detector response at the frequency of the temporally modulated inpu'?ece_Ssarlly .sllnusmdal. Typically the=0, 1 components

radiation as a function of the rotation angle of the grifiniteg the input dominate, giving

polarization. Xor = Xo + Xicoswit + ¢). X=1,0,U.  (10)

transition edge bolometric sensors that are massively multi-The rotation of the HWP mofiés S;, to give

plexed. For polarimetry we used a continuously rotating I

AHWP, one of an array of techniques being explored by the .

CMB community in the search for thefliationary signal. Sin = (€10 C.OS(AW) + Usin@q], (1)
Two companion papers provide additional details about the €[Qsin(4y) — U cos(4]

EBEX detectors, their readout, and thfight performance wherey = whyy is the rotation angle. After the analyzer grid,

(EP2 and about the gondola, the attitude control system, andvvhich is oriented at an anglg we have the TOD
other support system{EP3.

1 .

Support for the development anflight of the EBEX b@ = E{I + €[Qcos(@y — 26) + Ussin(4y — 201}
instrument was provided by NASA grants NNX12AD50G, (12)
NNX13AE49G, NNX08AG40G, and NNGO5GE62G and by i i i
NSF grants AST-0705134 and ANT-0944513. We acknowl- In the ideal case the HWP is rotating at a constant rate
edge support from the Italian INFN INDARK Initiative. P.A. 7 = whwp- [N practice, and as we showed in Figi® the
and C.T. acknowledge the Science & Technology Facilities fotation rate is not constant. The constant term is dominant, but
Council for its continued support of the underpinning there are also subdominant terms at frequencies that are
technology forfilter and wave plate development. We also harmonics of the rotation rate. Thus, the angleshould more
acknowledge support by the Canada Space Agency, the Canadggnerally be written as
Research Chairs Pro_gram, the Natural Sciencgs and I_Engineer- V() = Whwpt + 3 by COS(MWppt). (13)
ing Research Council of Canada, the Canadian Institute for

Advanced Research, the Minnesota Supercomputing Institute Lo . .
the National Energy Research ScigatComputing Center, the We first highlight the most dominant properties of the TOD by

Minnesota and Rhode Island Space Grant Consortia, Ou'assu_ming_a purely _sinusoidal chop and constar_1t rotation rate,
collaborating institutions, and Sigma Xi, The Scignti thatis, using Equatio0) andy = wh,. We also include the
Research Society. Baccigalupi acknowledges support fromPhased aqd spurious polarization signals that are not chopped
the RADIOFOREGROUNDS grant of the European Utgon (S€€ Sectiod.4),

Horizon 2020 research and innovation prog(@®MPET-05- 1

2015, grant agreement no. 6873khd the INDARK INFN D(t) = 5(10 + Licos(wet + ¢,.))

Initiative. J.D. acknowledges a NASA NESSF fellowship €

NNX11AL15H. B.R.-K. acknowledges an NSF Post-Doctoral T 5 {Qocosdy = ®) 4 Qilcos(Gwhpt — D)cos(wet + ¢,)]
Fellowship AST-1102774 and a NASA Graduate Student € . .

Research Fellowship. K.R. and K.Z. acknowledge support by + E{UO sin(4y — @) + Ui[sin(4wpwpt — P)cos(wet + @)1}

the Minnesota Space Grant Consortium. We very much thank ‘ .

Danny Ball and his colleagues at the Columbia Sdienti +§}:A’ cos(jhwp + ).

Balloon Facility for their dedicated support of the EBEX ' (14)
program. We are grateful for contributions to the fabrication of

optical elements by Enzo Pascale and Lorenzo Moncelsi. XinThe Qq, Uy signals are at a frequency afyg,, but so is the

Zhi Taris and Chiou Yang Taa help with figures is spurious signal termd,. The components,, U; are at
acknowledged and much appreciated. frequencies dy,, + w,, Which are sidebands ot.,,. Since

m
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01, U, are known—specfically, the incident polarization angle
is given bya;, = (1/2)arctan (U, /Q;)—analysis of the signal
at these sidebands givels without contamination by the

D"(¢) as

01

; X D"(t)cos4y pc = Al . [cos(2ay)cos(P)

spurious signal terms. 8\ cosayy)

The product of the harmonic seriesXnEquation(9)) and — sin(ayy)sin(®)]
the multiplicity of frequencies iy (Equation(13)) generate
additional sidebands, some of which overlap with4 £ w.. _ff& cosay + D) (20)
Bandpassing the raw TOD around these sidebands before the 8\ cosCayy)
double demodulation rejects other sidebands. We estimated
the contributions of terms that do not inclu@e, U, to the o ¢ 0 )
sidebands @, + w, and concluded that they would change D"(r)sin4y pc = 3| cos2a [cos(Zaijn)sin(P)
the determination ob by 022 at most. We therefore proceeded €08(2tin)
with the analysis using Equatigfh4). + sin(2avin) cos(P)]

Double demodulation consists of multiplying the bandpassed € o} )
version ofD(#) by a reference chopper signal and a reference = 3l cos2an) sin(2aigy + ), 2n
HWP signal. One can bandpass around and use both sidebands n
or bandpass around and use just one of the sidebands. Usingnd solve ford
both sidebands gains a factor of 2 in signal relative to a single '
sideband; doing the analysis separately on each sideband can (D" (t)sin(47)Inc
be used as an internal cross-check, or to determine the o = arctan( m ) — 2aip. (22)
bolometer time constant, as discussed in AppeBdiBelow [D7(t)cos(47)]Ipc

we assume an analysis that uses both sidebands. We derive the

reference chopper signal by bandpasdig with a 0.7Hz
filter centered ow,.. We derive the reference HWP signal using
the angular encoding information of the HWP.
After bandpassing the TOD is
D'(1) = S {Qileos(wnupt — @ + wet + 9)
+ cos(4whwpt — ® — wet — P)]}

1 %{U1 [sin(4whwp! — ® + wel + @)

+ sin(4wpwpt — © — wet — P)I}. (15)
Multiplying by the chopper reference signal gives
D"(t) = D'(t)cos(w.t + ¢) (16)
€
= ZQl{cos(4whwpt — ®)

+ %[cos(4whwpt - & — 2wt — 20¢)
+ cos(@wnwpt — @ + 2w .t + 29)]}
+ %Ul{sin(4whwpt — ®)
+ %[sin(4whwpt — & — 2wt — 2¢)
+ sin(4whwpt — © + 2wt + 2¢)1}. 17

Multiplying by the two HWP reference signades4~y and
sin4v and low-passing at 0.Hz gives

D (t)cosdy pe = %[Ql cos(®) — U sin(®)] (18)

D"(t)sindy pc = %[Q, sin(®) + U, cos(d)], (19)

where the subscrigic indicates that we are keeping only the
zero-frequency term; the low-pasiker suppresses the other
terms. Becausey, = (1/2) arctaU;/Q,), we can rewrite
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Appendix B
Estimates of Bolometer Time Constants

B.1. Single-pole Response

We assumed that the bolometer time constant follows a
single-pole response with critical frequengy= 2xf, = 1/7,
and used the polarization calibration data to estimate it. A
single-pole response gives rise to attenuation of signals at
frequencies near and aboxg and to a frequency-dependent
phase shift. We investigated the use of both effects to estimate
the time constant.

As described in Sectiod.4.1 and in AppendixA, the
polarization calibration relies on signals that are in frequencies
Awpwp + we and 4opwp — w,. The “attenuatiott method relies
on the observation that for the relevant rangepfunw, and
w. there is more attenuation of power in the higher sideband
than in the lower. We used the ratio of powers in the two
sidebands to estimatg. The“phasé& method relies on the fact
that the signal at the higher-frequency sideband undergoes a
larger phase shift compared to the signal at the lower
frequency. Thus, an analysis extracting the calibration angle
® from each of these signalsithout first deconvolving the
bolometer temporal response gives a difference in @nglith
a magnitude that depends op We used the phase method
because simulations showed that the attenuation method was
prone to larger bias at high noise levels. Here we describe the
phase method; Klein2014 gives more details on both
approaches.

Relative to an ifinitely fast detector, each frequency
component of the signal undergoes a phase shift

6(w) = —arctan(wmy). (23)

Analyzing the raw data fob as described in Appendk, that
is, without deconvolving a bolometer response function, and
using each sideband separately, fimel

1
q)obs,low = (IDO - E(élow + 50) (24)
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Figure 31. Values of Adqps (dark) as a function of;, for fiw, = 2 Hz andf, = 3 Hz that were used for the receiver-only polarization calibratedt) and for
fowp = 2 Hz andf, = 13 Hz that were used for the entire-instrument polarization calibr@iggdt). The panels also show the phadgg andéngn (light gray). For
fo < 4wy We showA®qps over all possible phase differences and in the inset over the range that matches the ganekfqr, .

and ok
q)obs,high =®p — (Shigh — b, (25) -10j,
T \
where®qps 10w @nd Pops nignare the extracted values from the 0%
low and high sidebands, respectivedy is the nominal value, 8-30 g %
i.e., the value we would extract with anfinitely fast time © g i
constantor with a perfect deconvolutipnThe quantitieow, @ % N
Shign and 6. are the phase shifts due to the bolometer time % e
constant at the low and high sidebands and the chop frequency, c e Py "I
respectively. The phase different@qps = Pops jlow — Pobs,high _60 ks . g
is given by )
-70
A®yps = Onigh — Otow — 20c
= arctan((4wnpwp — wWe)7) — arctan((dwhwp + wWe)T) ~8% 10 20 30 40 50
+ 2 arctan(w, 7). Frequency (Hz)
(26) Figure 32. Relative phase between an input and measured chopper signal as a
function of the frequency of the choppelots for one detector. The relative

; ; phase is due to the bolometer time constant, which does not follow a pure
Figure31 showsAq?obSas a funct!on olv,. Whenw, < 4wnwp single-pole modelsolid lino.
a value ofA®ypsuniquely determines,. Whenw, > 4wnwp, a
value of Ad,s gives two possible values af,.

In the receiver-only polarization calibratigrand 4, were Table 9

3 and 8Hz, reSpeCtNely' In the entire-instrument callbraﬁon Polarization Rotation Correction due to the Assumption of Single-pole

and 4., were 13 and 8z, respectively. For this test we used Response
the attenuation method in combination with the phase method = =
to break the degeneracy between the two possible valifgs of Frequency Band Receiver-only Test End-to-end Calibration
Typical values forf;, were close to Hz. 150 GHz 21 (0]
250 GHz 25 35
B.2. Deviations from Single-pole Response 410 GHz 19 Z1

We measured the frequency response due to the bolometer
time constant by correlating the chopper signal as recorded by
the detectors and the input chopper signal for chopperensemble of frequency responses measured. We now describe
frequencies between near 0 and H) The difference in  this correction.
phase gave the frequency response of the bolometer. For the We generated simulated TOD for each of the 350 measured
350 bolometers measured, we found that the bolometer timdrequency responses with a known inputThe simulated data
constant deviated from a single-pole response. An example isvere subject to the polarization calibration data analysis, still
shown in Figure 32 The deviation entails a necessary under the assumption that the detectors were modeled by a
correction to the extraction of the phadeBecause we did  single-polefilter. The difference between the input and the
not measure the individual frequency response of all themean extractedd quanttied the bias introduced by the
bolometers, we applied an overall correction based on theassumption of a single-pole response. T&bjgves the phase

24
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shifts ® measured for each of the two polarization rotation Fastie, W. G. 1952al0SA 42, 641

calibrations and for each frequency band.
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