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We present the BOOMERANG -03 experiment and maps of the Stokes parame-
ters I, Q, U of the microwave sky obtained during a 14 day balloon flight in 2003.
Three regions of the southern sky were surveyed: a deep survey (~ 90 square
degrees) and a shallow survey (~ 750 square degrees) at high Galactic latitudes
(both centered at RA ~ 5.5h, dec ~ —45° ) and a survey of ~ 300 square de-
grees across the Galactic plane at RA ~ 9.1h, dec ~ —47°. All three surveys
were carried out in three wide frequency bands centered at 145, 245 and 345
GHz, with an angular resolution of ~ 10/. The 145 GHz maps of Stokes I are
dominated by Cosmic Microwave Background (CMB) temperature anisotropy,
which is mapped with high signal to noise ratio. The measured anisotropy pat-
tern is consistent with the pattern measured in the same region by BOOMERANG
-98 and by WMAP . The 145 GHz maps of Stokes Q and U provide a robust
statistical detection of polarization of the CMB when subjected to a power spec-
trum analysis. This amplitude of the polarization is consistent with that of the
CMB in the ACDM cosmological scenario. At 145 GHz, in the CMB surveys,
the intensity and polarization of the astrophysical foregrounds are found to be
negligible with respect to the cosmological signal. At 245 and 345 GHz we detect
ISD emission correlated to the 3000 GHz IRAS/DIRBE maps, and give upper
limits for any other non-CMB component. We also present intensity maps of
the surveyed section of the Galactic plane. These are compared to monitors of
different interstellar components, showing that a variety of emission mechanisms
is present in that region.

Subject headings: cosmology, cosmic microwave background, polarization, inter-
stellar matter, polarimeters

1. Introduction

The Cosmic Microwave Background (CMB) is a remnant of the early Universe. Its
existence is one of the pillars of the current Hot Big Bang model; its spectrum, temper-
ature anisotropy, and polarization carry information about the fundamental properties of
the Universe. The power spectrum of the temperature anisotropy of the CMB, (T'T), is
characterized by a flat plateau at scales larger than the horizon at recombination (6 >> 1°;
¢ << 200), where primordial perturbations froze early in the history of the Universe, and
by a series of peaks and dips at sub-horizon scales: the signatures of acoustic oscillations
of the primeval plasma. Measurements of angular power spectrum have been very effective
in constraining cosmological parameters (e.g., de Bernardis et al. 1994; Bond et al. 1998,
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2000; Dodelson and Knox 2000; Tegmark and Zaldarriaga 2000a,b; Bridle et al. 2001;
Douspis et al. 2001; Lange et al. 2001; Jaffe et al. 2001; Lewis and Bridle 2004; Netter-
field et al. 2002; Ruhl et al. 2003; Spergel et al. 2003; Bennett et al. 2003; Tegmark et
al. 2004). However, the temperature anisotropy power spectrum is degenerate in some of
these parameters; independent cosmological information is required to break the degeneracy
(Efstathiou and Bond 1999). All these studies make specific assumptions on the type of
the initial conditions (adiabatic, or isocurvature) and on the shape of the power spectrum
of the initial perturbations (power-law, scale-invariance, running index, etc.). When such
assumptions are relaxed, the determination of the cosmological parameters becomes much
more uncertain (e.g., Bucher et al. 2002).

There is additional information encoded in the linear polarization properties of the CMB.
CMB photons are last scattered at z ~ 1100. In Thomson scattering, any local quadrupole
anisotropy in the incoming photons creates a degree of linear polarization in the scattered
photons. The main term of the local anisotropy due to density (scalar) fluctuations is dipole,
while the quadrupole term is much smaller. For this reason the expected polarization is quite
weak (Rees 1968; Kaiser 1983; Hu & White 1997; Kamionkowski et al. 1997; Zaldarriaga
2003). The polarization field can be expanded into a curl-free component (E-modes) and a
curl component (B-modes). Six auto and cross power spectra can be obtained from these
components: (TT), (T'E), (EE), (BB), (I'B), and (EB). Due to the parity properties of
these components, standard cosmological models have (T'B) = 0 and (EB) = 0. Linear
scalar (density) perturbations can only produce E-modes of polarization (e.g., Seljak et al.
1997). In the concordance model, (EE) ~ 0.01(T'T), making (F'F) a very difficult observable
to measure. Tensor perturbations (gravitational waves) produce both E-modes and B-modes.
If inflation happened (see, e.g., Mukhanov & Chibisov 1981; Guth & Pi 1982; Linde 1983;
Kolb & Turner 1990), it produced a weak background of gravitational waves. The resulting
level of the B-modes depends on the energy scale of inflation, but is in general very weak
(see, e.g., Copeland et al. 1993; Turner 1993). Alternative scenarios, like the cyclic model
of Steinhardt & Turok (2002), do not produce B-modes at all (Boyle et al. 2004).

Sensitive measurements of the polarization spectra will provide a confirmation of the
current scenario of acoustic oscillations in the early universe and improve the determination
of cosmological parameters, in particular those related to the optical depth and reionization
(see e.g. Kaplinghat et al. (2003)). They will help also in detecting deviations from a simple
power-law spectrum of the initial perturbations. Moreover, they will allow study of the
detailed mix of adiabatic and isocurvature initial perturbations (e.g., Gordon & Lewis 2003;
Peiris et al. 2003). The detection of (BB) will probe the gravitational lensing of E-modes
(Zaldarriaga & Seljak 1998), and, if present, the inflation generated component (e.g. Leach
& Liddle 2003; Song & Knox 2003).
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Confusion by galactic foregrounds will ultimately limit the precision with which (EE)
and (BB) can measured. Not much is known about the galactic polarized background at
microwave frequencies. The two mechanisms producing diffuse brightness of the interstellar
medium are synchrotron radiation from relativistic electrons and thermal emission from dust.
The former is sampled at low frequencies. Patchy high latitude observations at frequencies
between 0.408 and 1.411 GHz are collected in Brouw & Spoelstra (1976). New observations
carried out with the ATCA telescope at 1.4GHz (Bernardi et al. 2003) and at 2.3 GHz
(Carretti et al. 2005) in the same high galactic latitude region observed by our experiment
show that the polarized synchrotron emission is very weak. A naive extrapolation to 145 GHz
predicts a polarization of 0.2 pK rms, small with respect to the /(EFE) ~ 4uK expected
in the concordance model. Polarized emission of galactic dust has been detected in the 353
GHz survey of Archeops in the Galactic Plane (Benoit et al. 2003) and at high galactic
latitudes (Pointhieu et al. 2005). There, (T'E) has been detected at a level of 2 o, while only
an upper limit was obtained for (F'F). The polarized dust emission \/(FFE) extrapolated
to 145 GHz is quite weak, less than 1 pK rms. While the foreground signals are expected
to be smaller than the CMB signal at 145GHz, they should not be ignored for future, very
precise measurements of CMB polarization. To do this, multiband measurements will be
mandatory.

After a long pioneering phase (Caderni et al. 1978; Nanos 1979; Lubin & Smoot 1981;
Masi 1984; Partridge et al. 1988; Netterfield et al. 1995; Wollak et al. 1997), the measure-
ment of CMB polarization is today a rapidly growing field; new interest has been sparked
especially by the possibility of detecting the (BB) signature of the inflationary gravity wave
background (Keating et al. 2001; Subrahmanyan et al. 2002; Hedman et al. 2002; Piccirillo
et al. 2002; Delabrouille et al. 2002; Masi et al. 2002; Villa et al. 2002; Kovac et al. 2002;
Johnson et al. 2003; Keating et al. 2003; Kogut et al. 2003; Farese et al. 2004; Leitch et al.
2004; Barkats et al. 2004; Readhead et al. 2004; Cortiglioni et al. 2004; Cartwright et al.
2005). To date, statistically significant detections of CMB polarization have been reported
by the experiments DASI, CAPMAP, CBI and WMAP, all using coherent techniques. DASI
has detected (T'E) at 2.9 0 and (F'F) at 6.3 o (Leitch et al. 2004); CAPMAP (Barkats et al.
2004) has detected (E'E) at ~ 20; CBI (Readhead et al. 2004) has detected (EE) at 2 7o;
WMAP has detected (T'E) at many o (Kogut et al. 2003). The polarization power spectra
measured by these experiments are all consistent with the forecast from the “concordance”
model best fitting the WMAP (TT) power spectrum. Their precision, however, is not yet
good enough to improve significantly the constraints on the cosmological parameters. The
only exception is the (T'F) measurement by WMAP at large angular scales, which provides
evidence for an early, complex reionization of the universe (Kogut et al. 2003; ?). The
detailed structures in the (F'E) spectrum are still to be confirmed, and we are very far from
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the sensitivity required to constrain the initial conditions or inflation.

The CMB polarization signals are so small with respect to the noise of current exper-
iments that systematic effects are of particular concern. Consistent detection by experi-
ments using very different techniques is important. This has been achieved only recently
for CMB temperature anisotropy measurements, where the data obtained by DASI, CBI
and WMAP at frequencies < 100 GHz are perfectly consistent with the bolometric maps
obtained by BOOMERANG , MAXIMA, ACBAR and Archeops at 150 GHz (de Bernardis

et al. 2003; Abroe et al. 2003; Kuo et al. 2002; Hamilton et al. 2003).

All detections of CMB polarization to date have been made using coherent detectors
at frequencies < 100 GHz. In this paper we describe a completely orthogonal experiment
that has, for the first time, detected the CMB polarization at frequencies > 100 GHz. The
experiment is a modification of the BOOMERanG experiment that produced the first re-
solved images of the CMB (de Bernardis et al. 2000) and allowed the first detailed extraction
of cosmological parameters from the CMB (Lange et al. 2001). The modified experiment,
flown in January 2003 and hereafter referred to as B03 , is sensitive to polarization in three
bands centered at 145, 245 and 345 GHz. We present here the measurement method, the
instrument, and the maps of the Stokes parameters I, QQ, U of the CMB detected by B03 in

the 2003 campaign.

Maps of CMB anisotropy and polarization are an important step in compressing the
cosmological information into power spectra, but they are also important on their own.
Maps are essential for understanding systematic effects in the measurement and the level of
foreground contamination, and can be used to test the Gaussianity of the CMB fluctuations
(see e.g. Polenta et al. (2002); De Troia et al. (2003); Komatsu et al. (2003); Aliaga et al.
(2003); Savage et al. (2004)).

Estimates of the power spectra (T'T), (T'F) and (E'E) from B03 are described in three
companion papers (Jones et al. 2005; Piacentini et al. 2005; Montroy et al. 2005), and the
resulting constraints on cosmological parameters in a further paper (MacTavish et al. 2005).

2. The BOOMERanG -03 Instrument
2.1. Generality

This instrument derives directly from the BOOMERANG payload flown in 1997 (Pi-
acentini et al. 2002) and in 1998 (Crill et al. 2003). That instrument provided the first
high signal-to-noise maps of the CMB anisotropy with sub-horizon resolution (de Bernardis
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et al. 2000; Netterfield et al. 2002; Ruhl et al. 2003), and identified three peaks in the angular
power spectrum of the CMB (de Bernardis et al. 2002; Ruhl et al. 2003). After the 1998,/1999
flight, the instrument was recovered and modified to make it sensitive to polarization and
to improve the attitude reconstruction hardware. In this section we describe the different
subsystems, with focus on the new ones.

B03 is a scanning polarimeter, composed of an off-axis, 1.3m diameter mm-wave tele-
scope, a cryogenic multi-band bolometric receiver, and an attitude control system. The latter
is able to control the azimuth and elevation of the telescope while the payload is floating in
the stratosphere, at an altitude of 2 30 km, under a long duration stratospheric balloon.

We use the sky scan to modulate the signal. We map the anisotropy of the linear
polarization by means of two separate bolometers, B; and Bs, that observe the sky through
the same feed structure but are sensitive to orthogonal polarization directions. This device
is called a Polarization Sensitive Bolometer (PSB). Each bolometer signal is processed and
amplified separately.

In principle, we can then difference the two signals to obtain the Stokes parameter Q) of
linear polarization. The U parameter is measured by means of an identical PSB, containing
bolometers Bs and By, rotated by 7/4 in the focal plane with respect to the first one. In
this minimal set of four bolometers, the principal axis of each sensor is rotated with respect
to the focal plane by an angle aj;. For the first PSB ay = 0 and ay = 7/2; for the second
one a3 = /4 and oy = 3 /4.

In practice, our sky scan strategy uses repeated scans over the same sky pixel p. At
different times t; during the survey, the focal plane rotates with respect to the sky by an
angle v;. Information on () and U in each sky pixel thus comes from all the bolometers
present in the focal plane, according to the relation

1 .
Vz)k = ESk [Ip + Qp COS[Q(O&k + 7@)] + Up Sln[Q(ak + ’71)” + N> . (1)
Here V", is the signal measured by bolometer k at time ¢;; Sy, is the responsivity of bolometer
k; 1,, Qp, U, are the Stokes parameters of pixel p in the chosen celestial coordinates, and n;
is the noise contribution to the i-th measurement on that pixel. This system of equations

can be inverted and the Stokes parameters estimated if a sufficient number of measurements
over a range of angles oy, + +; is taken.

Other ways to modulate the polarization involve the use of a modulating analyzer to
extract the polarized component by synchronous demodulation. Rotating wire grids, half
wave plates, K-mirrors, Faraday rotators, Fresnel rombs, have been used or proposed as
polarization analyzers (e.g. Keating et al. 2002; Battistelli et al. 2002; Hanany et al. 2003;
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Gervasi et al. 2003; Gundersen et al. 2003; Catalano et al. 2004). While all of these techniques
can in principle provide a valuable means of reducing requirements on the stability of detector
gains and offsets, they come at a cost in both complexity and bandwidth. Correlation

polarimeters have so far been implemented only with coherent detectors (e.g. Carretti et al.
2001; Padin et al. 2002).

The polarization measurement strategy defined by eq.(1) is prone to leakage of the
unpolarized component [ into the polarized ones @) and U, if the responsivities Sy are not
known exactly. Similarly, errors in the principal axes angles a; mix () and U into each other.
The polarimetric calibration consists of measuring all S and ay. The precision required to
obtain the common-mode rejection needed in our case can be estimated as follows.

For simplicity we choose the reference frame to have v = 0, and we consider the pair of
detectors with ay = 0, s = 7/2. In this case we can’t recover all the parameters but only 7
and Q. Equation (1) becomes

S1 S

io= Srrg-Sueg )
vo= 2u-q=Fu-q ®)

where we have expressed the calibration constants in terms of an absolute calibration & = Sy
and a relative calibration R = Sy/S;. The solution is

I = é[Vﬁr%} (4)
Q = é(v-%) (5)

Uncertainties on the calibration constant os and on the relative calibration ox are propagated
in the error on @ by

2
2

dQ|? dQ

Using I ~ 2V/S (true if Q < I)

Ué 0% 11\° 0% (7)
Q2 S2 20 R2
For E-mode polarization we expect to have a factor 1/Q of the order of 20. If we want to

achieve a ~ 10% accuracy in the determination of Q and U, we need to have o /R < 1% for
each detector. We show below that relative calibration constants can be measured within
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an error of < 2% by comparing the CMB temperature anisotropy measured in different
detectors (see §7.2.2). The absolute calibration S has to be determined with a relative error

05/855%

From equation (1) we can also estimate the acceptable principal axis angle uncertainty.
Again we choose the reference frame to have v = 0, and we consider the couple of detectors
with ay = 0, ay = 7/2, with errors o,, and 0,,. To first order the measured Stokes parameter
Qm will be Q,, = Q +2U /02, + 02 ,ie. (Qn —Q)/U ~2,/0% + 02 . From this equation
we see that o,, < 2° produces an error in @ (and U) < 10%. Mixing Q and U also mixes
E and B-mode signals, so errors in alpha may affect the level at which one can set an upper
limit on the B-mode polarization anisotropy signal.

Non-ideal polarized detectors have a residual sensitivity to the polarization component
orthogonal to the principal axis (cross-polar response). As we rotate a perfect polarizing
grid in front of a non ideal polarization sensitive detector, the detector response is given by
a modified Malus law:

V = SIy(1 — € sin®(ager — Qgrid))s (8)

where S is the responsivity, Iy is the incident power and £ is the polarization efficiency. age
is the angle of the main axis of the detector with respect to the x axis of the reference frame,
and agriq is the position of the principal axis of the polarizing grid.

This can be rewritten in terms of the cross-polar response coefficient € = V, /V) defining
the response of the detector to radiation polarized orthogonally to its main axis, as a fraction
of the response to radiation polarized parallel to its main axis. We have e = 1 —¢£. Using an
operative definition of responsivity &’ = S(1 + €)/2 we rewrite

1—c¢

V=381, {1 + T cos(2ae — O‘gTid)):| )

Taking into account cross-polar response, and dropping the ’ for simplicity, equation (1)
becomes
T2

Vi

[I + Ql —Ck cos(2a) + U1 —Ck sin(2a)} + ny (10)

1—|—6k 1—|—€k

This system can be inverted to measure ), U, and [ if the cross-polar response coeffi-
cients € are known. In the same simplified case considered above the system becomes

. 1—61
Vo= s |reir2e] (1)
1 €o
Vi = RS |1-1520) (12)
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Assuming that ¢; and ey are known, this is solved by

1 1-— €o ‘/2 1-— €1
I = — — — 1 1
2S|:‘/1<1+62>+R<1—|—61>:|( + €+ €) (13)
1 %
Q = §<Vl—§2> (1+e +e). (14)
where the terms of the second order in € have been neglected. Proceeding as above, we find
2 2 2 9
@:ﬁ‘i‘ <§é @+0—31+0'€22 (15)

We conclude that in our case the uncertainty on the cross-polar response parameters can be
< 5%. All the conclusions obtained in this section have been verified by means of numerical
simulations with realistic parameters (Masi et al. 2002).

Scanning the sky with AC-coupled detectors is an effective way to measure the intensity
and polarization of the sky at the angular scales of interest for the CMB. This strategy
has been used by BOOMERANG -98 and Archeops, is in use in QuAD, and will be used by
Planck-HFI and LFI.

In the case of B03 , we scan the sky rotating the full payload in azimuth, so that
atmospheric emission is almost constant along the scan. Working with an AC coupled
amplifier, our system is insensitive to constant signals.

We alternate forward and reverse scans to map the low foreground region already
observed by BOOMERANG , centered in the constellations Caelum and Horologium, at
RA =~ 5.5h, dec ~ —45° (b < — 30°). During Antarctic LDB flights, the average lati-
tude of the payload is ~ —78°. In one day, due to sky rotation, this procedure produces a
highly cross-linked scan pattern (see Crill et al. (2003), Fig.9), which is important for map
making.

2.2. Observation strategy optimization

Our sky coverage is optimized to reduce the errors on the CMB power spectra given the
constraints imposed by our telescope’s hardware and the presence of bright celestial sources
(the Sun and Galaxy). With the assumption of uniform sky coverage and uncorrelated
noise from pixel to pixel and between T,Q and U, the errors on (E'E) are approximated by
(Zaldarriaga & Seljak 1997)
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2 47Tf5k NE2 2
2 y
Oy LR TE 16
TELT 20+ 1) fury { > (16)
and the errors on (T'E) are given by
2 47Tf5k NT2 47Tf5k NE2
2 2 y y
=——|C C' — | (C — 17
OXT 20 1) fory { xet ( nt g EO 17

where N and N are the effective noise equivalent temperatures in 7" and E of the combined
set of detectors; 7 is the integration time spent uniformly covering the fy, fraction of the
sky, and B2 is the beam response in multipole space. For the case of B03 , N3 = 2x N2
since there are eight linear detectors arranged in four orthogonal pairs, each with a different
orientation on the sky (see Figure 5). If we use an estimate of our detector sensitivity and
flight time (both based on the previous flights of BOOMERANG ), and a set of power spectra
based on the best models to date, then we can calculate the uniform sky coverage needed
to maximize the signal to noise ratio near the first peaks of (F'E) and (T'E) . The signal to
noise ratios for those band-powers are a fairly flat function of the sky coverage. The signal
to noise ratio for (EE) peaks near 47 fo, ~ 70 square degrees. For (T'E) , the peak is near
AT fopy = 1600 square degrees (see Figures 1 and 2).

The BOOMERANG telescope has a useable elevation range of 35 to 55 degrees. The
telescope is designed to scan no more than 60° from the anti-sun direction. Exceeding this
range could cause heating of the telescope baffles by sunlight. There are also constraints on
the acceptable scan periods of the telescope. From the 1998 flight of BOOMERANG , we know
that certain scan periods excite pendulations in the balloon-gondola system. The scan speed
is restricted by the thermal time constants of the detectors, the mechanics of the telescope
control systems, and the stability of our readout electronics.

Given these constraints, we created a scan strategy that came as close as possible to
producing uniform coverage over both a “deep” region (for sensitivity to (FF) ) and a
larger “shallow” region (for sensitivity to (T'F) ). Because each change in pointing elevation
perturbs the telescope, we decided to adjust the elevation no more than once per hour. With
this restriction, we found that the smallest reasonable size that we could achieve for the
“deep” region was ~ 100 square degrees. The size of our “shallow” region (= 800 square
degrees) was bounded on one side by the galaxy and on the other side by the distance from
the anti-sun direction.

When determining the details of the scan strategy, we simulated the scanning of the
telescope based on the same “schedule file” used to actually control the telescope during
the flight. These simulations produced a coverage map for a given schedule file. Since this
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Fig. 1.— The signal to noise ratio vs. sky coverage for the (F'FE) computed using the best
estimate of Ng. The three curves refer to different A¢ = 50 bandpowers, and are labelled
using the center multipole. These multipoles correspond to peaks in the ”concordance” (E'FE)
power spectrum.
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Fig. 2.— The signal to noise ratio vs. sky coverage for (T'E) computed using the best
estimate of Ny and Ng. The three curves refer to different A¢ = 50 bandpowers, and are
labelled using the center multipole. The selected multipoles correspond to extremals in the
"concordance” (T'E) power spectrum.
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coverage was non-uniform, we approximated the spectral errors by the sum of the error
contributions from each pixel

2 . 2 47rfpnp7E2 2

e = Ep : (2€ + 1)fp CE,K + - (18)
2 } : 2 2 47rfpnp,T2 47rfp”p,E2

T = 2oy, (et \ O ) (G ) 09

where f, is the sky fraction of a typical pixel and n,r and n, g are the noise in a given
pixel computed from the NET of the detectors and the integration time on the pixel. We
decided to spend the first four days of the flight scanning over the “shallow” region, and to
spend the remainder of the flight on the “deep” region. After confirming that the scanning
schedule produced the desired sky coverage (and signal to noise), we adjusted the scan speed
so that it did not coincide with any pendulation modes discovered in B98 . Because of these
adjustments, B03 uses a range of many different azimuth scan speeds: between 0.2 and 0.6
deg/s for the deep survey, and between 0.6 and 1 deg/s in the shallow survey.

Twice a day, when the scans over the deep and shallow regions would be at nearly
constant declination and therefore give minimal cross-linking, the telescope was directed to
scan a region spanning the galactic plane, including RCW38 and other galactic sources useful
for calibration (see section 7.4).

2.3. Detectors

Cryogenic bolometers are the most sensitive detectors for continuum mm-wave radiation

(see e.g. Richards (1994)).

The focal plane of B03 consists of eight optically active bolometric receivers, two dark
bolometers, and a fixed resistor, all of which operate from a 270 mK base temperature.
The optically inactive channels are read out using identical electronics as a check against
microphonics, RFI and baseplate temperature fluctuations. The focal plane is split equally
between two types of receivers: four (dual-polarized) Polarization Sensitive Bolometer (PSB)
pixels operating at 145 GHz, and four (single-polarization) two-color photometers using
spider-web bolometers operating at 245 and 345 GHz.

Polarization Sensitive Bolometers consist of a pair of co-located silicon nitride micromesh
absorbers which couple aniostropically to linearly polarized radiation through a corrugated
waveguide structure (Jones et al. 2003; Jones 2005). The system allows simultaneous back-
ground limited measurements of the Stokes I and Q parameters over 2 30% bandwidths.
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The absorbers, separated by ~ 60um, are electrically and thermally isolated from one an-
other. The devices used in B03 are shown in Fig. 3. The common thermal and radiative
environment resulting from the physical proximity of the two detectors provides gain stabil-
ity and rejection of differential temperature fluctuations which are limited only by differences
in the properties of the NTD Ge thermistors and the electrical leads, which determine the
thermal conductance to the bath. Both linear polarizations propagate through a shared
waveguide structure and set of optical filters and couple to the telescope through a cryo-
genic corrugated feed, ensuring an identical electromagnetic bandpass and highly symmetric
beams. PSBs are fabricated using the same proven photolithographic techniques used to
make spider-web bolometers (Yun et al. 2003), and enjoy the same benefits of reduced heat
capacity, low cross section to cosmic rays, and reduced susceptibility to microphonic response
relative to monolithic bolometers.

The two-color photometer is an evolutionary development of the photometers originally
designed for MAX (Fischer et al. 1992), and used subsequently by the SuZIE (Holzapfel
et al. 1997), the FIRP instrument on the IRTS (Lange et al. 1994), and the BOOMERANG 98
(Piacentini et al. 2002; Crill et al. 2003) CMB experiments. The B03 photometer has been
optimized for only two frequencies, and has been made polarization sensitive by the fitting
of a polarizing grid to the feed aperture. The detectors are all similar, if not identical, to
the detectors flown on BOOMERANG 98. The B03 feed design, consisting of a multi-mode
back-to-back profiled corrugated horn, is significantly advanced relative to earlier versions of
the photometer. This system achieved high efficiencies and symmetric beam patterns over
the full 200-420 GHz bandwidth.

The radiation is coupled from the photometer feed through a 420 GHz metal mesh low-
pass filter into the 12.7 mm diameter photometer body. A dichroic filter, oriented at 45° with
respect to the optical axis, directs radiation at frequencies above 295 GHz to the 345 GHz
detector module while passing the lower frequencies to the 245 GHz detector module. The
detector modules are thermally isolated from the photometer body, which is held near 2K,
by a ~ 5-mm gap. The photometer sub-Kelvin feeds are smooth walled with an exit aperture
matched to the geometric area of the absorber. Corrugated feeds are not necessary, as the
polarization discrimination and beam forming is determined by the 2-Kelvin feed antenna.

The two configurations used in the focal plane are presented in Fig. 4. The performance
of the receivers as integrated in the BOOMERANG focal plane is reported in Section 3.



Fig. 3.— Photograph of the radiation absorber of a Polarization Sensitive Bolometer used
in B03 . The #*N* micromesh absorbing grid has a diameter of 2.6mm, the absorber leg
spacing is 108 ¢, and each leg is 3 p wide. Only the vertical wires are metalized. The
horizontal wires are used for structural support and do not absorb radiation.
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Corrugated reconcentrating feed

Two PSB's separated by 65 microns
255 GHz lowpass filter

. Corrugated Back to Back Horn
Yoshinaga/Black-poly

0.275 K

W
\ 165K

168 GHz lowpass filter Baffle

540 or 750 GHz lowpass filter

Shaped, Smooth-wall, Reconcentrating Feed

345 GHz Bolometer
~
0.275K
295 GHz dichroic 420 GHz lowpass 165K
245 GHz Bolometer Baffle .

/ = /

/H] \ i Polarizing Grid
420 GHz lowpass Corrugated Shaped Feed

360 GHz lowpass Yoshinaga/Black-poly Filter

Fig. 4. Schematic of the 2-color photometers (bottom) and of the PSB polarimeters (top)
used in BO3 .
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2. . Optical ltering

Optical filtering is of critical importance to a bolometric receiver; in addition to defining
the optical pass-band, care must be taken to ensure that the detector is shielded from out-of-
band radiation originating from within the cryostat. These filters also play a significant role
in the determination of the end-to-end optical efficiency of the system. Finally, the optical
filtering must reduce the radiative loading on the various stages of the cryogenic system to
acceptable levels.

The window of the B03 cryostat consists of a 50 um polypropylene film stretched on an
elliptical aluminum frame. The window has excellent transmission at all three wavelengths
but is exceedingly fragile, requiring replacement after each cycle the cryostat.

Most of the filters used in the B03 optical system consist of layers of patterned meshes
deposited on polypropylene substrates (Lee et al. 1996), with the gaps between layers filled
by polypropylene as well. The dichroic beam-splitter used in the photometer body is the
sole exception, being an air-gap the inductive layers are deposited on a thin Mylar substrate
and stretched on an aluminum frame. The polarizing grids used on the photometer and in
laboratory testing, and the neutral-density filter, are made in a similar fashion. Instead of
inductive or capacitive grids, a linear pattern is used for the polarizer, while a uniform lossy
coating is used for the NDF.

The layers of the filter are hot-pressed to form a single self-supporting filter. Some of
the thicker hot-pressed filters are antireflection coated with a tuned layer of PTFE (Teflon).
PTFE has high infrared emissivity, which initially resulted in excessive heating of the Bo3 fil-
ters and a large thermal load on the LN, and *He stages. In addition, the heating of the
filters led to a significant increase in background loading of the detectors resulting from
in-band thermal emission. To ameliorate this problem, large-format, composite IR blockers
were fitted in front of the 77K and 2K filters. These filters have high in-band transmission
and reflect radiation at wavelengths shortward of — 100um.

2. . The ocal plane

To measure polarization, we combine information from spatially separated pixels, as
shown in eq.(1). The focal plane layout (Fig. 5) is designed to minimize spatial separation
between pixels, given the constraints of the existing BOOMERANG optics and the size of
the feed-horns. This allows for maximal overlap of maps made by spatially separate pixels.
The wide focal plane of the B03 telescope is thus populated by 8 pixels with independent
corrugated feed horn systems. Each pixel contains two detectors. The four pairs of 145
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Temp. 145 GHz 245 GHz 345 GHz
77K 100pm IR blocker
: 540 GHz AR-coated LPF
2K 100pm IR blocker

450 GHz AR-coated LPF

Removable NDF

Polarizing Grid

420 GHz LPF
180pum BP/Yosh LPF
: 295 GHz dichroic LPF 295 GHz dichroic HPF
0.3 K | 180pum BP/Yosh LPF 360 GHz LPF 410 GHz LPF
: 255 GHz LPF
540 GHz LPF
168 GHz LPF

The neutral density filter can be mechanically rotated in and out of the beam

while the system is cooled down.

A black-polyethilene (BP) Yoshinaga filter is an absorptive filter consisting of a thallium
salt deposited on a black polyethylene substrate, the thickness of which is

tuned to minimize reflections (Yamada et al. 1962).

Table 1: B03
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GHz PSBs in the lower row of detectors provide the best sensitivity for CMB temperature
and polarization anisotropy. We have introduced some level of redundancy by using four
independent PSB pairs, covering with their principal axes the range a = [0, 7] in 7/8 steps.
The four pixels in the upper row are 2-color photometers operating at 245 and 345 GHz.
These are included to provide a lever arm for discriminating CMB from dusty foregrounds.
Table 2 summarizes the properties of the B03 receiver.

2. . Telescope and optics polarization properties

The BOOMERANG telescope is an off-axis system, minimizing the radiative loading on
the detectors. Its configuration is close to the Dragone condition (Dragone et al. 1974,
1982), which nulls the cross-polar response in the center of the focal plane. However, the
need to accommodate a large number of detectors in the focal plane drove our optimization
towards a wide corrected focal plane rather than nulling the cross-polar response only in
the center. We optimized the optics for diffraction limited performance at 1 mm over a
2°  5° field of view. Radiation from the sky is reflected by the parabolic primary mirror
(1.3 m diameter, f=1280 mm, 45° off-axis) and enters the cryostat through a thin (50 pm)
polypropylene window near the prime focus. Inside the cryostat, at 2K, the fast off-axis
secondary (elliptical) and tertiary (parabolic) mirrors re-image the prime focus onto the
detector focal plane. They are also configured to form an image of the primary mirror at the
10 ecm diameter tertiary mirror, which is the Lyot-stop of the system. In the center of the
tertiary mirror a 1 cm diameter hole hosts a thermal calibration source (callamp) which
is flashed at fixed intervals during the flight (see Crill et al. (2003) for details). The size of
the tertiary mirror therefore limits the illumination pattern on the primary mirror, which is
under-filled by 50% in area (85 cm in diameter) to improve the rejection of side-lobes. This is
further improved by cold absorbing baffles surrounding the cold mirrors and rejecting stray
light. Detailed parameters of the optics are described in Piacentini et al. (2002) and Crill
et al. (2003).

We have studied the polarization properties of this system by means of the physical
optics code BMAX (Jones 2005). The total power beams B(6, ) resulting from the system
of the feed-horns and telescope are presented in Fig. 6.

In Fig. 7 we compare the cross-polar beam (contours) to the co-polar beam (colors)
computed for one of the 145 GHz channels. When integrated over 47, the cross-polar response
is afew 10 2 of the co-polar one. We conclude that the cross-polar contribution due to
the optics is negligible with respect to the one intrinsic to the detectors.
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245W 245X 245Y 2457
345W 345X 345Y 3457

+— 30" —»+— 30 30" —

N
AN /

145W1 145X 1 145Y1 14571
145W2 145X2 145Y 2 14572

—_

Fig. 5.— Focal Plane Schematic. 2-color photometers with band centers at 245 GHz and
345 GHz populate the upper row. Each photometer is only sensitive to one polarization.
The lower row has 4 pairs of PSB’s. The elements in a PSB pair are sensitive to orthogonal
polarizations. The circles representing the pixels show relative beams sizes: 7" for both
photometer channels and 9.5 for the PSB’s. The arrows through the circles show the orien-
tation of the principal axis of polarization. The photometer and PSB rows are separated by
30" in elevation, while the pixels in a row are separated by 30’ in cross-elevation. The labels
of the two bolometers used for each pixel are also reported.
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Freq Bandwidth detectors | Beam FWHM | NET
145 GHz 45 GHz 8 9.95 170 uK
245 GHz 80 GHz 4 6.22' 320 pK
345 GHz | 100 GHz 4 6.90/ 450 pK
Table 2: B03
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Fig. 6.— Total power beams B(6, ) computed for the B03 optical system using BMAX. The
lower row is populated by the 145 GHz PSBs, the upper row is populated by the 245/345
GHz photometers. Contours are plotted for power rejection levels of 0, -3, -10, -20 dB.
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Fig. 7.— Comparison of the cross-polar (contours) and co-polar (colors) beams for one of
the 145 GHz channels, as computed with the physical optics code BMAX.
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2. . Readout and signal processing

The bolometer readout unit is the same used in the previous flights of BOOMERANG
(Piacentini et al. 2002; Crill et al. 2003). The B03 bolometers are AC biased with a differential
sine wave at 140 Hz. The AC voltage across the bolometer is modulated by the resistance
variations induced by changes in the absorbed microwave power. A matched pair of low
noise J-FETs (based on Infrared Laboratories cryogenic JEET modules) inside the cryostat
reduces the signal impedance from  10M down to 1k ; the signal is then amplified
by a differential preamp (AD624), band-pass filtered to remove noise outside the signal
bandwidth, and synchronously demodulated by a phase sensitive detector (AD630). The
output of the AD630 is proportional to the instantaneous resistance of the bolometer. High
frequencies (above 20 Hz, i.e. above the cutoff frequency of the bolometer) are removed
by means of a 4-pole order low-pass filter. Signal (and noise) components below 5.6 mHz
are attenuated using a single pole high pass filter. A further 100 amplification is applied
to fill the dynamic range of the ADC. The total amplification of the readout chain (from
the bolometer to the ADC input) is 50000. This ensures that bolometer plus readout noise
is more than the quantization noise of the ADC. The output signal is analog to digital
converted with 16 bit resolution at the sampling frequency of 60.0 Hz. The warm readout
circuit has a gain stability of < 10 ppm/°C. The readout noise is flat down to a few mHz,
and is negligible with respect to the bolometer noise with NEP 1.5 10 17 W/ Hz.

2. . Cryogenic System

The cryogenic system is the same flown in 1997 and 1998. The main cryostat (Masi et al.
1999) has a 65 liter tank filled with pressurized (1 atmosphere) liquid nitrogen, and a 60 liter
liquid helium tank, which is pumped during flight so the He is superfluid. It maintains at
1.6K a large (60 liters) experimental space containing the optical filters, a movable neutral
density filter, and the *He refrigerator (Masi et al. 1998) cooling the bolometers and feed
horn systems. The hold time of the system is around 20 days. While for the 1998 flight
we used two separate entrance windows for the left and right sides of the focal plane, for
the B03 flight we used a single vacuum window, roughly elliptical (100 mm 65 mm). The
material is the same 50p  thick polypropylene used in 1997 and 1998.
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2. . Attitude Control System

Azimuthal attitude control is provided by a reaction wheel with a moment of inertia
approximately 0.2% of that of the complete gondola, and by a second torque motor in the
pivot which couples the gondola to the flight train. The torque applied to the reaction
wheel is proportional to the error in angular velocity, and the torque applied to the pivot is
proportional to the rotation rate of the reaction wheel. On short time scales torque is from
the reaction wheel motor, while on long time scales torque is from the pivot motor. During
a 1 dps scan, the reaction wheel has a peak rotation rate of 100 rpm. The motors are
driven by a custom MOSFET bridge, controlled by a 20KHz PWM signal from the attitude
control computer. The back-emf of the reaction wheel motor is compensated for in the motor
control software, based on the reaction wheel rotation rate.

Angular velocity readout is provided by KVH ECore2000 fibre optic rate gyroscopes,
which provide an angular random walk noise of around 8’/ h down to 0.01Hz. Coarse
absolute pointing is provided by a TANS-VECTOR differential GPS array (well calibrated,
but with 6" drifts on 20 min time scales), and a fixed sun sensor (sub-arc-minute precision,
but difficult to calibrate). The position of the inner frame relative to the outer frame is
determined using a 16 bit absolute encoder. Of these sensors, only the GPS array provides a
complete measure of the gondola orientation in Az, Pitch, and Roll, though with significant
uncertainty.

The gondola is scanned in azimuth with a rounded saw-tooth wave form. At all times,
feedback is to angular velocity from the azimuthal fibre optic rate gyroscope. During the
linear part of the scan, the request velocity is constant (0.3°/s typical). When the end of
the linear scan is reached (as determined by an absolute sensor, typically the differential
GPS) the control changes from fixed angular velocity to fixed angular acceleration, until the
velocity has reached the desired value in the opposite direction. The absolute sensors are
only used to define the turnarounds.

The elevation is changed by moving the inner frame, which contains the cryostat, optics,
and receiver readout electronics, relative to the outer frame using a geared dc motor driving a
worm gear. The elevation is only changed between observing modes. During an observation,
the gondola is only scanned in azimuth. No attempt is made to remove pitch motions of the
outer frame by controlling the inner frame.

Two redundant, watchdog switched 80386 based computers take care of the attitude
control logic, including adherence to the observation schedule file and in-flight commanding.
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2.10. Attitude Reconstruction Sensors

Two pointed sensors, a pointed sun sensor and a pointed star camera, which have
excellent intrinsic calibration, were added for the Bo3 flight.

The B03 tracking star camera (SC) consists of a video, brand (4920 series),
monochrome, Peltier cooled, CCD camera equipped with a Maksutov 500 mm focal length,
/5.6 telephoto lens. This setup yields approximately 4 arcsecond per pixel resolution and

30 arcminute field of view. Affixed to the lens is a seven ring baffle which is covered in
aluminized mylar. The interior of the baffle is painted with black water-based theatre paint
to prevent light scatter from entering the optics. For the flight, a 715 nm high pass filter
was installed and the camera gain was set to minimum in an effort to lower the risk of CCD
saturation at float, in the daytime Antarctic sky.

The SC is attached to a yoke type equatorial mount. Motion control of the two axis
system is provided by two ted  tin ducts high torque stepper motors. An encoder
on each axis provides position feedback for controlling the motion of the mount. Motor
current is controlled via pulse width modulation and a PID loop is used for the logic. Addi-
tional feedback from the azimuth gyroscope is required to facilitate star tracking while the
telescope is scanning. Video images are captured with a






[bop] ssoyd

O
i
[

(@)
0
T

[bap] ssoyd

T

L L

W ~ — O C e

= >< > > NN F = >— = < >

0 o [Io IO IO RNIQ] e} o [Io IO RETORNIQ]

<t <+ < < < N < < s

— — A e o\ Q\ M M) N )
PR N Bt 1 Lo | P L P P 1 Lo | P Y
© ®© © % o 9o ®© © % o O
— O O o o O - O O o o O

opnyduwy opnyduwy

1.00 10.00

0.10

0.10 1.00 10.00

0.01






125

Frequency [GHZ]









Cryostat Window

} Ray into Cryostat
|
|
|
|
|
|
|
|

(V4
Motorized Chopper Whe%

LN2

4— Ray Reflected off Grid

Rotating Polarizing Grid

Eccosorb



Zo00m on source

Polarizer

Shield

Cold load

Diaphragm
300K Chopper










V/Vinax

V/ Voo

V/Vinax

V/Vinax

B145W1

200

O(S
B145Y1
V2R o ‘ ‘
o= 1586 a,= 157.5
1.0

0.0

200

B145wW2

1.2 e = 0.1 ]
o= 444 a,= 450 ]
1.0 ]
0.8F A
¢ 1
< 0.6 ]
= ]
0.4 ]
02F b
0.0 . . . 1
0 50 100 150 200
D(s
B145X2
: ;
R A 1
o= 887 a,= 90.0 ]
1.0 ]
o8k b
g ]
< 0.6 bl
= ]
0.4 ]
0.2F /
0.0 ]
0 50 100 150 200
O(S
B145Y2
V2RSS o 1
o= 662 ai= 67.5 ]
¢ 1
> -
~ |
>
0.0 . . . 1
0 50 100 150 200
D(s
B14572
1.2 " " " ]

225 B

o= 212 a=

V/Vinax

N
o
o



V/Vinax

200

N
o
o

50 100 150
D(s
B245X

T T
1.2 e = 0.02 ]
o= 429 a= 450 p
1.0 ]
08 /
g ]
< 0.6 bl
> ]
0.4 ]
o2F b
0.0 B

0 50 100 150
O(S
B245Y
T T
1.2 e = 0.03
oy= 178.7 a,= 180.0

V/ Voo

N
o
o

O(S
B2457

V2T b1 ‘ ‘ ]

o= 852 a= 900 1

1.0 = ]

o8k b

g 1

< 0.6 ]

= ]

0.4 ]

02F 5
0.0

0 50 100 150

V/Vinax

200

0 50 100 150
D(s
B345X
T T
1.2 e = 0.01 ]
o= 426 a,= 450 p
1.0 B ]
08 /
g ]
< 0.6 bl
> ]
0.4 ]
o2F b
0.0 ]
0 50 100 150

N
o
o

V/ Voo

150

N
o
o

V/Vinax

150

N
o
o



0.8

0.6

0.4

0.2

0.0

+

_;.l_

NI g

B

—10

=2 O ®

Azimuth [arcmin]



Window Function

Ratio

1.0
0.8

0.6
0.4

0.2
0.0

Pure Gaussian
Physical Optics

500 1000

l

1500 2000






Calibration
Drift

1
1

.02
.00

0.98
0.96

Altitude [km]

40

[
@)

(&N
(@]

25

first
ballast

T

Day

r second
[ ballast drop
0 2 4 6 10



Dec [Deg]
b LA bk
& o o & &

|
(o))
(&)}

|
[}
o

0.00. , 6000 s/Deg?
0 1000 2000 3000 4000 5000 6000

- \| T T ll T T \‘ T YT T '\\ T T \I T AN T =
C \ \ \ \ E
C 1 \ \ \ ]
o &4 \o \O ‘o g ]
— ! " " ‘N N -
C A N 7
r : s \\%0 ‘6 O\ Yf:a\ 7
o [ o} ‘\O \ \\ \\\ -
- " \ \ N N .
r \ . 3
:_ ,' \ \ <
:_ II \\ \\\ \\\ —:
- ! \ \ N E
L / \ \ R .
C // \ \\ e ,
— , \ N N -
r - \ \ 7
L/ \ N ~ 4
L - \ N =
[z N -
C \ AN ]

1 1 AY 1 S .

60 100 120 140




/Deg®

4.00e+04 s

2x10%  3x10%  4ax10?

1x10%

0.00¢
0

0
QO
O
b = —40
T BT R R N N R R

90

85

80

75

70

RA [Deg]



— Deep scans
— Shallow scans
— Galaxy scans

# of pixels

o 1x10* 2x10* 3x10* 4x10* 5x10
Integration time (sec/deg?)

































AT B B B B TR
< «Q © - ) <
- =) S S S S

opnyrjdure pazijeurioN

0.10 0.15 0.20
Time (sec)

0.05

0.00




Power spectrum [V2/Hz]

—8:

10791

<W1 Wi>_,,
<W1 W1>,
<W1T W2>,

0.01

0.10

1.00
Frequency [Hz]

10.00









(K]

Dipole

600 |

200 |

400 F










15

Absolute calibration factor

S =11.84 £ 0.20 V/K

O

o
-
-






—0.500 MJy/sr m————— 1.50 MJy/sr

Dec [Deg]

Dec [Deg]

—40

—42

—44

|
S
o

|
S
a

-50

—-52

-1 Mly/sr n——— 3 MJy/sr

-3 Mly/sr m——— 9 MJy/sr

-0.5 0.0 0.5 1.0 1.5 -1 0 1 2 3 -2 0 2 4 6 8
R R BT R T R R R
N A s ] s ]
N N N AN 4 N \\\\3 ]
R0 W2 14200 W9 14200 " 8
N P N P RN,
. e N \g . N
N & —46 N & 46 N §
\\ Q. N O: N :

N O A O N

. g . g . ]
AN 4 -481 N 4 -48 N 1
4 50 4 -50 g
o osel NG T S
PRSI S T T E i EERII R e b b b b b b | \< P S T N I E T I
130 132 134 136 138 140 142 144 130 132 134 136 138 140 142 144 130 132 134 136 138 140 142 144

RA [Deg]

=10 K m——30 K

RA [Deg]

—0.500 Mly/sr m———————————— 1.50 Mly/sr

RA [Deg]

—200 Mly/sT m———————— 600 Mly/st

-10 0 10 20 30 -0.5 0.0 0.5 1.0 1.5 —200 0 200 400 600

R T R T T
\\5 b \\6 1 \\6 1
. S . 8y ] . 8y ]
P N 1 a2hy, N 1 a2by, N ]
—a4 4 —aal o -4 ]
—46 & 461 &l 46 8
N I3) N o) N ]

. g . g .
. g . g . ]
—48 N 4 —a8| o -+ -48 N R
-50 4 —s0F 4 50 i
_52 IR R AN - N
P I T I O Y (VN ENVINN N SOV NNVEY WA MY ool b b b b b o o \\7 ool b b b b b o o \\7
130 132 134 136 138 140 142 144 130 132 134 136 138 140 142 144 130 132 134 136 138 140 142 144

RA [Deg]

RA [Deg]

RA [Deg]



Flux (Jy)

Flux (Jy)

Flux (Jy)

w
AL R

rcw38

—_
o

100 1000
frequency (GHz)

1ras08576

100 1000
frequency (GHz)
CO cloud

100 1000
frequency (GHz)









Dec |Deg]

—35

—40

—45

—50

—50

300 uK

1300 uK

-300 —-200 —100

0 100

200

300

60 7D

RA [Deg]

90

105



Dec [Deg]

Dec [Deg]

—35

—40

—45

—50

—955

—35

—40

—45

—50

—955

-300 uK 300 uK —800 K ———————————————————————300 uK —800 K ———————————————————————300 uK
e e e
g O 17 O 17 O ]
- — —40 — —40 —
o o
Al =
- O O 5 . O O 5 4 © O ]
O O & O O A O O
r 4 -50 4 501 1
r 7 -55 4 -55F 1
60 75 90 105 60 75 90 105 60 75 90 105
RA [Deg] RA [Deg] RA [Deg]
-1 Mly/sr————————————————————2 Mly/sr —800 K ———————————————————————300 uK —800 K ———————————————————————300 uK
e e e
g O 17 O 17 O ]
- — —40 — —40 —
o o
Al =
- O O 5 . O O 5 . O O ]
O O & O O & O O
r 4 -50 4 501 1
r 7 -55 4 -55F 1
60 75 90 105 60 75 90 105 60 75 90 105
RA [Deg] RA [Deg] RA [Deg]



Dec [Deg]

Dec [Deg]

—40

—42

—44

—46

—48

-50

—40

—42

—44

—46

—48

-50

~300 uk 300 uk 300 uk 300 uk 300 uk

300 -200 -100 © 100 20 30 300 -200 100 0 100 200 200 a0 -200 100 0 100 200 200
—40 7 —40 il
L -+ —42 1 —42 al
L -+ —44 o 44 7]
g 4
2 2 ]
F 2 46 2 46 E
= = ]
L -+ —48 -1 —48 7
L 4 —-50 -1 —-50 7

75 90 75 90 75 90
RA [Deg] RA [Deg] RA [Deg]
My — e 2 My /5T ~300 uk 300 uk 300 uk 300 uk

-0 -05 00 05 1o 15 20 300 -200 100 0 100 200 200 a0 -200 100 0 100 200 200
—40 7 —40 il
L -+ —42 1 —42 al
L -+ —44 o 44 7]
g 4
2 2 ]
F 2 46 2 46 E
= = ]
L -+ —48 -1 —48 7
L 4 —-50 -1 —-50 7

75 90 75 90 75 90
RA [Deg] RA [Deg] RA [Deg]



Dec [Deg)

—40

—42

—44

—46

-48

-50

WMAP W-band: Stokes I B98 150GHz 145GHz: Stokes I
-300 300 uK_c —300 m— 300 uKk —300 m— 300 uK <
—300-200-100 0 100 200 300 —300-200-100 0 100 200 300 —300-200-100 0 100 200 300
—40 —40
—42 —42
44 44
= =
oy oy
a a
g Q @ g Q @
a a
—48 —48
—50 —50
75 920 75 920 75 920
A [Deg] RA [Deg] RA [Deg]




counts

—_—
diff: 0=23.4 + 0.2 uK _|
sum: 0=93.2 + 0.5 uK]

1000
100
10
il
—400



35

30

25

-0.4-0.2 0.0 0.2 0.4
83

35

-0.4-0.2 0.0 0.2 0.4
84















1000

|
100

o
—i

(2w ur) suonenon|q 1snqg swiu

0
1
0.1

frequency (GHz)










































B0O3 145 GHz Q BO3 145 GHz U

—100 uK 100 uK —100 uK 100 uK
-100 -50 0 50 100 -100 -50 0 50 100

Dec [Deg]

—40

—42

—44

=

=

—46

—48

Ll 1 Dec [Degl

-50

75 90 75
RA [Deg] RA [Deg]




counts

counts

1000

100 E

10

—200 —100 0 100 200

1000

100 E

10

—200 —100 0 100 200



counts

1200

1100

1000

900

800

700

600

polarization direction

=50

angle (deg)

30



L L L L 7 L L L L 7 L L L L 7 L L L L 7 L L L L
0 (@] 0o (@) o] (@)
o QY] ~— —

S1UNO0O

100

o0

-9o0

—100



