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KEK

5 countries, 12 institutes, ~30 people

Caltech
JPL

Miami

Chicago (KICP)

Columbia
Princeton

Manchester
Oxford Oslo MPIfR-Bonn

Atacama Observational Site
         Chile (CBI site)

Stanford
(KIPAC)

Collaboratoration
(http://quiet.uchicago.edu)

Amber
Charles
Kris
Michele
Osamu
Suzanne



Experiment Details: QUIET Phase I

Angular resolution Q:28/W:12 Arcminutes

Frequency Coverage 44/90 GHz

Sky Coverage 4x400 Square Degrees

Multipole Coverage ~ 60-450/60-1000 -

Polarization Modulation? Phase switching
 PA sky rotation 

Dec angle rotation
Rapid scanning

-

Types of Detectors MMIC based -

Location Atacama Desert Ground

Instrument NEQ 70/60
(from lab measurements)

µK s1/2

Expected limit on r ~0.15 (?) (no foregrounds)

Status Phase I Funded (Funded/Proposed/Future)



90 GHz Module
Automatic Assembly
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Simultaneous
Q/U detections



U

Ex

Eb

Ey

Ea

QUIET L/R Correlator:
Simultaneous Q/U measurements

Q

4kHz phase switching
50Hz switching



Q-band Receiver/Telescope Integration

~8 deg FOV



W-band Receiver Integration

W-band should ship in January



Tim Thurston

Side-Fed Dragonian geometry



Observed Patches

Quiet

Clover

Polarbear

• Alliance with POLARBEAR
– Observe from the same location
– Choose patches in concert
– Provides 45, 90, 150, 225 GHz



CMB Power, QUIET 
Sensitivity

Observed Sky

E-mode power

r=0.3 assumed

QUIET sensitivity
(10 months, 50% duty)
• 2σ B-mode indication 

for r=0.3
• Precise measurement of 
E-mode

B-mode power

Auto
Correlation

A. Kusaka
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Measuring
the Polarization

of the CMB with

CLOVER

Dr Bradley R Johnson
Postdoctoral Research Fellow

University of Oxford
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CLOVER Collaboration
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NIST

William Duncan
Gene Hilton
Kent Irwin

Carl Reintsema

Peter Ade
Paolo Calisse
Walter Gear

Phil Mauskopf
Stephen Parsley

Giorgio Savini
Rashmi Sudiwala
Gustav Teleberg

Carole Tucker

UBC

Mark Halpern

Damian Audley
Michael Brown

Anthony Challinor
Dorota Glowacka

David J. Goldie
Anthony N. Lasenby

Daniel O’Dea
David J. Titterington

Vassilka Tsaneva
Stafford Withington

OxfordManchesterCardiffCambridge
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CLOVER Site: Atacama, Chile

anticipated
CLOVER site

(elevation = 4823 m)
10 km



10 of 25
Bradley R Johnson January 29, 2008

CLOVER Observation Regions

0.00.0-45.0-40.0Dec [deg]

1.59/0.602.16/0.410.77/0.550.91/0.21Dust/Synchrotron
RMS [µK]

210.0135.0337.567.5RA [deg]
4321Region

1 2

3 4

estimated
synchrotron

and dust
emission at

97 GHz

zenith
at the

observation
site

four regions
together

give 
1000 deg2

of coverage 

the diameter
of each region

is ~10 deg
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CLOVER Experiment Characteristics

2Operation Time
[years]

0.03Minimum r

1.1Q Sensitivity per 8’
pixel [µK]

0.8T Sensitivity per 8’
pixel [µK]

0.8Integration Time
[years]

20 to 1000l Range

1000Sky Coverage [deg2]

7.5, 5.5, 5.5Beam FWHM [arcmin]

164, 254, 664NET [µK sec]

192,192,192
Number of Single
Polarization
Detectors

97, 150, 225Band Centers [GHz] light from the sky

telescope mirrors

receiver

Note: CLOVER is
composed of two of
these instruments.
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Mirror Fabrication

Mirror fabrication
is underway.

surface accuracy: < 50 µm (~λ/40 @ 259 GHz)

surface roughness: < 1 µm RMS

self weight deflection: 20 µm maximum

back of 97 GHz Primary Mirror
polished
surface 
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Half-Wave Plate Polarimetry

• moves signals away from 1/f noise

• modulation allows strong rejection of
  systematic errors

• each detector simultaneously measures
  T, Q and U

Q,U bandT band
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Achromatic Half-Wave Plate Design

sapphirematerial

superconducting
magnetic bearingair bearingrotation mechanism

60 (100)300operating temperature [K]

both stepped operation and
continuous rotation speeds up to

~5 Hz are being considered
rotation frequency

99/9999modulation efficiency [%]
53number of crystals

150/22597Frequency [GHz]

 multi-layer cryogenic anti-reflection coating technology in hand
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97 GHz Receiver light from the sky

focal plane
achromatic

half-wave plate

readout electronics

Pulse Tube Cooler
(50 K, 3 K)

Helium-7
(250 mK)

Dilution Fridge
(< 100 mK)

detector array
(< 100 mK)

150/225
GHz 

receiver
has a 
similar
layout
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97 GHz  Focal Plane

96 focal plane pixels
192 single polarization detectors

profiled corrugated horn

waveguide OMT
(analyzer)

waveguide outputs to detectors

detector block

focal plane module
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150/225 GHz Focal Plane
profiled corrugated horn

96 focal plane pixels
at each frequency,

192 detectors

detector block
(analyzer inside) focal plane

assembly
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Microstrip-Coupled TES
Detector and Optical
Physics Group at the

Cavendish Laboratory

G = 215, 375, 260 [pW/K]
NEP = 2.2, 3.7, 6.7  [ x 10-17 W/Hz1/2]

τ = 100 to 1000 [µsec]

Tbath = 100 mK

photo of a
fabricated

device
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Expected Performance



Control of Systematic Errors in Polarbear

Adrian Lee

U.C. Berkeley/LBNL

Inflation Probe Systematics Workshop

Annapolis, MD July 28-30



Peter Ade (Cardiff)
Kam Arnold (UCB)
Julian Borrill (CRD-LBNL)
Matt Dobbs (McGill/LBNL)

Josquin Errard (UBC/APC)
Jacob Howard (UCB)
Andrew Jaffe (Imperial)
George Fuller (UCSD)
Nils Halverson (Colorado)

William Holzapfel (UCB)
Brian Keating (UCSD)

PolarBear Collaboration
U.C. Berkeley/LBNL, APC, Cardiff U., U. Colorado, Imperial, McGill, U.C. San Diego

Zigmund Kermish (UCB)
Adrian Lee (UCB/LBNL)
Eric Linder (LBNL)
Nathan Miller (UCSD)
Michael Myers (UCB)
Anastasia Niarchou (Imperial)
Roger O’brient (UCB)
Erin Quealy (UCB)
Hans Paar (UCSD)
Christian Reichardt (UCB)
Paul Richards (UCB)

Meir Shimon (UCSD)
Helmuth Spieler (LBNL)
Radek Stompor (APC)
Huan Tran (UCB)
Carole Tucker (Cardiff)
Oliver Zahn (UCB/LBNL)



Experiment Details

Angular resolution 4’/2.7’@150/220 GHz Arcminutes

Frequency Coverage 150 and 220 GHz

Sky Coverage 1000 (~2% sky) Square Degrees

Multipole Coverage ~20-3000 -

Polarization Modulation? HWP -

Types of Detectors Ant-coupled TES/MUX -

Location Chile (Balloon/Ground/Space)

Instrument NET 360/sqrt(1288) =10 µK_CMB s1/2

Expected/Current

limit on r
0.025 (95% C.L.) mid-lat dust model 

subtracted w/220 GHz

Status Funded Spring 2009 Test Obs



Telescope Front View

Delivery: December 2008
Test Phase: Spring 2009 @ CARMA



POLARBeaR Receiver



Polarbear Array
• 7 wafers = 1288 bolos

– fMUX (simple shielding)

• Single-color, dual-pol
– CARMA, 2 wafers
– Chile yr1 = 150 GHz
– Chile yr2 = 220 GHz

• Myers et al. 2005
• Myers et al. 2008 (LTD)



Polarbear Sensitivity

Red error bars: Includes noise increase from subtracting 220 GHz to remove mid lat dust

r = 0.1

r = 0.02













The EBEX 

Michele Limon

Columbia University
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 Collaboration
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University of 
California/Berkeley
Adrian Lee
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Huan Tran

University of
Minnesota/Twin Cities
Asad Aboobaker
Shaul Hanany
Hannes Hubmayr
Terry Jones
Jeff Klein
Michael Milligan
Dan Polsgrove
Ilan Sagiv
Kyle Zilic

Weizmann Institute
of Science 
Lorne Levinson



Experiment Details

Angular resolution 8 Arcminutes

Frequency Coverage 150, 250, 410 GHz

Sky Coverage 420 Square Degrees

Multipole Coverage 20 - 1500 -

Polarization Modulation? Half-Wave Plate -

Types of Detectors TES Bolometers -

Location Balloon Balloon/Ground/Space

Instrument NEQ 5.0 at 150 GHz µK s1/2

Expected/Current

limit on r
= .1 at 5σ

< .02 at 2σ

-

Status Funded Funded



Gondola Design

Cryo 
Dummy

Inner 
Frame 
Tower

Outer 
Frame 
Table

Reaction 
Wheel

Primary 
Mirror 
Support

Secondary Mirror 
Support

Suspension 
Cables

Beam

• Cable Suspension
• Designed at SSL (Berkeley)
• Integration at Nevis Lab at Columbia



Optics
• 1.5 m Aperture Gregorian Dragone telescope—allows for sensitivity to lensing 
B-mode scales
• Cold aperture stop -- control of sidelobes
• Achromatic Half Wave Plate on magnetic bearing -- strong rejection of 
polarimetric systematics
• Wire Grid Analyzer -- Detection of two orthogonal states
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Focal Plane

• Total of 1476 detectors
• Maintained at 0.27 K
• 3 frequency bands/focal plane

738 element array 139 element decagon Single TES

Strehl>0.85 at 250 GHz

3 mm

8.6 cm

• G = 10 pWatt/K 
• NEP = 1.1e-17 (150 GHz)
• NEQ = 136 μK*rt(sec) (150 

GHz)
•            msec, 

150

150 150

150250

250

410

Meng, Lee, UCB

2.1 mm
30 cm
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Scan + Coverage
Scan Profile:
• Constant elevation
• Speed: ~5 x (Q,U) per full beam
• Multiple visitations per pixel

17 deg  p-p  at  0.7 deg/sec
x24 hours

Then
repeat

Scan Map for all (796) 150 GHz, 14 Days
(sample/beam in color scale)

Coverage and Scan Area:
•  Relatively uniform coverage
•  Up to 108 samples/beam
•  Scan area 420 deg2

•  Low dust contrast (4µK rms)

Scan Patch
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•  HWP prototype bonded + thermally cycled
•  ARC prototype bonded + thermally cycled
•  AHWP now being bonded @ Cardiff 
•  Magnetic bearing tested end-to-end
•  0.25 degree angular encoding limited by 
sampling (0.3 deg required) 

Half Wave Plate Polarimetry

Encoder Data vs. Synthetic Wave

Samples

V
ol

ts

20 10080



Science Goals I

Planck 1 year

EBEX 14 days

1. Detect or set upper bound 
on inflation B-mode

If r = 0.1, S/N>5
Restrict r to ~x10 better
than now: 

 
r < 0.02 at 2σ

(excluding systematic and foreground 
subtraction uncertainties)

Black Curves:  EE and BB for r = 0.1
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William Jones
Princeton University

for the

Spider Collaboration

Suborbital Polarimeter for Inflation Dust and the Epoch of Reionization



Spider’s Flight Schedule:
• April 2010: Alice Springs ~5-day turnaround flight

• Achieve E-mode science goals
• Establish competitive limits on scalar to tensor ratio

• 20+ day ULDB flight the following season

• Characterize the B-mode spectrum
• Map the Galactic polarized emission



Spider Turnaround Flight:
Experiment Details

Angular resolution 60 / 42 Arcminutes

Frequency Coverage 96 / 145 GHz

Sky Coverage 60% 24800 deg2

Multipole Coverage 8 - 300 -

Polarization Modulation? Stepped HWP -

Types of Detectors Antenna coupled 
TES

-

Location Balloon -

Instrument NET 4 / 3 µK s1/2

Limit on r < 0.15 3 σ

Status April 2010 -



Spider LDB Flight:
Experiment Details

Angular resolution 60 / 40 / 30 Arcminutes

Frequency Coverage 96 / 145 / 220 GHz

Sky Coverage 60% 24800 deg2

Multipole Coverage 8 - 300 -

Polarization Modulation? Stepped HWP -

Types of Detectors Antenna coupled 
TES

-

Location Balloon -

Instrument NET 4 / 3 / 9 µK s1/2

Limit on r < 0.04 3 σ

Status April 2010 -



Spider Long Duration Balloon Flight



Flight test of  the 34H: 8000 lbs suspended mass
May 31



Spider’s Scan Strategy

Galactic Coordinates
Celestial Coordinates

• 36 deg/s gondola spin rate at night
• HWP stepped 22.5 degrees once per day
• paired telescopes clocked by 45 deg
• pointed sinusoidal scanning during the day

Note: coverage shown for Austral Summer launch



Pivot to flight train

Carbon Fiber Gondola

Science solar array 
and Sun shields

Six single freq. telescopes

35 day,  1950 lb,
4K / 1.4 K cryostat

MCE arrays

Flight Computers/ACS

SIP and CSBF
Solar arrays



Spider Fabrication and Integration

• 4K optics and carbon fiber truss
• 1.4K superconducting shield / FPA enclosure
• Graphite standoffs to FPA
• Arrays fully enclosed in 300 mK box
• 4 days (and 180L LHe) from 300 K to 300 mK



Turnaround Flight





Beam Effects

Differential 
Ellipticity

Differential 
Pointing

Differential 
FWHM

Differential 
Gain
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