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degree-scale energy 
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 Ratio r = ΔT / ΔS 

7 

E>0 E<0 

Scalar Modes 



Cosmic Microwave Background 

 Acoustic oscillations in 
photon-baryon plasma  
degree-scale energy 
density perturbations 

 Fluid flow from hot to cold 
regions, velocity out of 
phase with density 

 Thomson scattering within 
local quadrupole 
anisotropies  polarization 

 Scalar modes: T, E 

 Tensor modes: T, E, B 

 Ratio r = ΔT / ΔS 

8 

Tensor Modes 

B>0 B<0 



CMB Measurements 
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Consistent 

with six-

parameter 

ΛCDM 



CMB Measurements 
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Inflationary Paradigm 
11 

 Generic Predictions: 

 Near homogeneity, isotropy, flatness 

 Nearly scale invariant perturbations (ns < 1) 

 Gravitational waves: r ~ V(ϕ) / (1016 GeV)4 

Planck XXII 

r < 0.11 

(95% CL) 



SPIDER Overview 

 Instrument: balloon-borne microwave polarimeter 

 Goals: Primordial B-modes, foreground characterization 

 The good: 

 Frequency coverage 

 Pol angle coverage 

 Sky coverage 

 The difficult: 

 Mass/power constraints 

 One shot at quality data 

 Recovery 

 The ugly: 

 Government shutdowns… 

Frequencies 94 / 150 GHz 

Beam FWHM 42 / 30 arcmin 

Visible sky 8% 

Flight 1 Dec. 2013 2014, 

McMurdo Station 

Observation time 10-20 days 

Pol modulation Stepped HWP 

# detectors 2400, 85% yield 

NET/det 110 – 140 uK-rts 

Map depth 12 / 10 uK-arcmin 
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BICEP2: 5 uK-arcmin 
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Why Ballooning? 

 Avoid the atmosphere 

 Reduced loading  achieve high SNR quickly 

 Weeks on a balloon = years on the ground 

 Frequencies > ~220 not feasible from the ground 
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Why Ballooning? 

 Avoid the atmosphere 

 Reduced 1/f  access to larger scales 

Fraisse et al 2011 
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SPIDER 

Why Ballooning? 

 Access to lots of sky 

 Mid-latitude 100-day flights soon feasible 

 Space-quality data 
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System Overview 

 6 independent 

telescopes 

 Single 

cryogenic/vacuum 

environment 

 Lightweight carbon 

fiber gondola 

 ~5000 lb payload 
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Cryogenic System 

 Lightweight (850 kg) 

 1300-L LHe4 cryostat (4K) 

 Two vapor cooled shields 
(30K, 150K) 

 Capillary-fed 20-L 
superfluid LHe4 tank (1.5K) 

 Closed-cycle He3 adsorption 
fridge per telescope 
(300mK) 

 Two weeks from close up to 
cold detectors 

 Baselined for 25 day hold 
time 

20 



Superfluid System 

 Pumped SF tank 

 1.5K condensation point 

 16L volume 

 5 torr at float 

 Capillary system 

 Continuous LHe flow 

 3x 0.0035” ID parallel 

 Mott filters reduce 
clogging 

 ~100 mW cooling 

 Compact and modular 

21 

JE Gudmundsson 



Telescope Insert 

Recessed window 

1/8” UHMWPE, AR-coated 

Filter stack: single- and 

multi-layer metal mesh 

Sapphire HWP (4K) 
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Reflective baffle 



Half-Wave Plate 

 Sapphire with quartz (90 

GHz) and Cirlex (150 

GHz) bonded AR coatings 

 Custom worm gear 

mechanism does not bind 

at 4K 

 Stepped daily to modulate 

polarization 

 Custom absolute and 

relative encoders to 

reconstruct HWP angle to 

better than 0.1° 



Half-Wave Plate 
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Telescope Insert 

2K optics sleeve 

Blackened with steelcast 

Baffle rings 

Eyepiece Lens (4K) 

Objective Lens (4K) 

Lyot Stop 
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AR-coated Nylon 

+ metal mesh filters 



Telescope Insert 

Focal Plane (300 mK) 

 TDM SQUID Readout 

He-3 adsorption fridge 

A4K Spittoon 

Cryoperm Shell 

Carbon fiber truss 

Aux post (2K) 
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Focal Plane Assembly 
27 

Magnetic shielding factor ~108 (requirement ~107) 
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150 GHz 

0° 

90 GHz 

0° 
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Pointing Control – Azimuth 
30 

 Reaction wheel – max a = 0.8°/sec2, v = 6°/sec 

 Pivot – prevent RW saturation 



Pointing Control – Elevation 
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 Twin elevation drives – range 20° to 50° 

JA Shariff 



Pointing Sensors 

 In-flight: 

 Differential GPS 

 Magnetometer 

 Pinhole sun sensors 

 1’ accuracy 

 Post-flight 

 3-axis gyros 

 Orthogonal star cameras 
on rotating table to track 
objects 

 Fixed boresight star 
camera 

 6” accuracy 
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Power System 
33 

 Two independent power 

systems (two 4 x 3 

arrays) 

 Array Peak/Average 

2200/1440 W, up to 

21% efficiency 

 Fully assembled and 

tested in Texas 

JE Gudmundsson 



Iridium 

• Commercial system 

• Omni directional 

• RF Power  = 7 W 

• Pointing/HK/one detector 

• 1616-1627 MHz 

• Low Earth polar orbit 

• Pilot assigns static IP 

 
Photo: Steve Benton 

66 
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DGPS TDRSS 

> 11 

LOS 

• Pentagon/NASA ops 

• Cardioid beam shape 

• RF Power = 5 W 

• Pointing/HK/6-30 dets 

• S-band: 2-4 GHz 

• Geosynchronous  

 

• Line of sight, 18-36 hours 

• Omni directional 

• RF Power ~ 15 W 

• Pointing/HK/300 dets 

•1444/1515/1772 MHz 

• Data/CSBF/Starcams 

• Roughly 15 cm accuracy 

• Semi-synchronous 

• Location and 0.5 degree 

pointing attitude 

• 1575 MHz 

JE Gudmundsson 
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Flight Electronics 
35 

Science Stack 

Flight Control 
Computers (2x) 

MCE Control 
Computers (6x) 

Star Camera 
Computers (3x) 

Serial Comms (sync, 
pointing control, 

HWP, charge control) 

BLASTbus 

Subsystem Power 
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Current State 

 Fully integrated system in August 2013 

 Deployed for December 2013 flight, boomeranged 

due to shutdown 

 Re-integrated in Princeton 

 Improvements for cryogenic performance 

 Dark run for work on detector characterization and 

automation 

 Currently preparing an optical run for final optical 

calibrations 
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Detector Performance 

 Low noise, 1/f 

 Typical scan speed 6 dps 

 Science band 0.5-8 Hz 
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Detector Tuning and Monitoring 

 Entirely automated 

 Send down minimal set of 

statistics during flight 

 Maximize observing 

efficiency 

 SQUID Tuning 

 5 min initial tuning, 1 min 

checkup 

 Detects and adjust for bias 

drift due to heating 

 Detector stability 

 Detect and turn off poorly 

behaved channels 

 Detector responsivity 

 Electrical bias steps as proxy 

for optical gains 

 Monitor and adjust bias 

automatically during flight 
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Beams 

 Differential parameters consistent with expectations     

(~1% level) 

 Ghosting and cross-talk at 1-2%, also as expected 

 Plan to measure beams using Planck/WMAP data 

150 GHz 94 GHz 

JE Gudmundsson 
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Spectral Response 

 Spectral response well characterized 

 24% bandwidth 

 30-40% efficiency 
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Polarization Sensitivity 

 Measured cross-polar 
leakage < 0.5% 

 Final angle 
calibrations coming 
next month 

 Relative angles to each 
other and to HWP 

 Absolute angles to 
cryostat 

 Requirement ~1° 
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Sidelobes 

 Excess loading observed with blackened window 

baffle 

 Reflective window baffles ensure wide-angle scattering 

does not reach the sky 

 Baffle rings along the 2K sleeve scatter                                

away internal reflections 

 Reduced                                                              

loading                                                            

measured                                                                    

in Texas 

43 



Final Integration, Redux 

 Remaining optical testing next month 

 Polarization calibration 

 Archival spectra and optical efficiencies 

 Sidelobe studies 

 Full system scan tests in Princeton high bay 

 Power and communications shake-down 

 Scan-synchronous noise 

 Shipping again, August 2014 for December 2014 

flight 
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Scan Strategy 
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Scan Strategy 
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Coverage 
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 Observe 15% of sky 

every day 

 Hits-weighted  7.5% 

 Step HWP by 22.5° twice 

daily + sky rotation 

 Reconstruct Q/U map per 

detector pair after one 

day 

 All HWP angle 

combinations observed 

after 8 days 

 Detector differencing, 

deprojection unnecessary 
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Foregrounds 

 Power spectra of 2° sub-

fields in SPIDER region 

 

 

 

 

 

 Cleanest Southern regions 

will be observed by SPIDER 

 “Southern Hole” is typical 

of other regions 

 Significant dust 

contamination likely 

(Flauger et al) Fraisse et al 2011 
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Expected Sensitivity 
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Expected Sensitivity 
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B-mode Detection Requirements 

 Angular spectrum 

 Many uncorrelated bins out to large 

scales 

 Statistical Isotropy 

 Large sky area, select sub-regions 

 Frequency spectrum 

 If r is large, can distinguish r from 

foregrounds with one flight (two 

frequencies) 

 If r is small, need more frequencies 

for separation 

 Flight 2 will have 200+ GHz band 

 Planck release imminent 
Fraisse et al 2011 
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Thank you! 



CSBF 



Why Antarctica? 

 Steady circumpolar 

winds 

 2 weeks / revolution 

55 

CSBF / JE Gudmundsson 

 Continuous solar power 

 Clear dry atmosphere 

 Long flight times 



Detector Tile 
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Microstrip Filter 
57 

4 BICEP2 Collaboration

in Figure ??.

FIG. 5.— Microscope Photograph of Filter and Equivalent Circuit for
150GHz .

Each pole is a series LC resonator, where the induc-
tors are short stretches of high-impedance coplanar waveg-

uide (CPW). The high impedance Z =
p

L/ Z emphasizes
the inductance by allowing strong magnetic-fields in the
CPW ground-plane gaps. This inductance is almost entirely
magnetic; kinetic inductance from the superconductors only
makes a minor correction. The series capacitors are parallel-
plate metal-insulator-metal between upper and lower niobium
films using the microstrip SiO2 as the dielectric. Technically,
the center resonator should be a parallel LC resonator shunt-
ing to ground, but for ease of fabrication, we make a series
resonator and use shunt capacitors to ground and reduced se-
ries capacitors to invert the impedance on resonance.

We numerically optimize the filter in simulations with the
commercially available Sonnet software. The optimizations
are constrained to maintain an entrance impedance of 10⌦
and fabricable capacitors and inductors. This ultimately re-
sults in non-textbook filter design with inductors longer than
λ/ 8 that havesomeslight parasitic shunt capacitance, but this
does not degrade the performance appreciably. The filter in
Figure?? istuned for 150GHz band-center. Filters for 90GHz
and 220GHz versions have components with the same reac-
tance at their resonant frequencies. Figure ?? shows spectra
of detectors in test and field cryostats, measured with Fourier
Transform Spectrometers (FTS).
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FIG. 6.— FTS Measured detector spectra for devices designed for 90GHz
(red), 150GHz (green) and 220GHz (blue). The data for the 150GHz is from
BICEP-2, while theothersarefrom atest cryostat. Atmospheric transmission
is overlaid in black. .

4.4. Bolometer Design

FIG. 7.— Microscope Photograph of released TES bolometer. Gold-
meandered microstrip termination is at right and TESes at left. The thicker
gold film ensures bolometer stability. .

We terminate and thermalize millimeter-wave power on
a released bolometer island in a meandered lossy gold mi-
crostrip. 150GHz waves areconstrained to propagate through
askin depth of 180nm, and over theseveral wavelength length
of the line absorbs 99% of the power between two passes.
The220GHz and 90GHz arescaled appropriately to maintain
-20dB return loss.

This termination is in close thermal contact with two tran-
sition edge sensors: an aluminum TES with a Tc=1.2K that
wevoltage biasonto for lab tests and a⇠60m⌦titanium TES
with a Tc=0.5K that we bias onto for on-sky observations.
TES bolometer saturation power is:

Psat = GoTo

(Tc/ To)n+1 - 1

n+1
(8)

where theconductance Go isevaluated at thesubstrate tem-
perature To⇠250mK. The aluminum’s higher Tc affords the
bolometer a high saturation power for looking at 300K ther-
mal sources, but also high noise that would be unacceptable
for astrophysical observation. The exponent n reflects the na-
tureof the thermal carriers in the legs, wheren = 1 would cor-
respond to electrons and n = 3 corresponds to phonons. Our
typical devices fit to n = 2.5, presumably diverging from ide-
als because of the thin-film nature of our bolometer legs.

Bolometers are suspended on 6 or 4 legged designs, some
that have long meandered legs as described in Section ??.
We tune the bolometer legs to set the thermal conductance
of bolometers to the surrounding heat-bath. We aim to keep
the thermal-carrier noise sub-dominant to that of the incident
radiation, but also keep the G high enough that the detectors
do not saturate under typical loading conditions. Wetypically
build in a safety factor of 2 beyond the expected maximum
loading and for BICEP2, we achieved GC=80-150pW/K. We
infer these number from load curves taken under 300K and
77K beam-filling loads, showing Psat = 7- 15pW/ K for BI-
CEP2.

The bolometer islands contain thick evaporated gold (visi-
ble in the above photograph) that boosts the heat-capacity by

CAu ' 0.5pJ/ K and thus the time constant to⌧= C
G

to a few
milliseconds. We infer this from responses to a 1Hz square-
wave modulated broad-spectrum noise signal. The additional
gold is especially important because strong electrothermal
feedback greatly reduces this time-constant from normal state
operation. Without this, our detectors would thermally oscil-
late at the required MUX switching frequencies.



HWP Encoder Ring 
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