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CAPMAP- summary table

Angular resolution 6.5 / 3.3 Arcminutes

Frequency Coverage 40 / 90 GHz

Sky Coverage 8 Square Degrees

Multipole Coverage 200 - 2500 -

Polarization Modulation? wave guide phase-switch -

Types of Detectors correlation -

Location Ground (Balloon/Ground/Space)

Instrument NEQ 400 / 375 µK s1/2

Expected/Current
limit on r

>1 (4.8 uK^2 limit on BB) -

Status Completed (Funded/Proposed/
Future)



Correlation Polarimeters

W band receiver

~18 inch

Eb
Ea

Ex

Ey

Multiplier

Gy Gx

Phase Switch±1

Output = ± Gx Gy (Ea  -  Eb) = ±Gx Gy * U
22

• Phase switch mitigates
      1/f noise

• Insensitive to relative
      gain drifts

• Instrument Polarization  
           < -25 dB



1/f Performance
8 CAPMAP COLLABORATION
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FIG. 8.— The distribution of the five-parameter !2 statistic is shown in the upper panels for cycles from one of the nine subperiods, with about 80 hours of data,
for two polarimeter channels after selection cuts. A !2 distribution with 13 degrees of freedom is overlaid as a smooth curve. The channel on the left, a typical one,
has a mean !2 of 12.95, consistent with the expected value 12.94±0.04 (for a distribution truncated at 3"), while the one on the right, one of the worst channels,
has a mean !2 of 13.62, which is discrepant at more than 16". The lower panels show the noise power spectra for the same two channels. The solid line is a
three-parameter fit: the white noise level, the knee frequency, and the slope of the 1/ f component. The dashed vertical lines indicate the knee frequency of each
channel (4.3 and 13.6 mHz for the left and right panels, respectively); the ring scan frequency can be clearly seen as a high point at roughly 50 mHz. Higher levels
of 1/ f noise in the channel on the right increase the variance at the ring scan frequency by 12% over the variance of 100 Hz samples, inflating the !2 statistic. Of
44 data channels, only 10 had knee frequencies greater than 10 mHz. Although the five-parameter !2 statistic is extraordinarily sensitive to 1/ f noise, systematic
studies showed the effect of 1/ f noise on the full-season results to be negligible (§7).

parameter set was: any 11 cycles were removed if at least
seven of them had a TP-!2 > 1.5; and any single cycle was cut
if its TP-!2 exceeded 2. These cuts were applied uniformly to
all polarimetry channels, discarding 19.4% of the full data set.

The five-ring-mode fits to the polarization channels were
also used for the final cuts on the data.13 For any candidate
cycle, the sum of the !2 values for all functioning W-band (and,
separately, Q-band) polarimeters was formed, and if either of
these sums was ! 3" high, that cycle was cut for all polarime-
ters. Similar cuts were made on the maximum residual to the
five-parameter fit for all functioning W-band (and separately
Q-band) polarimeters in a given cycle. For these two cuts, the
idea was to use the overall goodness of fit for the ensemble of
polarimeters in a given cycle to keep either all or none of them.
A further 1.6% of the data was so removed. The next cut was
based upon the fact that the noise of a properly functioning
polarimetry channel should depend linearly on the total power
level. This relationship was examined for each polarimeter,
for each of the nine subperiods. The linear relationships were
dominant, but for some isolated periods, cycles were found to
deviate significantly from the expected behavior. As these de-
viations indicated receiver malfunctioning, those cycles were
discarded (3.5%). A final cut was invoked to remove glitches
by eliminating cycles for individual polarimeters with a resid-
ual deviant at more than 3", removing 1.7% of the Q-band and
0.3% of the W-band data.

We close this subsection with some observations about the
data quality of the polarimeters derived from examination of
their five-ring-mode fits. In particular, we define two measures
that were not used in data selection but were used to classify
data in the null test suite (§6).

In contrast to the TP channels, the !2 distributions from

13 We used simulations to verify that the presence of the CMB signal in the
timestreams did not in any way bias the selection of cycles.

the fits to most polarimeter channels did closely follow the
expected !2 distribution for 13 degrees of freedom, verifying
at the same time our noise model (white noise) and that five
parameters described the data well. One such channel’s distri-
bution is shown in the top panel on the left in Figure 8. A few
channels, however—including the one depicted on the right
in Figure 8—exhibited !2 distributions shifted slightly high.
Given the large number of cycles entering these distributions,
even a !2 shift of less than 1.0 was significant at more than
10 standard deviations. It was found, not surprisingly, that
such channels were the ones that showed the worst (highest)
1/ f knees; and that such channels were the same in every one
of the 9 subperiods. For comparison, Figure 8 shows a noise
spectrum for each of the two channels in the lower panels. We
defined a polarimeter’s grand !2 as the mean value of its !2

distribution; we tested for contamination associated with high
grand !2 in §6. We also simulated the effects of 1/ f noise
directly, as described in §7.

For each polarimeter channel, and again for each subperiod,
we constructed the 18-element ground-synchronous structure
vector from an appropriate average of the residuals in each
# bin of the ring scan. We evaluated the !2 for the model of
zero ground-synchronous structure for each polarimeter; the
W-band channels were consistent with no such signal, but two
of the eight Q-band channels were not. Those two channels
showed no evidence, however, for time-variability in their
ground-synchronous structure. Scan-synchronous pickup from
telescope sidelobes would be manifest as nonzero ground-
synchronous structure, so these results are further evidence
that the telescope sidelobe reduction efforts (§2) were largely
successful. Nonetheless, as described in §5.2, the ground-
synchronous structure mode was projected out of the data
before power spectrum analysis.

8 CAPMAP COLLABORATION

0 10 20 30
0

100

200

300

400

0 10 20 30 40

10-4 10-3 10-2 10-1

1

10

102

103

104

10-4 10-3 10-2 10-1 1

nu
m

be
r o

f c
yc

le
s

no
is

e 
po

w
er

 [m
K

2 /H
z]

0CS0 1DS2

!2 !2

frequency [Hz] frequency [Hz]

FIG. 8.— The distribution of the five-parameter !2 statistic is shown in the upper panels for cycles from one of the nine subperiods, with about 80 hours of data,
for two polarimeter channels after selection cuts. A !2 distribution with 13 degrees of freedom is overlaid as a smooth curve. The channel on the left, a typical one,
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three-parameter fit: the white noise level, the knee frequency, and the slope of the 1/ f component. The dashed vertical lines indicate the knee frequency of each
channel (4.3 and 13.6 mHz for the left and right panels, respectively); the ring scan frequency can be clearly seen as a high point at roughly 50 mHz. Higher levels
of 1/ f noise in the channel on the right increase the variance at the ring scan frequency by 12% over the variance of 100 Hz samples, inflating the !2 statistic. Of
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parameter set was: any 11 cycles were removed if at least
seven of them had a TP-!2 > 1.5; and any single cycle was cut
if its TP-!2 exceeded 2. These cuts were applied uniformly to
all polarimetry channels, discarding 19.4% of the full data set.

The five-ring-mode fits to the polarization channels were
also used for the final cuts on the data.13 For any candidate
cycle, the sum of the !2 values for all functioning W-band (and,
separately, Q-band) polarimeters was formed, and if either of
these sums was ! 3" high, that cycle was cut for all polarime-
ters. Similar cuts were made on the maximum residual to the
five-parameter fit for all functioning W-band (and separately
Q-band) polarimeters in a given cycle. For these two cuts, the
idea was to use the overall goodness of fit for the ensemble of
polarimeters in a given cycle to keep either all or none of them.
A further 1.6% of the data was so removed. The next cut was
based upon the fact that the noise of a properly functioning
polarimetry channel should depend linearly on the total power
level. This relationship was examined for each polarimeter,
for each of the nine subperiods. The linear relationships were
dominant, but for some isolated periods, cycles were found to
deviate significantly from the expected behavior. As these de-
viations indicated receiver malfunctioning, those cycles were
discarded (3.5%). A final cut was invoked to remove glitches
by eliminating cycles for individual polarimeters with a resid-
ual deviant at more than 3", removing 1.7% of the Q-band and
0.3% of the W-band data.

We close this subsection with some observations about the
data quality of the polarimeters derived from examination of
their five-ring-mode fits. In particular, we define two measures
that were not used in data selection but were used to classify
data in the null test suite (§6).

In contrast to the TP channels, the !2 distributions from

13 We used simulations to verify that the presence of the CMB signal in the
timestreams did not in any way bias the selection of cycles.

the fits to most polarimeter channels did closely follow the
expected !2 distribution for 13 degrees of freedom, verifying
at the same time our noise model (white noise) and that five
parameters described the data well. One such channel’s distri-
bution is shown in the top panel on the left in Figure 8. A few
channels, however—including the one depicted on the right
in Figure 8—exhibited !2 distributions shifted slightly high.
Given the large number of cycles entering these distributions,
even a !2 shift of less than 1.0 was significant at more than
10 standard deviations. It was found, not surprisingly, that
such channels were the ones that showed the worst (highest)
1/ f knees; and that such channels were the same in every one
of the 9 subperiods. For comparison, Figure 8 shows a noise
spectrum for each of the two channels in the lower panels. We
defined a polarimeter’s grand !2 as the mean value of its !2

distribution; we tested for contamination associated with high
grand !2 in §6. We also simulated the effects of 1/ f noise
directly, as described in §7.

For each polarimeter channel, and again for each subperiod,
we constructed the 18-element ground-synchronous structure
vector from an appropriate average of the residuals in each
# bin of the ring scan. We evaluated the !2 for the model of
zero ground-synchronous structure for each polarimeter; the
W-band channels were consistent with no such signal, but two
of the eight Q-band channels were not. Those two channels
showed no evidence, however, for time-variability in their
ground-synchronous structure. Scan-synchronous pickup from
telescope sidelobes would be manifest as nonzero ground-
synchronous structure, so these results are further evidence
that the telescope sidelobe reduction efforts (§2) were largely
successful. Nonetheless, as described in §5.2, the ground-
synchronous structure mode was projected out of the data
before power spectrum analysis.

typical knee-

frequency:         

~3 mHz   

worst channel:  

15 mHz

modeled noise as 

white in analysis

 1/f is a negligible effect



2. optics 23

Figure 2.5. The upper illustration shows the Crawford Hill telescope
tilted as it would to point to the North Celestial Pole (NCP). Rays
which hit the edge of the secondary mirror, reflect past the primary
mirror, and potentially hit the ground are colored red. These rays are
a significant issue for the design of the CAPMAP optics. The figure on
the lower left shows the CHT telescope pointing to the horizon. The
figure on the lower right shows the equivalent parabola also pointing at
the horizon. These last two figures are drawn to the same scale.

responsible for many of its attractive features, it is also the source of design challenges

for the CAPMAP experiment.

The large focal length causes the angle !C subtended by the primary mirror as

viewed from the prime focus to be only 5.0!. Thus the feeds must produce tightly col-

limated beams to prevent a significant amount of radiation from missing the telescope

altogether. This requirement is exacerbated by the fact that the secondary mirror

is oversized in the sense that it subtends more than 5!, so that rays originating at
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7 m in diameter 

full alt-az mount

low cross-polarization (-58dB on 

focus)

large focal plane  (strehl ratio >.97 

0.5 m from prime focus)

orient each feed to minimize 

instrument polarization

tight requirement on feed



CAPMAP Feed System
2. optics 31

Figure 2.10. The simulated and measured beam patterns of the sea-
son 2 CAPMAP feeds systems. Note the high degree of E-H plane
symmetry measured in the W band system. The simulations agree well
in the main beam of the W-system. The agreement of the simulation
with the measured main beam pattern of the Q system is not as good.
This is likely due to the Q system being slightly out of focus. Due to
time pressure and the excellent performance of the system the Q system
was operated in this way during the season. The measurement of the
cross-polarization is limited by alignment and should be interpreted as
an upper limit. Note the large spurious pickup by the main beam of a
reflection from the test range in the W system at 35!. Otherwise the
measurement of side-lobes is limited at the !55dB level by noise and
reflections in the testing range.

described in Section 4 of this chapter, limit the cross-polarizaiton of the feed systems

to be below !45dB for both the Q-band and W-band systems.

3.1. Design of the Feed Horn. To meet the requirements of a gaussian beam,

low-cross polarization, and low reflection, corrugated [12, 46] feed horns were selected

for the CAPMAP design. The design of the ‘launcher’ section was inspired by the

WMAP satellite feeds [6]. In [40] a horn achieved reduced side-lobes by adding a

launcher section with a profile following the expansion of the beam waist to the end

of a horn with a linear taper. It was found that adding such a section to a feed which

otherwise had a linear taper and produced a beam 15! FWHP significantly reduced



The CAPMAP Array

• 16 correlation polarimeters

• 12 @ W-band (84-100 GHz)

• 4 @ Q-band (35-45 GHz)

• 44 polarization channels

• 32 total power channels to 

monitor atmospheric 

stability.



Scan Strategy

2 C A PM A P C O L L A B O R AT IO N

F I G . 1.— C A PM A P array configuration and the ring scan. The instantaneous
locations of the 16 radiometers are shown with black (gray) circles for W-band
(Q-band). The circle diameters show the 3.3! (6.5!) beams. The telescope
moved so that the center of the array continuously traced a constant-declination
circle about the N CP. Dashed circles indicate sky coverage: each is the path
followed by one radiometer during a single 21 s cycle. Each radiometer
timestream is considered to be a function of the variable !.

T E.
C A PM A P comprised 16 heterodyne correlation polarimeters

coupled via corrugated feed horns and high-density polyethy-
lene lenses to the 7 m Cassegrain antenna (Chu et al. 1978) in
Crawford H ill, NJ (W74!11"11"", N40!23"31""). 12 receivers
operated at W-band (84–100 G H z) with beam F W H M 3.3",
while the other four operated at Q-band (35–46 G H z) with
beam F W H M 6.5". The receivers were organized into four
groups (numbered 0 to 3), each including one Q-band and three
W-band receivers (labeled B, C and D) housed in a cryostat,
which cooled the high-electron-mobility transistor low-noise
amplifers (L N A s) and feedhorns to 25 K , and the lenses to
80 K .

For each radiometer, the circular feed coupled two orthogo-
nal components of the incident electric field via an orthomode
transducer into L N A s in each arm. The L N A s, provided by
JPL, were based on monolithic microwave integrated circuits
(M M ICs) and had typical noise temperatures of 65 K for W-
band and 35 K for Q-band. A fter amplification and bandpass
filtering, mixers downconverted the radio frequency signals
to intermediate frequencies (IF) in the range 2–18 G H z with
local oscillators (L Os) operating at 82 G H z or 30.5 G H z. The
L O signal for one arm of each polarimeter was phase-switched
at 4 kH z to suppress 1/ f noise. The three W-band radiometers
in each cryostat shared a single L O.

A fter IF amplification, the W-band (Q-band) signals were
divided into three (two) frequency subbands per polarimeter,
for a total of 44 channels. For each, signals from the two arms
were combined in an analog multiplier and then preamplified
before digitization. Thus each polarimeter timestream was
proportional to the product of the two orthogonal modes of the
incoming electric field. A t a given parallactic angle !, each
C A PM A P polarimeter measured one linear combination of the

Stokes parameters Q and U ,

P = Q cos
!

2(! +")
"

+U sin
!

2(! +")
"
, (1)

where the angle ", the detector polarization angle, varied for
each channel but was nominally 45!.

The subbands were labeled S0, S1 and (for W-band) S2. The
two orthogonally-polarized total power signals were tapped off
each arm of a polarimeter prior to the frequency subdivision,
and recorded with detector diodes. Because they were not
phase-switched, these total power channels were too noisy to
provide C M B data, but they were useful for assessing radiome-
ter health, monitoring the atmospheric noise for data selection,
measuring the properties of the beams, and determining the
atmospheric opacity.

The active components (the cold L N A s, the warm L Os,
the IF amplifiers and the pre-amplifiers) were temperature-
controlled to stabilize the responses of the radiometers. These
servo systems did not perform consistently, however. In partic-
ular, their temperature set-points had to be increased multiple
times, resulting in changes of 10–20 K from the start to the end
of the observing season. Moreover, the temperatures occasion-
ally drifted for 5–10 hour stretches in response to large swings
in the ambient temperature. These drifts were typically at the
level of 0.3 K hr!1 but reached as high as 1–2 K hr!1 in some
cases. A s described in §7, these temperature instabilities led
to a systematic error in the experiment, but it was considerably
smaller than the statistical error.

Both the polarization and total power channels were sam-
pled at 100 kH z by a commercial sigma-delta A D C board, as
described in Barkats et al. (2005). In lieu of recording high-
speed data as in the first observing season of C A PM A P, the
polarization channels were digitally demodulated both in phase
and 90! out of phase with the 4 kH z phase switch clock. The
out-of-phase (quadrature) data lacked signal from the sky, but
had the same white noise properties as the in-phase data and
so were used for systematic checks. A small amount of sig-
nal (typically < 2%) did leak into the quadrature data, due to
phase shifts in the data relative to the digitized clock used for
demodulation, but this led to a negligible sensitivity reduction
for the in-phase data. The data rate was 2.9 G B per day.

The array configuration and scan strategy, illustrated in F ig-
ure 1, were designed to have high symmetry, provide highly
cross-linked maps, and constrain Q and U tightly with uni-
form parallactic angle coverage. For C M B observations, the
telescope’s optical axis described a circle around the north ce-

F I G . 2.— Parallactic angle coverage. The solid (dashed) lines show the
paths of the 12 W-band (4 Q-band) radiometers during a single 21 s cycle.
Pixels at each declination were observed at a variety of parallactic angles,
overconstraining the Q and U Stokes parameters everywhere in the map.

Ring / Drift scan

uniform coverage

excellent paralactic angle 

coverage

allows measurement and 

removal of ground synchronus 

signals

Cost: modulates the   

atmosphereD. Fixsen



The atmospheric modulation (left) shows up in the polarization channels

This must be removed by subtracting a 5-parameter model

 (

fit to each 21-second ring cycle.

removal of 5 fourier modes reduces atmospheric contamination below 100nk

 expense of a 15% loss of sensitivity.

Mode Removal



Control of Ground Pickup2. optics 43

Figure 2.17. Far side-lobe measurements were used to identify and re-
duce side-lobes which caused the SSS. For these measurements a 90GHz
source was placed 100ft from the base of the telescope while the tele-
scope rotated through all azimuths at 2! steps in elevation. The lower
left hand panel aids in interpreting the resulting side-lobe maps. In
this panel the icons on the plot show the telescope as viewed from the
source. The color code in the background shows approximately what
the side-lobes hit during CMB observations. The initial beam map is
shown in the upper left hand panel. The lobes around (az 300!, el
= 10!) are spurious reflections from trees during mapping; the lobes
around (az 300!, el = 40!) are from di!raction around the primary but
hit the sky during observations. The thin extended lobes at az = 130!

are from di!raction in the gaps between the segments of the primary
mirror. During first season observations these struck the ground and
trees generating SSS. Before the start of the 2004-2005 observing season
several changes were made to reduce the SSS shown in the lower left
hand panel. These changes included adding a ground screen between
the focal plane and secondary mirror, Putting copper tape over the
gaps in the primary mirror, and cutting down trees which could be hit
by strong side-lobes. A side-lobe map after these changes were made is
shown in the upper right hand panel.

scale  -10 dBi -> -50 dBi

During the first season 

(2002) 

variable ~500 uk / 

deg scan 

synchronus slopes

50 uK rms residuals



Where do the Sidelobes go?

2. optics 43
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Control of Ground Pickup

2. optics 43
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are from di!raction in the gaps between the segments of the primary
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the focal plane and secondary mirror, Putting copper tape over the
gaps in the primary mirror, and cutting down trees which could be hit
by strong side-lobes. A side-lobe map after these changes were made is
shown in the upper right hand panel.
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Ground Screen Design

• Slopes < 50 uK / deg

•!most channels show scan 
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consistent with 0
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Scan Synchronus Signals

• residuals reduced to 
immeasurable levels for 
all but 2 channels with 
various optical 
improvements.

• To be conservative, we 
project out this mode 
from all channels.

• scan syncrhonus slopes 
below ~20 !K/ deg



Sun Pickup

6. time stream processing 116

Figure 6.7. This figure shows maps of the side-lobes of the Q-band
system (right) made using the sun. These maps are the average of the
absolute values of the cos ! component of the polarization data (for the
entire season) binned according to the azimuth and elevation of the
sun. The color scale is proportional to temperature and varies slightly
among channels. However, the brightest sidelobe has an amplitude of
! 10mK and the noise level is ! 500 µK deg!2. The horizontal line
is the horizon. The detected side-lobes are bracketed by the dashed
lines. The locations and shapes of these structures vary from receiver
to receiver. These structures are produced by the joints between pan-
els in the ground screen which are seen in the picture to the left. Each
joint produces a narrow side-lobe oriented 90" relative to the joint as
illustrated by the red dashed lines. The joints have been labeled a-e
as have the side-lobes which correspond to these joints. The amplitude
of the side-lobes from each joint are proportional to illumination which
decreases away from the center of the secondary (white disk), which ex-
plains the large amplitude of side-lobes a and c, the reduced amplitude
of b, and the absence of d and e.

The Q-band feeds illuminate the edge of the primary mirror at "25 dB while the W-

band feeds illuminate the edge of the primary mirror at "50 dB. This suppresses this

e!ect by ! "25 dB in W-band relative to Q-band7.

7The features of the side-lobes should become sharper in W-band relative to Q-band which
might decrease this suppression somewhat.

Ground screen caused 

sun pickup in 40 GHz 

channels 
cut 8% of 40Ghz data

caused by diffraction from 

panel gaps

No evidence for effect 

in 90 GHz
illumination of panel gaps 

down by 20-30dB

estimate from beam map gives 

50 uK effect DC, falls off 

rapidly with ring mode

Day night null passes



Beam Shapes 
(+ relative pointing)
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Figure 2.15. The total power response to Jupiter. These measure-
ments are used to measure the parameters of the beam shapes. The
color scale of each beam is linear and proportional to the voltage output
of the d0 total power channel. The scale varies from horn to horn since
no gains have been applied.

mean beam size of 0.055! FWHP with a maximum variation of ±0.002!. The mean

beam size of three of the four 40GHz Q-band receivers was 0.104! with maximum

variations of ±0.002 while the fourth Q receiver had an anomalously large 0.108! due

to its location at the top edge of the focal plane. The largest elongation was 7% while

13/16 receivers had elongations less than 4%.

The amplitudes of the monopole, dipole, and quadrupole temperature to polar-

ization leakage terms were measured from the polarized response to Jupiter by fitting

Measured with Jupiter

mean beam size: sqrt(ab)

3.3’ (6.5’) @ 90 (40) GHz

<1% errors in measured beam 

sizes

spread in beam size of 

different radiometers: 2% 

(3%) rms @ 90 (40) GHz

elongation: (b-a)/(b+a)

less than 8%

Small systematic effects from:

treating all 90 (40) GHz beams as 

same 

neglecting elongation



Beam Size Variation

Different beam sizes give different window 

functions

Treating all beams as the same adds extra varaince 

to a power spectrum measurement

This simple calculation is in rough agreement with 

the simulations that we used to quantify this effect



I->P Leakage

Measured with Jupiter

fit to monopole, dipole, 

quadrapolar beam model

typical fit parameters

-23 dB monopole

-20 dB dipole 

-22 dB quadrapole

also measued monopole with 

atmosphere: ~0.5% agreement

Negligible systematic

these couplings are small

further surpressed by scan 

strategy and averaging across 

receiversColor scales vary from beam to beam 

  (these were made by an inexperienced grad student:  me)
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Figure 2.16. The polarized response to Jupiter. These measurements
determine the temperature to polarization leakage couplings. The color
scale of each beam is linear and proportional to voltage output of the
s0 polarization channels. The scale varies from horn to horn since no
gains have been applied.

the appropriate terms of expansion in Equation 2.4. All but three out of 44 polar-

ization channels had monopole leakages less than !20 dB; the dipole leakages were

all less than !15 dB, and the quadrupole leakages were all less than -20 dB. The

errors on these measurements are of order 0.1 dB statistical with a " 2 dB system-

atic uncertainty due to the uncertainty in the total power gain, the temperature of

Jupiter, and the opacity of the sky. This could be improved with a more careful anal-

ysis. Using Equation 2.3 these measurements limit the cross-polarization of the full

optical system to below !40 dB for all receivers. Since the feed systems contain the



I->P Leakage
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Figure 2.3. The upper left hand panel shows the spurious polarization
generated when a rotationally symmetric paraboloid is illuminated by
an unpolarized plane wave of constant intensity at normal incidence.
The black lines display the direction of spurious linear polarization
and the redish color scale shows the intensity of the spurious Q Stokes
parameter generated by reflections from this surface. The center and
right upper panel show the spurious Q polarization generated when
only a portion of this optic are illuminated as is the case for an o!-
axis paraboloid. The center panel has ! = 45! while the right hand
panel has ! = 0!. The detected spurious polarization is the integral
across the surface. By symmetry, at normal incidence, this is non-zero
only for the on axis case and the ! = 0 o!-axis case. The middle
row shows the detected leakage as a function of angle of incidence for
these three cases. This is the polarized signal which would be detected
from observations of an unpolarized point source. The e!ect these of
leakage terms on a measurement of the power spectrum is quantified
in the window functions (bottom row), which give the couplings from
temperature to U polarization as a function of multipole moment ".

These e!ects can be calculated for an optical surface by integrating Equations 2.1

and 2.2 over an optical surface. See Figure 2.3 for illustrations. For an azimuthally

symmetric lens illuminated by light propagating parallel to the lens symmetry axis
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Figure 2.4. The TT power spectrum is the autocorrelation of the
temperature anisotropy. The EE spectrum is the dominant of the two
possible polarization power spectra [42]. To keep the temperature to
polarization leakage from the TT spectrum comfortably smaller than
the EE signal the monopole, dipole, and quadrupole terms (described
in the text) must be suppressed by -20, -15 and -10 dB respectively.

During observations CAPMAP and many other single dish experiments scan

across the sky to suppress low frequency noise. For such experiments the sky sig-

nal is detected as di!erences in the receiver output between di!erent pointings. SSS

are generated from pickups through the telescope side-lobes which are modulated by

the scan. The rms of the E-mode polarization anisotropy is ! 5µK, so SSS e!ects

must be reduced below this level. For a ground based CMB polarization experiment

this is problematic since the surroundings are 300K, which allows side-lobes with

"80dB couplings to introduce signals of comparable amplitude to the cosmological

signal.

This amplitude of SSS can be estimated by taking the di!erence between the

detected signals from the ground at two di!erent positions along the motion of the

Temperature to Polarization Leakage in the Power Spectrum

*actual quadrupole is off the bottom of the plot

*

These are worst case estimates, averaging across detectors and scan-strategy further 

supresses these effects



Detector Angles

Measured with moon

Fit included: moon temperature, moon 

index of refraction, + removal of offsets

uncertainty varied by radiometer 

from 1º-2.5º at 1-sigma

Residuals dominated by 

systematics: detector non-linearity?, 

variation of the index of refraction of the 

moon?, etc.

Small systematic effect for EE

rotates between E and B

Data

C. Bischoff



Absolute Pointing

Radio Pointing Observations

• Observed 5 sources across the 
sky with a single radiometer

• run 1 - Dec. 2003, 150 sources

• run 2-  Nov. 2004, 50 sources

• Fit to a 10-parameter pointing 
model (Meeks 1968)

• fits to either run yield 
consistent parameters, implies 
stability

• residuals to combined fit: 

• 29” rms in elevation, 

• 18” rms in Az 

• negligible systematic effect 
(will quantify later in the talk)

K. Vanderlinde



Gain Calibration

CAPMAP the chopper plate was mounted on the secondary support structure at an

angle such that the beams from all receivers were reflected past the top of the primary

mirror. (See Figure 4.1.) During calibration the telescope was tilted in elevation to

bring the chopper plate to vertical. The drawback to this scheme is that the resulting

gain does not account for any losses from the telescope mirrors. Since the telescope is

7 meters in diameter there was no other practical choice for implementing a chopper

plate.

This figure illustrates the function of the chopper plate
used for polarized calibration. During calibration, the chopper plate
is placed in front of the secondary mirror where it deflects the beams
(shown in yellow) from the receivers to the sky. The chopper plate
nutates about the vertical axis so that the beams remain at constant
elevation and thus receive constant total power signals as the plate
rotates. A small polarized (! 30mK) signal is generated from the
dependence of the electro-magnetic boundary conditions on the angle
of incidence which varies as the plate rotates.

4. calibration 63

The chopper plate generates a polarized signal from di!erences in the electromag-

netic boundary conditions [13] which depend on the angle of incidence which vary as

the plate nutates. The amplitude of this signal is given by

Uplate = ! tan "
!

16#$%0f(Tplate ! Tsky). (4.1)

Here ! is the nutation angle, " is the angle of incidence of the beam at the chopper

plate, $ is the resistivity of the plate (taken to be 4µ"-cm), f is the frequency of

the radiation, Tplate is the physical temperature of the plate, and Tsky is the emission

temperature of the sky. The CAPMAP chopper plate produces " 30mK amplitude

signal which gives a relative calibration accuracy of a few percent in a 30 minute

run. The absolute calibration accuracy is limited to " 10% by the uncertainty in the

resistivity of the chopper plate.

Chopper plate gains were measured every two weeks during the season. At the

end of the season a long chopper plate run was performed in which the temperatures

of the cryogenic low noise amplifiers, and room temperature IF amplifiers were varied

to measure the temperature dependance of the gains. The results of these measure-

ments are described in an internal memo written by Keith Vanderlinde which are

summarized in Section 1.3.

1.2. Tau A measurements. During the first season the calibration from mea-

surements of Tau A was limited by the ine#ciency of the raster scanstrategy. A raster

scan consists of continuously scanning the telescope back and forth across a source.

Given that the receiver beams are spread over a wide area, the scan strategy had a

ratio of on-source time to o!-source observing time of only 0.5%.

During the 2004-2005 season the Tau A observing strategy was changed to a beam-

di!erencing scan (Figure 4.2) improving the e#ciency to 50%. This scan consists of

tracking Tau A and chopping the telescope pointing o!-sets to bring a single receiver

~12 % Absolute gain uncertainty 

  dominated by;

1) uncertainty in plate conductivity

2) uncertainty in T_plate - T_sky

3) Ruze correction for dish



Gain Drifts (here are our warts)

Thermal drifts lead to a linear variation in gain with time
difficult to correct due to phase-lags of the house keeping thermometers relative to 

the relevant amplifiers 

sensitivity did not change with time

Uncertainty in this gain correction is our dominant 

systematic
simulations show that this effect is  no more than 10-20% of our statistical 

errors

(the central limit theorem comes to the rescue)

typical channel worst channel



Systematics Summary

• Fully simulated the effects of 
largest systematics

• responsivity, beam-size, pointing, 
detector angles

• 1-band simulations for smaller 
effects 

•  I->P leakage, 1/f

• back of envelope calculations 
for very small effects

• elongation, unmeasured sidelobes

• Ran a suite of 72 null tests to 
check data purity

• cumulitave probability to exceed 
for all 72 null tests: 30%

• distribution of individual null tests 
consistant with the expected 
distribution



Wrap-up

Things we did well 

modulation

sky rotation

scanning the telescope

RF modulation

drift scan (for removing ground)

clean optics (I->P, ground pickup) 

Things we could have imporved

absolute calibration

long term gain drifts

diffraction from ground shield

Things to address for more sensitive measurements
Treat beam sizes individually, ellipticity, sidelobes

Better measurement of detetor angles


