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• Truce collaboration:  NIST, UC Berkeley, University of Chicago, University of 
Colorado, NASA Goddard, University of Michigan, Princeton

• 150 GHz detectors for ACTPol and SPTpol

SPT ACT

The Truce collaboration



• Temperature spectrum well 
measured (and getting better every 
day)

• E-polarization (constraints, but 
more precision is needed)

• curl free

• B-polarization spectrum 
(only limits)

• divergence free

CMB Power Spectra: current state
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CMB Power Spectra: upcoming science

• E-mode polarization 

• damping tail

• scalar index of 
inflation (and running)

• helium abundance

dam
ping tail
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CMB Power Spectra: upcoming science

• E-mode polarization 

• damping tail

• scalar index & running

• helium abundance 

• B-mode polarization

• gravitational waves from 
inflation 

dam
ping tail
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CMB Power Spectra: upcoming science

• E-mode polarization 

• damping tail

• scalar index of 
inflation

• helium abundance

• B-mode polarization

• gravitational waves from 
inflation 

• lensing

• neutrino masses

• dark energy

• curvature

dam
ping tail

neutrino masses
(and more)



ACTpol and SPTpol are complementary

dust emission

BCS

GAMA

SDSS stripe 82

BOSS

HSC deep

• SPTPol optimized for 
inflationary gravitational 
waves and lensing

• survey cleanest 500 deg. 
sq. patch to ~ 5 uK arcmin

• ACTPol is optimized for 
small scale CMB, lensing, 
and cross-correlations

• deep fields (150 sq deg ~2 µK 
arcmin)

• wide fields (~4000 sq deg @ 
~20 µK arcmin)

SPT survey

ACT wide

ACT deep



Small angular scale E-mode Polarization

ACTPol E-mode Projection

(Niemack et al., SPIE 2010)

• E-mode signal > foregrounds to l ~ 
5,000 (vs. l ~2,500 for temperature)

• EE is ~10% of TT amplitude
• point sources are ~1% polarized
• ns  from temperature

• ns  running from E-modes

• He recombination imprint
• => He abundance to ~1%
• constrain BBN & Neutrino number 



B-polarization power spectra (SPTPol)

• SPTpol optomized fo measure the 
power spectrum over a range of l’s

• Sensitive to r with σr = 0.004

• lensing constraints

SPTPol B-mode Projection

Lensing

Primordial



CMB lensing

• CMB lensing sensitive to the 
matter power spectrum at z~2

• cross-correlating the lensing 
reconstruction with 
spectroscopic data sets (eg 
BOSS) leads to constraints on 
the matter power spectrum at 
lower redshift

• massive neutrinos, dark 
energy, etc. affect structure 
leading to measurable effects 
in the deflection field

• measuring lensing allows its 
removal improving 
measurements of the 
primordial power spectrum

Original CMB 

Dark Mater Halo 

Observed Sky

Lensing creates arc-
minute scale features 
correlated on degree 

scales

CMB lensing schematic

analysis products

deflection 
field

de-lensed 
maps

photon path



• 3 types of neutrinos

•  oscillation measurements 
determine mass differences 

• Atmospheric neutrinos  
           => Δ mν23 = 0.05 eV

• Solar neutrinos  
           => Δ mν12 = 0.009 eV

⇒Σ mν > 0.05 eV, but 
unknown
• two cases, inverted and 

normal hierarchy. 

• Big opportunity for CMB 
measurements to tell the 
difference

Normal hierarchy Inverted hierarchy

SNOSuper-K
(Haxton 2010)

Gravitational Lensing as an opportunity: neutrinos



neutrinos from lensing

• Lensing power spectrum

• z ~3 measurement of the 
matter power spectrum

• sum of the neutrino masses 
to ~0.07 eV 

• cross-correlate with Lya from 
BOSS (Vallinotto et al. 2009)

•  measurement of the z~1 Lya 
power spectrum leading to an 
independent constraint on 
neutrinos at the ~0.05 eV 

• cross-correlate with LRGs from 
BOSS (Acquaviva et al. 2009.)

• additional neutrino 
measurement ~0.05 eV 
centered at z~ 0.05

2000

Figure 6. Lensing convergence power spectra. Left: The expected signal/noise per multipole. Right: The expected
signal/noise for the lensing (κκ) power spectra binned with ∆� = 50. While the ACT Wide II survey has a lower S/N
per multipole than the Deep Survey, its large sky coverage enables it to make quality (S/N > 10) measurements of the
binned power spectrum to � ∼ 2000.

ACTPol’s measurements of the CMB lensing power spectrum can provide an accurate measurement

of the amplitude of matter fluctuations at z ∼ 2−4. This measurement, in turn, can provide a sensitive

determination of neutrino mass of ∼ 0.07 eV, close to the observed mass splitting (see Table 1); and

complement weak lensing surveys that trace the mass fluctuations in mass sheets at z <∼ 1. By providing

a high-z anchor for planned dark energy surveys, ACTPol will improve measurements of dark energy

effects on structure growth.

ACTPol is able to measure the B-modes to a high enough precision that we will be able to “delens”

the CMB and improve the S/N on primordial B-mode measurements by 1.8 [106]. By combining CMB

lensing data with measurements from the surface of last scatter to break the geometric degeneracy

[110], WMAP9 + ACTPol will be able to measure the curvature of the universe to better than 0.5%

using CMB data alone.

By cross-correlating the lensing of the CMB with the variance in the fluctuations in the Lyα forest,

we will directly probe the relationship between matter and gas in the Lyα forest. Vallinotto et al.
[113] estimate a S/N = 20 cross-correlation signal for ACTPol with BOSS. This measurement leads to

a 5% determination of the amplitude of the Lyα power spectrum. This strong constraint on the power

spectrum amplitude leads to another measurement of neutrino mass: σν � 0.05 eV.

The model that our Universe is dominated by a cosmological constant governed by general relativity

may be tested with the growth rate of structure as measured through lensing. The combination

of WMAP and the SDSS LRG survey (z ∼ 0.3 ) has already placed powerful limits on cosmological

parameters [91, 96]. The BOSS LRG sample will extend the range, providing an accurate determination

of the galaxy power spectrum for z = 0.3-0.7. Acquaviva et al. [1] have estimated a S/N of 11, 25 and 40

for cross correlations of ACTPol with SDSS DR7 LRG, BOSS low-redshift LRG sample and BOSS LRG

samples. This translates to another independent measurement of neutrino mass with σν ∼ 0.05 eV,

an improvement over the ACTPol-only constraint, and provides yet another method of assessing the

effects of dark energy effects on structure growth [1].

3.3. SZ Clusters, an Unbiased Search

One well known effect at small angular scales is the Sunyaev-Zel’dovich (SZ) effect in which the hot

electrons (107-108 K, ∼ 5 keV) in galaxy clusters reveal their presence by scattering the CMB with a

characteristic frequency signature. The process of finding hundreds to thousands of clusters in large

11

deflection 
field

X
deflection 

field

lensing spectra

lensing cross-correlations

getting science



Requirements for a lensing measurement

• High resolution

• control of systematics 

• lots of sensitivity



Requirements for a lensing measurement

• High resolution

• control of systematics 

• lots of sensitivity

ACT(Pol) 
Sudeep Das

Berkeley Center for Cosmological Physics

The Sub-millimeter Universe: The CCAT view. 
Cornell University

 Nov 12-13, 2010

SPTpol ACTpol

• Beam ~1’ • Beam ~1.6’



Polarization Systematics

• effects mixing T->E,B 
(temperature to 
polarization leakage)

• effects mixing E<->B 
(detector angle)

• spurious signals 

• foregrounds

• ground pickup

3.2.2 Building the Theory Covariance
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3.2.3 Discussion

My feeling is that this analysis is probably useful since the direct likelihood calculation of the
power specturm is probably the safest technique for getting the band powers in the lowest
�-range accessible in our map since the correlations introduced by mode removal and non-
uniform noise are most important at large scales in the map, and additionally, since these
measurements are variance limited, the probability distributions for the low-� band powers will
be non-gaussian. One obvious question is: Does it matter if we get the lowest � piece of the
power spectrum exactly correct since it is certainly redundant with WMAP? I think the answer
may be yes since this is how we will calibrate.

4 Conclusion

4

First pass requirements are ~0.1º on detector angles and <0.1% on T->P leakage.  
Looks hard. But is it?

systematics mix T, E, and B

beam systematics (mixing T->E and B)

systematics 
add noise power



I->P leakage (not a problem)

l = 3000 l = 3000l = 3000

(l) (l) (l) 

(l) 

Figure 6: Effects of temperature to polarization (T → P ) leakage for the SPT beam size (1�) and the requirements for

leakage suppression. Left: Beam shapes for monopole, dipole, and quadrupole T → P leakage and the corresponding

azimuthally averaged window functions, which give the T → P leakage as a function of multipole moment �. Note the
dipole and quadrupole leakage are highly suppressed by the small SPT beam size where the B-modes peak below � = 3000.
Monopole leakage is accounted for with careful calibration, see Sec. 4.5. Right: Simulations of the CMB auto-correlation

power spectra (Temperature, E-mode, and B-mode) and the leakage power spectra due to monopole (blue), dipole (green),

and quadrupole (red) leakage when suppressed by−30 dB,−17 dB, and−7 dB respectively, which keep the T → P leakage

at least −10 dB below the B-mode signal. The requirements on the dipole and quadrupole are mild due to the suppression
from the small beam size of the SPT.

high rejection is achieved with a combination of an off-axis telescope, cold Lyot stop, full-height fixed

ground shield, and integral co-moving shield (see Sec. 2.1).

4.3.4 South Pole Site The South Pole site offers a stable thermal environment and atmosphere that

reduce polarization systematic effects by stabilizing optics physical temperatures and gain calibrations, and

yield reproducible data sets that lend themselves to systematic error “jack-knife” tests.

Previous ground-based CMB experiments, such as DASI and QUAD, have experienced spurious polar-

ized signals likely due to sidelobe pickup of radiation reflected from fixed ground shields. Experience has

shown, however, that at the South Pole such pickup is extremely stable over a timescale of hours, and these

experiments have been able to successfully remove it by field differencing over several fields observed in

succession while repeating scan patterns over identical azimuth and elevation ground coordinates. Due to

the off-axis optics and extensive shielding, the size of such effects for SPT are expected to be reduced by

orders of magnitude over previous experiments; however the target sensitivity is correspondingly lower. If

necessary the SPT will use this field differencing strategy, although this incurs a reduction in sensitivity due

to reduced effective observing time.

The site also provides round-the-clock access to the cleanest 600 deg2 low-foreground region of sky (see

Sec. 4.2), which remains at constant elevation angle while tracking in azimuth, allowing us to efficiently

focus our observations on one superior region of sky.

4.4 SPT-POL Polarimeter

The SPT-POL receiver builds on the TES and readout technologies developed for and used by SPT-SZE,

packaging them in a new optical coupling scheme that enables precision polarimetry. Instead of being horn-

coupled, the TES sensors are coupled via stripline to planar antennas, and a cold halfwave plate provides

polarization modulation.

Planar-antenna coupling has many advantages compared to conventional technologies, including natural

polarization sensitivity and straightforward dual-polarization operation. The ability to monolithically inte-

grate arrays of antennas, band-selecting filters, and bolometers greatly facilitates the construction of large

multi-frequency focal planes. The SPT-POL array will have 1000 dual-polarization single-color pixels (2000

bolometers) with 400, 400, and 200 pixels at 95, 150, and 220GHz respectively.
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• dipole and quadrupole leakage

• small beam size suppresses 
these effects at the scales of 
interest

• monopole leakage

• projecting the T map from the Q 
and U map eliminates this 
systematic (also works for dipole 
and quadrupole)

• sky rotation in chile helps, but 
this shows these effects can be 
controlled with little loss

using projection +systematics



Detector angles (not a problem)

• calibration to 1º with astrophysical sources 
is easy

• <EB> provide an internal calibration

• Key fact: EB is first order, BB is second 
order in detector angle errors

• loose sensitivity to global rotations below 1º, 
but this shouldn’t compromise other science 
goals

• SPTpol will use a tower to calibrate to 
0.1º

chi_sq BB chi_sq EB

-1º -0.5º 1º0.5º0º -1º -0.5º 1º0.5º0º
detector angle error detector angle error
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�-range accessible in our map since the correlations introduced by mode removal and non-
uniform noise are most important at large scales in the map, and additionally, since these
measurements are variance limited, the probability distributions for the low-� band powers will
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power spectrum exactly correct since it is certainly redundant with WMAP? I think the answer
may be yes since this is how we will calibrate.
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4

Simulations of this internal 
calibration method



controlling ground pickup (SPT as an example)

• Ground pickup comes from 
light that is scattered or 
diffracts into the beam

• this can be measured, 
modeled, and mitigated

• expected improvement 
~100x suppression in 
scan synchronous signals
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THE FAR-SIDELOBES OF THE SOUTH POLE TELESCOPE 7

Figure 4. Scattered rays binned in azimuth-elevation coordinates to form
a map with 2◦ square pixels. Compare to the measurements in Fig. 1.

coordinates is shown in Figure 7. The elevation range has been limited to the range of
the observations and the dynamic range has been limited to that of the measurement. A
constant -35dB signal has been added to visually match the noise floor in the measurements.
The qualitative agreement is quite good. We note that the amplitude of these lobes in the
simulation is within 5dB of the measurement. The shape of these sidelobes is similar to
the observed lobes. We attribute any differences in the shape to the failure of the flat sky
approximation. The accuracy of these simulations is sufficient for our current purposes.

The gaps in the primary mirror of the SPT are covered by 5 mm wide ‘gap fillers’. These
fillers consist of two pieces of beryllium coper which are bent and welded together leaving
a divot where they join in the center. The thickness of these fillers is 25µm. These fillers
produce several effects on the aperture field. Their non-negligable height leads to a local
change of the phase on the aperture fields, due to their roughness (they aren’t perfectly
smooth) they scatter some radiation into a wide angle, and they have some amount of
loss due to the crease in their center. All effects lead to the same shape of sidelobes and

THE FAR-SIDELOBES OF THE SOUTH POLE TELESCOPE 9
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Figure 7. A simulation of the diffraction pattern of the SPT primary mir-
ror at R = 250 m in telescope coordinates using the same color range as the
measurements.

our goal is to build a phenomological model of these sidelobes we make no attempt to
further track down the source. This is to say that the panel gaps are clearly the culprit,
even if the exact mechanism is unknown.

4. Estimates of Systematic Contamination

The scattering and diffractive far-sidelobes will couple radiation from sources on the
ground and in the sky, creating scan-synchronous signals that can contaminate scientific
measurements. To estimate possible levels of contamination, we convolve the simulated
far-sidelobe maps for scattering or diffraction discussed in Section 3 with maps of possible
contamination sources. We then take the angular power spectrum of small patches of the
convolved contamination maps roughly corresponding to SPT observing fields and compare
with cosmological sources.
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Figure 8. A thresholded panoramic image showing the structures visible
from the SPT. The horizon is at elevation 0◦. The Dark Sector Laboratory
which is 20 m from the telescope is shown in blue. The remaining structures
which are typically 250 m or farther are shown in red. The majority of the
horizon is empty of structure except for flags have a tiny cross-section and
are irrelevant sources of noise.

4.1. from ground. The ground at the South Pole is a flat and mostly contrast free expanse
of snow. There are, however, buildings at the Pole which could cause scan-synchronous
signals. To model the ground contamination, we took a 360◦ panoramic image of the Pole as

measurement

simulations

scattering

diffraction
Option 3: New Ground Screen

Factor of a few improvement

in sidelobe mitigation.

mitigation: new ground shield
(eliminates scattering)

8 JEFF MCMAHON AND JARED MEHL

Figure 5. The South Pole Telescope (left) and the amplitude of the aper-

ture fields F used to simulate the diffraction from the mirror including panel

gaps. Note that the width of the panel gaps has been multiplied by 10 in

this plot to make them easily visible. It is clear from the photograph that

the co-moving ground shield shadows the primary mirror.

20m 250m far-!eld

Figure 6. Simulations of the diffractive sidelobes from panel gaps in the

SPT mirror. The abrupt step from dark blue to black is a result of the

shadowing from the lower boom and edge of the primary mirror.

with similar amplitudes. Our simulations generate sidelobes with roughly the observed

amplitude and shape when we assume 1 mm wide perfectly absorbing panel gaps. Because

with Jared Mehl (U Chicago)



Foregrounds: SPTpol version

• at small angular scales points 
sources are expected to be the 
dominant foreground, but only 
~1% polarized, shouldn’t be a 
show stopper

• at larger angular scales dust 
may be a problem, but there 
are very clean patches that are 
projected to be clean down to 
T/S = 0.01

• SPT is optimized to measure 
BB from ~50 to ~2000 

Tom Crawford

dust emissionSPTpol field



Foregrounds: ACTpol version

• Optimized for lensing and cross-
correlation science

• wide fields

• deep fields

• IR sources expected to be the 
dominant foreground, (but not at a 
limiting level)

• cross correlations with BOSS and 
HSC provide a wide variety of 
exciting measurements and 
additional insulation from 
foregrounds

dust emission

BCS

GAMA

SDSS stripe 82

BOSS

HSC deep



Requirements for a lensing measurement

• High resolution

• control of systematics 

• lots of sensitivity

ACT(Pol) 
Sudeep Das

Berkeley Center for Cosmological Physics

The Sub-millimeter Universe: The CCAT view. 
Cornell University

 Nov 12-13, 2010

SPTpol ACTpol

• Beam ~1.2’ • Beam ~1.5’



Requirements for a lensing measurement

• High resolution

• control of systematics 

• lots of sensitivity

ACT(Pol) 
Sudeep Das

Berkeley Center for Cosmological Physics

The Sub-millimeter Universe: The CCAT view. 
Cornell University

 Nov 12-13, 2010

SPTpol ACTpol

• Beam ~1’

• new camera (late 
2011)

• 588 pol. @150 
GHz (Truce)  

• 192 pol. @ 90 
GHz (Argonne)

• Beam ~1.6

• new camera (mid 2012)

• 1024 pol. @150 
GHz (Truce)  

• 256 horn. multi-
chroic array @ 90 
and 150 GHz 
(Truce)  



90GHz detectors for SPTpol (Argonne National Lab)

• a simplest and extremely 
robust polarimeter design

• excellent coupling ~90%

• low cross polarization <1%

• excellent beam properties 
(contoured feed horn)

• (some assembly required)



SPTpol focal plane

• new focal plane, but no 
major changes from SPT 
design 

secondary mirror

camera

receiver + 
secondary cryostat

250mK

10Knew focal plane

90 GHz (ANL)

150 GHz (Truce)



•Feedhorn coupled TES polarimeter arrays

•Extensive Prototype testing 
• Bandpass is on target

• Wafer uniformity is sufficient

• Noise is consistent with thermal background

• The hair: 

• coupling ~55% working to improve dielectric

• out of band leakageBlue leak solution: LPF & absorber

Truce Polarimeter Development
J. W. B.: E-mail: britton@nist.gov
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Pictures of the prototype array



Noise vs. Detector Temperature

• Noise calculation
• Bose, shot, and G noise

• ACTPol optics + 0.7 detector 
efficiency

• Median ACT PWV ~ 0.5 mm for 
two saturation powers

• What happens when you drop 
Tbath and Tc?

• Noise drops steadily

• Tc ~ 0.15 K increases mapping 

speed by ~70% of Tc ~ 0.5 K

ACTPol using a dilution fridge  for  
Tbath ~ 90 mK and Tc ~ 0.15 K



ACTpol dilution insert

• Jannis

• ~100 uW of cooping at 90 uK

• pulse tube backed

• Not shown: computer 
controlled gas handling system 
with “get cold button”

150

150



Optical design (ACTPol)

• Three independent optical paths
– Two 150 GHz optical paths
– 90/150 multi-chroic array



Two layer machined AR coating on Silicon

• control reflections to 
~0.1%

• octave bandwidth 
possible

• ~10 µ precision

prototype lens



The Third ACTPol Array (multi-chroic 90/150)

• Optimal mapping speed at 90 GHz

• 150 GHz mapping speed = 0.75 of an 
optimal single frequency array (since 
horn size was optimized for 90GHz performance)

• improves lensing signal to noise

• Prototypes early this summer

• Goal: array in 2013
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multi-chric OMT
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Figure 5: Left: A scale drawing of a preliminary layout for a multi-chroic pixel. Light in both frequency
bands couples onto the OMT (center) before the fields from each fin are carried to the input diplexers
(top diplexer highlighted) which split the radiation within each band into separate MS lines. These lines
pass through a cross-over before being carried into the inputs of 180◦ hybrid tees. Signals from unwanted
waveguide modes are sent to the ‘sum’ port (closest to the OMT) where they are terminated. The desired
TE11 mode is routed to a bolometer where it the signal is detected. Right: The simulated performance of this
system as a function of frequency. The red curve shows the coupling of the OMT fins which is above 95%
averaged over either band. The green and blue curves show the passband of the two diplexer outputs. Cross-
polarization (not shown) is below 1%. The gray curve shows a simulation of the atmospheric emission
at zenith at the ACT site highlighting that these bands are well matched to the atmospheric transmission
windows.

other modes establishing single mode performance over this full bandwidth. This is crucial to maintaining
excellent polarization performance in this system.

The performance of these new components has been fully characterized using the same simulation tools
used and proven in the single frequency development. The results are plotted in Figure 5. Simulations of
the OMT using HFSS [49] predict it to have a coupling above 95% in both bands and cross-polarization
below 1% when operated with the hybrid tees (simulated in Sonnet [50]). Simulations of the diplexer
(using Sonnet) predict well-defined band edges and an in-band transmission of 95%. A number of other
components will be copied directly from the single frequency design. These include the CPW-MS transition
at the output of the OMT, low-pass filters to block harmonics of the diplexer, cross-overs to allow the signals
from various arms to pass over eachother, and the bolometer design. Simulations of these components show
they have sufficient bandwidth for this design. The CPW-MS transition will fit between the OMT and the
diplexer and the low pass filters will fit between the diplexer and the hybrid tee as shown in Figure 5.

While standard corrugated horns do not offer sufficient bandwidth for these detectors, designs incor-
porating ring-loaded slots have demonstrated excellent performance over the required bandwith [51, 52].
Figure 6 shows a preliminary design for such a horn and HFSS simulations. It achieves input reflection
below 1%, and produces symmetric-beams with peak cross-polarization below -30 dB over the entire band
from 80-160 GHz. This design is similar to a standard corrugated-feed, but with the addition of ring-shaped
cavities at the edges of the first 10 grooves. Fabrication of this geometry is compatible with the NIST deep
ion etch fabrication process [53]. By using three different mask materials it is possible to etch to three differ-
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Wide Band feed horn

• ring loaded throat offers 
sufficient band-width

• easy to manufacture as a 
platelet array
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Figure 6: Left: A drawing of a preliminary horn design incorporating ring loaded slots with the simulated
field pattern at 90 GHz over-plotted. The zoom shows the geometry of the ring-loaded grooves more clearly.
These could be etched using a three layer mask and a deep reactive ion-etch (DRIE) machine. Right: The
predicted band-averaged beam pattern in each of both the 90 and 150 GHz bands. These patterns were
constructed by simulating the beam pattern at 5 GHz increments and averaging these results within the
predicted detector passband. These simulations showed the input reflection to be below -20 dB and the
cross-polarization below -30 dB across both bands.

ent depths. NIST has begun development of this process and expects to control the depths to ∼10µ accuracy.
This tolerance is competitive with the standard electroforming technique and not expected to compromise
the performance of this design. In fact, this silicon platelet array technology may prove to be the most
economical method for producing these ring-loaded horns which are otherwise difficult to manufacture at
mm-wave frequencies.

2.3.2 Development and Testing Plan Development and testing of these new detectors will be based
on the successful efforts at 150 GHz. In the prototype detector run, four variations in the design will be
fabricated to separately characterize the new components. These variants include (1) a design using the new
OMT fins and optimized for 90 GHz single frequency operation, (2) a 90/150 design including the diplexer
(but no hybrid) for one polarization and a single broad band in the other polarization, (3) a full 90/150 pixel
suitable for optical testing, and (4) a full prototype 90/150 pixel suitable for CMB observations. The first
three variants will use high-G bolometers that will not saturate with viewing 300 K sources to facilitate
optical testing in the lab. These design variations will, respectively: (1) provide a backup plan to mitigate
technical risk should any component of this new development be delayed; (2) independently test the OMT
coupling and the function of the diplexer, (3) verify the complete optical performance of this new design,
and (4) verify the detectors meet the noise requirements for CMB observations.

Design of these detectors will be completed with university funds prior to funding. With funding, in
early 2011, a student will complete the layout of the detectors for fabrication and a postdoc will be hired
to complete commissioning of a cryostat that has been ordered with startup funds. The postdoc will also
upgrade the detector readout in this cryostat to a 256 channel readout suitable for array testing. Detectors in
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Lensing Science impact of multi-chroic array

• Boosts ACTPol mapping speed 

• by ~1.65 (compared to original 
150/150/220 plan) 

• (150 GHz mapping speed by 
1.37)

• improves neutrino constraints 

• from lensing to ~0.05eV from 
0.07

• improves cross-correlation 
measurements from 0.05 to 
~0.035

ACTpol - original sensitivity
ACTpol - with proposed 90/150 upgrade

Figure 2: The power spectrum of the

deflection field from large scale struc-

ture, reconstructed from the CMB

temperature and polarization, with

error projections for ACTPol with

and with out the proposed upgrade.

These projections are based on the

formalism of [28]. The theoretical

curve (black solid line) is for standard

ΛCDM with Σmν = 0.05.

This proposal would (1) improve the measurement of the B-mode power spectrum at � < 1500 due

to the lower noise in the wide field, (2) improve the measurement of the B-mode power spectrum at high

� due to the lower noise in the deep field, and (3) enhance the detection of point sources and SZ-clusters

(kinnematic and thermal) in the wide field due to its improved noise. These improvements will lead to (1) a

factor of two improvement in constraints on the sum of neutrino masses, (2) a factor of eight enhancement

in the number of kSZ clusters measured with signal to noise greater than one (these can be used to study

dark energy), (3) selection of a unique population of z ∼5 ultra-luminous infrared galaxies (ULIRGs), and

(4) an overall tightening of the cosmological constrains from the ACTpol project.

2.2.1 Lensing and Neutrinos The lensing of the CMB by intervening density fluctuations in the

universe (large scale structure) provides a powerful probe of the sum of the neutrino masses and dark en-

ergy [29, 30]. While relativistic, neutrinos suppress the formation of structure. Dark energy also affects the

growth of structure. Gravitational lensing deflects CMB photons as they propagate through this structure

with a typical angle of 2�. This manifests as subtle changes to the temperature and E-modes and lenses

E- into B-polarization generating the dominant source of B-mode at small angular scale [31]. The under-

ling deflection field can be reconstructed using four-point estimators [28] of the measured temperature and

polarization. This can provide an accurate measurement of the matter power spectrum at z ≈ 2-4. The

accuracy with which the deflection field can be reconstructed by ACTPol is limited by the signal to noise

of the B-modes. This proposal would significantly improve this reconstruction as shown in Figure 2. The

upgraded measurement would constrain the sum of the neutrino masses with σmν = 0.04 eV. This is a factor

of two better than the constraint without this upgrade and comparable to the observed mass splitting. This

measurement has the potential to solve the neutrino mass hierarchy problem.

Cross-correlations with lower redshift data can provide additional, independent determinations of the

sum of the neutrino masses. Two cross-correlation measurements are possible using BOSS data. First, by

cross-correlating the lensing of the CMB with the variance in the fluctuations in the Lyα forest, we will

directly probe the relationship between matter and gas in the Lyα forest. This measurement is projected

to lead to a 5% determination of the amplitude of the Lyα power spectrum, which leads to a measurement

of neutrino mass with σmν ≈ 0.04 eV [32]. Second, cross-correlating the BOSS LRG sample will provide

another independent measurement of neutrino mass with σmν ≈ 0.04 eV [33]. This also provides yet another

method of assessing the effects of dark energy on structure growth. The projections for the constraints on

neutrino mass from these cross-correlations are each improved by a factor of ∼ 1.4 by the work of this

proposal.

2.2.2 The Kinematic Sunyaev-Zel’dovich and Dark Energy The kSZ effect [34] imparts a signal

to CMB photons passing through a galaxy cluster that is proportional to the radial peculiar velocity of

that cluster. Therefore measurement of the kSZ effect from a large sample of clusters will constrain the
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