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Abstract

This thesis describes BOOMERANG; a balloon-borne telescope and receiver designed to
map the Cosmic Microwave Background (CMB) at a resolution of 10’ from the Long
Duration Balloon (LDB) platform. The millimeter-wave receiver employs new technology
in bolometers, readout electronics, cold re-imaging optics, millimeter-wave filters, and
cryogenics to obtain high sensitivity to CMB anisotropy. Sixteen detectors observe in 4
spectral bands centered at 90, 150, 240 and 400 GHz. The wide frequency coverage, the
long flight duration, the optical design and the observing strategy all provide strong rejection
of systematic effects. We report the in-flight performance of the instrument during a short
test flight from Palestine, Texas, that mapped 230 square degrees and during a 10.5 day
stratospheric balloon flight launched from McMurdo Station, Antarctica, that mapped ~
2000 square degrees of the sky. The Antarctic data yielded a measurement of the angular
power spectrum of the CMB between 50 < £ < 600 which shows a peak at oo = 197 £ 6
(1o error). A maximum likelihood estimation of cosmological parameters within the cold
dark matter (CDM) paradigm of structure formation indicates that the universe is flat with
a precision of ~ 6% and that the density of baryons in the universe may be slightly higher
than previously thought. The combination of observations of large scale structure (LSS)
and the BOOMERANG power spectrum implies the presence of both dark matter and dark

energy, or the existence of Einstein’s cosmological constant.
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Chapter 1 Introduction

The 2.7 K Cosmic Microwave Background (CMB), discovered in 1964 [55], is one of the most
powerful observational pillars supporting the current picture of cosmology. The spectrum
of the CMB (measured by COBE/FIRAS to be the best fit to a blackbody spectrum ever
observed in nature [41]) strongly indicates that the universe evolved from a hot, dense state.
The radiation originates from the time when the matter in the universe transitioned from
an opaque plasma to transparent gas (the time of recombination), at a redshift of ~ 1000,
about 300,000 years after the Big Bang.

Mapping the background radiation provides a snapshot of the universe in its infancy.
The tiny (a part in 10° of the background) fluctuations seen in the temperature correspond
to fluctuations in matter density at the time of recombination. A measurement of the
angular power spectrum of the fluctuations of the CMB can test inflationary models of
structure formation. Furthermore, within the context of the class of cold dark matter
models, constraints can be placed on cosmological parameters.

The standard inflationary, cold dark matter class of models predicts structure formation
as follows. The seeds of structure are provided by random quantum fluctuations stretched to
cosmological size during the period of rapid inflationary expansion. The amplitude of these
“primordial” fluctuations is generally expected to be nearly scale invariant. Due to the small
amplitude of the fluctuations, they evolve linearly in the plasma. Gravitational collapse is
resisted by photon pressure and the perturbations oscillate acoustically. Recombination
occurs relatively rapidly, so the phase of the oscillations is frozen into the CMB at the time
of last scattering.

Because of the oscillation, the amplitude of fluctuations at particular scales will be
enhanced relative to the primordial scale-invariant amplitude. This effect appears as a series
of “acoustic peaks” in the angular power spectrum. The first peak in order of decreasing
angular scale corresponds to the sound horizon at the surface of last scattering; in other
words, the distance that sound could travel between the Big Bang and last scattering.

Measuring the angular scale of the first (largest angular scale) acoustic peak relates this

physical length scale to an angular scale. This makes a measurement of the curvature and
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geometry of the universe. For example, a flat universe is expected to have an acoustic peak
at a multipole of ~ £ = 200, or ~1° scales.

There are degeneracies in this relation; two different sets of parameters can give nearly
identical angular power spectra. For example, a large fractional density of baryons in
the early universe can decrease the sound speed of the plasma, making the sound horizon
smaller. This effect mimics a change in curvature. By further constraining the shape of
the angular power spectrum, these degeneracies can be largely overcome. For example, the
ratio of power in the first and second peaks constrains the baryon density of the universe.
Another means of overcoming degeneracies is by including data from other branches of
cosmology which constrain parameters in orthogonal ways; for example, measurements of
light element abundances, maps of large scale structure, measurements of Hubble’s constant,
and Supernovae (SN1A) measurements of the expansion of the universe to high redshift.

Because of the tiny amplitude of the anisotropy in the CMB, it has taken decades of
technological development of receivers, telescopes, and observation strategies for precision
mapping to be successful. The past decade has seen a rapid series of advances in mea-
surement of the angular power spectrum and the cosmology that it implies. Temperature
anisotropy was first discovered on large scales (>7°) by the DMR instrument aboard the
COBE satellite in 1990. Moreover, at large scales it was found that the spectrum is scale-
invariant, lending further support to the idea of inflation.

Subsequently, a host of ground-based and balloon-borne experiments detected aniso-
tropy at a variety of angular scales (see Figure 1.1 for a summary). Starting with the
Saskatoon experiment [50], the field began to move from the realm of making a detection
to making spectroscopic measurements of power over a range of angular scales. Ground-
based experiments have been limited by atmospheric noise, prompting moves to dry and
high altitude sites, such as the Atacama desert in Chile [48] and the South Pole [16] with
interferometers that have successfully defeated atmospheric noise [64]. Balloon-based mea-
surements have been limited by detector technology and integration time. Flights above
North America are normally 5-6 hours long and allow only a small region of the sky to be
measured.

In 1999 results were released first by the TOCO experiment [48] and then from the 1997
test flight of BOOMERANG [44] [47] which measured the angular scale of the first acoustic

peak. In April 2000, BOOMERANG published results from the Antarctic flight of 1998-
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Figure 1.1:
Measurements of the angular power spectrum of the Cosmic Microwave Background in the
vicinity of the first peak published between 1995 and November 1999. The solid curve shows
the best fit model from the test flight of BOOMERANG (see Chapter 5 of this thesis).

1999, which exploited advances in receiver and detector technology and the long integration
time available from the Long Duration Balloon (LDB) platform to make a highly precise
measurement of the angular scale of the first acoustic peak [4]. A parabolic fit to the
data finds that the peak is located at a multipole of £ = 203 £+ 6 (1 o error). Standard
cosmological analysis implies that the density parameter 2 = 1.01 4+ 0.06. The universe is
flat to 6%.

Combined with other cosmological data, an even more interesting picture emerges. For
the total density of the universe to be so close to the critical density, a huge fraction of
it must be made up of dark matter. Furthermore, results from SN1A measurements of
the expansion of the universe indicate that Einstein’s cosmological constant A is non-zero,
and if the universe is flat, in fact ~ 70% of the energy density of the universe resides in

this cosmological constant [56]. This thesis describes the BOOMERANG experiment and the



cosmological measurement in detail.

1.1 Overview of BOOMERANG

BOOMERANG incorporates four unique design features which allow a precise measurement
of the angular power spectrum of the CMB.

First, BOOMERANG is a quasi total-power radiometer. The temperature of one part of
the sky is measured relative to its surroundings by slowly scanning (scan period 1 minute)
the entire telescope in azimuth. The output from each detector is AC coupled to an amplifier
at low frequency (f = 0.016 Hz). The stable, virtually transparent atmosphere at balloon
float altitude and the intrinsic stability of the bolometric detectors and readout amplifier
chain make it possible to map large areas of the sky with high sensitivity.

Second, BOOMERANG is designed to take advantage of the long integration time possible
from a balloon borne platform flown over the Antarctic. During the austral summer, the
polar vortex winds provide a stable orbit for balloons at the top of the stratosphere at
an altitude of roughly 38 km. This observation platform launched 1200 km from the pole
provides flight durations of 7 to 20 days, thus allowing measurements to be repeated many
times in order to check for systematic effects. The relatively small fraction (<10%) of
the sky that is accessible from a balloon platform during the austral summer fortuitously
includes the part of the sky that is lowest in foreground contamination.

Third, the BOOMERANG receiver has a high instantaneous sensitivity, due to its opti-
mized low-background bolometers and high-bandwidth feeds operating at cryogenic tem-
peratures. The channels at 90 GHz and 150 GHz are positioned in frequency to optimally
avoid galactic foreground contamination. In addition, combining these channels with those
at 240 GHz and 400 GHz allows powerful detection and removal of foreground signals.

Finally, the BOOMERANG receiver uses re-imaging optics which provide good image
quality over a large focal plane. The receiver simultaneously measures 16 bolometer channels
in 8 pixels with beams separated by up to 4° on the sky. The wide format of the focal plane
and large number of detectors allowed by the re-imaging optics provides the ability to search
for and remove sources of correlated noise, since observations of a specific region of the sky
by different detectors are well-separated in time.

This thesis describes the mathematical methods behind the measurements (Chapter
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2), the design and testing of the BOOMERANG instrument (Chapters 3 and 4) and its
performance during its 10.5 day flight above Antarctica during 1998-1999 (Chapter 6).
Chapter 5 contains a short section on the performance of the instrument during the test
flight of 1997. The calibration of the instrument with observations of the CMB dipole
is described in Chapter 7. A description of the cosmological analysis and implications is
included in Chapter 8. Finally, the prospects for further research with the BOOMERANG
data are discussed in Chapter 9. The thesis emphasizes my contributions to the BooM-
ERANG experiment, which required a large international collaboration to develop, field, and
produce results. My contributions were the development and testing of the receiver, the

dipole calibration, and development of map-making techniques.



Chapter 2 Theory

The theory of how fluctuations in the Cosmic Microwave Background are produced and how
they depend on various cosmological parameters has been well developed [61] [29]. This
thesis focuses on the measurement of these cosmological parameters as an instrumental and
an analytical challenge.

Extracting cosmological information from observations of the CMB involves three steps.
The first step is the construction of the maximum likelihood map from the time stream
data. Second, a power spectrum is computed from the map. Third, the power spectrum is
compared to theoretical power spectra from various model universes to determine the most

likely cosmological parameters.

2.1 Map Making

Following [68], the bolometer time stream data are modeled as follows:

di = PiyAy + (2.1)

where d is the time stream data array, P is the pointing array which maps the data onto
the sky, A is the temperature of the sky, n is the detector noise, ¢ is the time index and p
is the pixel index. Because BOOMERANG is a quasi total-power experiment, the pointing
array P contains only one non-zero element per row; at any given time, only one pixel is
being observed.

An estimator for the minimum variance map can be found by minimizing the quantity
x2 = (d— PA)' N~1(d = PA), where N~ is the inverse time-time correlation matrix which

is defined as (nnt)~1:

A= (PTN*P)*1 PIN1d (2.2)

In the white noise case, where the noise correlation matrix is the identity matrix, the

above equation reduces to:



A= (P*P)A Pld (2.3)

The term P'd is a pixel array containing the sum of all measurements of a pixel and
(PTP) is the number of hits per pixel. This version of the equation is equivalent to a naive
binning of the data in pixels. In the case of non-white noise, the map is still made by
binning the data in pixels, except with a “whitening” filter, N~' applied to the data.

The practical challenges involved in solving equation 2.2 are as follows. First, the matrix
to be inverted is huge (npiz X npiz, typically 100,000 x 100,000 for BOOMERANG) and
involves considerable computational resources. Second, the noise correlation matrix must
be estimated from the timestream data d; itself because n; is not a separately measurable
quantity. Third, there are gaps in the data (due to cosmic ray hits or other glitches) which
complicate estimation of the noise and filtering of the data.

An iterative scheme was developed [58] to address these problems. For each iteration,
a noise time stream estimate is made by subtracting the signal estimate from the data
time stream. Next, a noise correlation matrix and a correction to the previous map is

constructed:

) = q— PAW (2.4)
NO-1 = (pl)gp)y-1 (2.5)
AGH) A — (erW P)*l PNG-1,0) (2.6)

The initial map used is the unfiltered binned map:
- -1
A0 = (PtP)" Pl (2.7)

For computational speed, the filter W is taken to be the number of observations per pixel.

Gaps in the data are of particular concern when any filter is applied to the data because
each unflagged sample is affected by the value of nearby flagged data. To deal with this
issue, at each step in the iteration scheme, a new constrained realization of the measured
noise is used to fill in the gaps. The flagged data are not used in the subsequent binning of

the map.
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A pixel-pixel noise correlation matrix is necessary for calculating the power spectrum
from the map. This can be obtained from the noise time stream that is estimated with this

iterative process:

Ny = (PTN,'P) o (2.8)

A map and a noise correlation matrix obtained in this way can be used in the subsequent

power spectrum analysis.

2.2 Angular Power Spectrum

The temperature on the sky at each pixel p can be expanded in spherical harmonics:

A10 = Z aémBéyém(opa 9011) (2.9)

Im
where Yy, are the spherical harmonics and By is the “window function” of the beam, or the

pattern of the experimental beam in ¢ space. The correlation between signals is therefore:

Spp’ = Z Z <almal’m’>BlBl’ Yom (opa (Pp)Yl’m’ (ep’a (Pp’) (2'10)

Im £'m/’
The fluctuations are assumed to be isotropic, meaning that (agnap,) = Cpdll dmm’,

so the signal correlations reduce to:

20+1

CKPK(XPP')BL? (2-11)

where Py are the Legendre polynomials and x,, is the angle between pixels p and p’.
The coefficients Cy completely characterize the temperature field on the sky and provide a
model-independent way to compare measurements with models.

Because of incomplete sky coverage, Cy cannot be determined independently for each
£. Therefore, the power spectrum is computed for ¢-space bins. The sky coverage also
determines the smallest £ (the largest angular scale) at which power can be measured.

The angular resolution of the experiment which makes the observations determines the
maximum ¢ for which a power spectrum can be computed. The beam shape of the exper-

iment determines the window function By. The spherical harmonic transform of the beam
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shape generally determines the cut-off in sensitivity due to the beam size. For example, a
Gaussian beam profile with FWHM 6¢ (in radians) yields a window function:

—L(L+1)

B} = exp (W) (2.12)

The value of £ at which the sensitivity falls to half the maximum sensitivity is therefore:

V8

Ec%%

(2.13)

For example, the BOOMERANG experiment had an angular resolution of 10, therefore the
half-power value of £ is ~ 972.

The MADCAP software package [10] computes the power spectrum C; by using a
Newton-Raphson method to determine the maximum likelihood power spectrum. A Gaus-

sian probability distribution for the map given a particular power spectrum C is assumed:

P(m|C) = (2m) /2 exp <—%(mTM1m +Trfln M])) (2.14)

where N, is the number of pixels, m is the experimental map, and M is the matrix of
average pixel-pixel correlations expected for the theoretical power spectrum C. This leads
to the following expression for the log likelihood which must be maximized to determine

the best-fit power spectrum:

L(C) = —%(mTM_lm—i—Tr[lnM]) (2.15)

If this function were quadratic, the correction dCj to an initial guess Cy that would

yield the peak likelihood would be:

o2c] ™" oc
5Cy = — (lwl %) (2.16)
C=Cy

L(C) is not a perfect quadratic function, so this correction is not strictly correct. There-

fore, the correction to CYy is iterated until dC;, is smaller than a desired precision.
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2.3 Cosmological Parameters

In the context of cold dark matter (CDM) models, it is possible to use the measured Cj to
accurately determine cosmological parameters such as the baryon content of the universe
(), the total energy density of the universe (2), and the spectral shape of the primordial
density fluctuations (ng) [7].

Here, a maximum likelihood method is used to measure cosmological parameters. A
database of model power spectra are created assuming a particular range of parameters.
These are compared to the experimental measurements by evaluating a likelihood function
for each model power spectrum which estimates the probability of this power spectrum
given the measured power spectrum.

Given a set of parameters x with a prior probability distribution P(x|prior) and a
likelihood function of the parameters given the experiment £(x), the Bayes theorem gives

the total probability distribution of the parameters:

P(z) < L(z)P(x|prior) (2.17)

If errors in the cosmological parameters dx = x — 2y about the mean x( are small, then

L can be quadratically expanded about the maximum:

1
L~ L,, exp (—5 Z Fijéaciéxj> (2.18)

ij
where Fj; is the Fisher information matrix, which is given by the derivatives of the CMB

power spectrum with respect to the parameters x:

1 0C,0C,

Fij = Xe: (AC,)? Oz; Oz;

(2.19)

Offset-lognormal approximations to the Fisher information matrix [9] are used to compute
the likelihood L(z) = P(Cp|z) for each combination of parameters in the database.

Some parameters are not of interest and can be marginalized. Marginalized parameters
can include cosmological parameters which are not of interest, or experimental parameters
such as calibration uncertainty or beam measurement uncertainty. The marginalized like-

lihood distribution is given by multiplying L by the probability distribution of included
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priors and integrating over the marginalized parameters z,, :

L= P(a|Cp) = [ Pyrior(w)Lia)dn (2.20)

A global search for maxima of L is performed for the entire database. The average and £1o
points are determined by finding the location in the database at which the integral of £

reaches 50%, 16% and 84% respectively of the value of the integral over the entire database.
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Chapter 3 Instrument Design

This chapter describes the design of the BOOMERANG experiment. The experiment has the
following requirements: a high sensitivity to Cosmic Microwave Background fluctuations
and the rejection of spurious signals from the atmosphere, the ambient environment, and
astrophysical sources.

In addition, all systems in the BOOMERANG payload must operate at balloon altitudes,
which include very low ambient pressure and extreme temperature swings (varying from
-50° C in the shade to +50° C in the Sun). The control systems in the payload must be
autonomous for the 7-14 days of a long duration balloon flight.

The characterization of the instrument is described in Chapter 4.

3.1 Telescope and Gondola

The telescope is designed to smoothly scan in azimuth at fixed elevation, and has an attitude
control system similar to those described in [11], [12], and [13]. The azimuth pointing of
the telescope is controlled by two torque motors (Inland QT6205d); the first torques a large
flywheel, the other torques against the steel cables connecting the payload to the balloon.
The two motors provide enough torque to move the gondola in azimuth and to correct for
random rotation of the balloon. The elevation of the telescope can be controlled by tipping
the inner frame with a DC gear motor. An overview of the gondola frame is shown in
Figure 3.1. The control hardware consists of two redundant 386 CPU’s. A watchdog circuit
switches control of the pointing from one CPU in a few milliseconds in case of a reboot.

Pointing information is provided by a differential GPS array, a two-axis Sun sensor, an
encoder on the elevation axis, and three orthogonal axis laser rate gyroscopes. The azimuth
gyroscope provides velocity feedback for controlling the scan of the telescope. The absolute
pointing data from the Sun sensor is used to reset the drift in the gyroscopes and to provide
data for post-flight attitude reconstruction.

This set of pointing sensors provides no good measure of absolute roll angle about

the Sun vector, so we rely on the gyroscopes to measure absolute roll. Future upgrades
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of BOOMERANG will include a star tracking camera with the proper filter to operate in

daytime.

To Baloon

Cryostat

Primary Mirror )
Sun Shields

Ground Shield

Figure 3.1:
An overview of the BOOMERANG gondola.

3.2 Thermal Design

The extreme conditions of the balloon-borne observation platform require some care in the
thermal design of the payload. Electronics must not be allowed to get too hot or too cold
to function. More importantly, the cryostat must not reach a temperature at which O-rings
freeze, which could lead to a leak. The cryostat O-rings are made from Buna-N rubber,
which freeze at temperatures below ~ -50° C.

The outside of the gondola is covered with 1” thick open-cell styrofoam panels (Dow
extruded polystyrene “blue foam”) with 50 ym mylar bonded to 25 pm thick aluminum foil.
With the mylar side facing outwards, the combination of layers provides high reflectivity in
the optical band and high emissivity in the infrared band, thus protecting the payload from
excessive solar heating.

A thermal model which included heat transfer by conduction and radiation was con-
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structed for the payload. Two cases were considered for the input power— “cold” and “hot.”
The cold case assumed that the payload is over water and receives 1044 W/m? radiation
from the Sun and a 9% albedo for the surface of the Earth for 177 W/m? of power. The hot
case assumed that the payload is above fresh snow and receives 1397 W/m? radiation from
the Sun and 213 W/m? from the Earth with an albedo of 95%. Table 3.2 shows the pre-
dicted range of temperatures for a few of the key experimental components. All electronics

were expected to maintain reasonable temperatures during the flight, as was the cryostat.

Ttem Predicted Temperature
°C
Attitude Control System -8° to 12°
Data Storage System 17° to 27°
Data Acquisition System -7° to 6°
Cryostat -29° to 27°
Bolometer Readout Electronics -31° to 2°
Solar Array 55° to 92°
Table 3.1:

Predicted equilibrium temperatures for electronic components of the payload.

3.3 Cryogenics

The cryogenic system for BOOMERANG keeps the detectors at an operating temperature of
0.28 K for the entire two weeks of an LDB balloon flight. It has 60 liters of volume at 2 K to
contain the photometers, re-imaging optics, baffles, and cold preamplifiers. The system is
composed of a self-contained sorption-pumped *He refrigerator [37] and a helium/nitrogen
main cryostat [38]. The 3He fridge contains 40 liters STP of *He and runs at 0.280 K
with a load of 27 yW. The main cryostat holds 65 liters of liquid nitrogen and 60 liters
of liquid helium. The tanks, toroidal in shape, are suspended by means of Kevlar cords.
Radiation from the 300 K ambient environment to the 77 K tank is shielded by a blanket
of superinsulation aluminized mylar (30 layers). The 77 K tank contains copper braid to
maintain cryogenic thermal contact in the event of the nitrogen freezing. Radiation from
the 77 K tank to the helium tank is shielded by an intermediate temperature shield cooled
to < 20 K by the *He vapor from the helium tank.

Due to the complex geometry of the vent lines, the pumpdown of the helium bath is
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plagued with thermo-acoustic oscillations, making it necessary to pump the bath down
in a controlled manner over the course of 12 hours. Therefore, BOOMERANG is launched
with the helium bath already at low pressure. External plumbing with electrically actuated
valves is used to pressurize the nitrogen bath during the flight and to maintain the low
pressure of the helium bath during ascent. At float altitude the helium valve is opened for

the remainder of the flight.

3.4 Optics

The BOOMERANG telescope consists of an ambient temperature (-20° C in the shade at
float altitude) off-axis paraboloidal primary mirror which feeds a pair of cold re-imaging
mirrors inside the cryostat. The primary mirror is 1.3 m in diameter and has a 45° off-axis
angle for a projected size of 1.3 x 1.2 m. The mirror can be tipped in elevation by +10°
and —12° to cover elevation angles from 33° to 55°. Radiation from the sky is reflected
by the primary mirror and passes into the cryostat through a thin (50 pm) polypropylene
window near the prime focus. The window is divided in two circles side by side, each 6.6
cm in diameter. Filters to reject high frequency radiation and to reduce the thermal load
on the 2 K and 0.3 K stages of the cryostat are mounted on the 77 K and 2 K shields in
front of the cold mirrors. These are capacitive multilayer metal mesh low pass filters [72]
with cutoffs at 540 GHz and 480 GHz respectively. Neutral density filters with transmission
of 1.5% used to reduce the loading on the detectors for ground testing are mounted on a
mechanism which can move the filters in and out of the beam near the prime focus. See
Figure 3.2 for an overview of the optics.

The off-axis ellipsoidal secondary and tertiary mirrors are surrounded by black baffles
and re-image the prime focus onto a detector focal plane with diffraction-limited perfor-
mance at 1 mm over a 2° x 5° field of view.

The re-imaging optics form an image of the primary mirror at the 10 cm diameter
tertiary mirror. The size of the tertiary mirror limits the illumination of the primary mirror
to the central 50% in area to reduce sidelobe response.

The secondary and tertiary mirrors are ellipsoidal reflectors with effective focal lengths
of 20 cm and 33 cm. The mirror surface shapes have been optimized with Code V software

[42]. The prime focus is fed at f/2, so the detector focal plane is fed at £/3.3. The tertiary
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Figure 3.2:
An overview of the BOOMERANG optics.

mirror is 10 cm in diameter, corresponding to an 85 cm diameter aperture on the 1.2 m
diameter primary.

The BOOMERANG focal plane contains a combination of four single-frequency channel-
s fed by smooth-walled conical horns and four multicolor photometers fed by parabolic
concentrators (Winston horns). Although the image quality from the optics is diffraction
limited at 150 GHz over a 2° x 5° field, all of the feed optics are placed inside two circles 2°
in diameter, separated center to center by 3.5°. The focal plane area outside these circles is
vignetted by blocking filters at the entrance to the optics box and on the 77 K shield and
is unusable. Due to the curvature of the focal plane, the horns are placed at the positions
of the beam centroids determined from geometric ray tracing. All of the feeds are oriented
towards the center of the tertiary mirror.

A schematic of the relative positions and sizes of the beams on the sky is shown in
Figure 3.3. The focal plane layout was chosen so as to repeat observations of the same part
of the sky on many different time scales. The telescope scans in azimuth, and at 1°/s at
45° elevation, channels on opposite sides of the focal plane will observe the same sky ~ 2 s
apart. The rotation of the sky above Antarctica allows each row of detectors to observe the
same patch of sky ~ 30 minutes apart.

All physical joints in the focal plane were sealed with vacuum grease blacked by a small
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admixture of carbon lampblack to assist in the rejection of stray high-frequency light.

20
150/240/400 GHz 90 GHz

2-40 . 150 GHz
) 2.7 .
) 35 .
) 40 .
Figure 3.3:

The BOOMERANG focal plane projected onto the sky. The labels “A,” “B,” “Al1,” “A2,)”
“B1,” and “B2” are designations for each of the channels.

3.5 Bandpass Selection

The BOOMERANG bands were chosen to provide a wide enough frequency coverage that
CMB fluctuations can be unambiguously measured and foreground sources of signal can
be separated from contaminants. See Figure 3.4 for a comparison of the four bandpasses
selected with the spectra of the foreground contaminants: synchrotron radiation [65], free-
free emission [46], and thermal emission from dust [21]. Despite the small atmospheric
optical depth at balloon float altitude, strong atmospheric absorption lines were avoided.
Bands centered at 90 GHz, 150 GHz, and 240 GHz were selected to measure primarily CMB
anisotropy, and a fourth band at 400 GHz was chosen to monitor thermal dust emission,

which was expected to be the most important contaminant.

3.6 Single Mode Feed

The focal plane contains four single frequency channels; two at 90 GHz and two at 150 GHz
(see Figure 3.3). The feeds follow the Planck HFI prototype design [15]. The dual-
polarization feed structures are designed to provide compactness, reduced thermal load

on the 0.3 K stage, high efficiency, and excellent control of frequency and spatial response.
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Figure 3.4:

The BOOMERANG bands compared with spectra of sources on the sky. The upper
panel shows a model of the atmosphere at balloon float atmosphere (HITRAN model,
http://www.hitran.com). The thick line shows the spectrum of the CMB. The lower panel
compares the spectrum of CMB anisotropy with various galactic foregrounds. The heavy
solid line shows the spectrum of a CMB anisotropy. The small-dashed line shows the
spectrum of free-free radiation, the large-dashed line shows the spectrum of synchrotron
radiation, and the dotted line shows the spectrum of thermal dust emission. The light solid
line shows the sum of the three galactic components. In each panel, the hatched columns
show the selected BOOMERANG bands.

The entrance feeds are smooth-walled conical feeds designed to illuminate the tertiary

mirror with a -5dB edge taper. Using Gaussian optics, the desired edge taper defines the
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beam waist at the phase center of the horn, which in turn defines a relation between the
horn aperture diameter and the horn length as follows.
For a smooth walled conical feed, the beam waist at the aperture is w, = 0.768a, where
a is the aperture radius. For a horn propagating a single Gaussian mode, the waist diameter
at the phase center is
w22
wo = we\[1+ <)\—La> (3.1)
where L is the length of the horn. The waist size as a function of distance z from the phase

center is given by:

w(z) = w1+ (z_)\2>2 (3.2)

Tw;
The horn aperture size is then determined by requiring a desired edge taper at the Lyot
stop. Let the Lyot stop have radius r; and distance z;, from the phase center. The edge

taper is:

—27“%
T =10 lOgIO exp m (33)

Specifying the edge taper T yields a beam waist at the Lyot stop:

w(zr) =rL % (3.4)

Solving for wp, a range of aperture sizes (a) and horn lengths (L) are specified:

71"[1]2 w 2
L="—"2 —“) -1 3.5
: <w0 (3.5)

The solution with minimum length is selected, which gives diameters of 19.66 mm and
11.8 mm and flare angles of 19.7° and 10.5° for the 90 GHz and 150 GHz structures.

At the throat of the entrance feed, a 3\ length of waveguide with a radius r = 0.35A
defines the low frequency edge of the passband and sets the throughput of the feed structure
such that only the lowest order Gaussian mode is propagated through the rest of the system.
For the 90 and 150 GHz structures, 2.54 mm and 1.33 mm diameter guides define cutoffs
at 69 GHz and 132 GHz, respectively.
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Capacitive metal mesh filters define the upper edge of the band [72] [34]. Each of these
has high-frequency leaks at twice and three times the cutoff frequency and must be used
in combination with another filter which blocks the leaks. In the 150 GHz feeds, filters
with cutoffs at 168 GHz and 198 GHz are used, and in the 90 GHz feeds, 99 GHz and
177 GHz filters are used. An f/4 re-expanding feed re-emits the light through the filters
and an identical re-concentrating feed concentrates the light into the bolometer cavity. An
alkali-halide/carbon layered polyethylene filter [74] blocks infrared and optical light (v >
1650 GHz) and is tuned in thickness to maximize transmission at the center of the band.

Identical low density polyethelylene hyperbolic lenses are placed at the aperture of each
of the two face-to-face horns. The focal length of the lenses is set to maximally match the
lowest order Gaussian mode propagating from each of the horns through the intervening
filters in the thin lens approximation.

A re-entrant black baffle heat sunk to the 1.8 K stage surrounds the gap between the
two horns, preventing stray light from entering the optical system. The inner surface of the

baffle is painted with Bock black [6].

03K, 18K

Baffles _
Integrating Cavity AW Thlrl‘ Lenses

Waveguide
= =<
e

Bolometer 4
168 GHz LP// § ST 198 GHz LP

Alkali-Halide Filter /

Figure 3.5:
Schematic of a 150 GHz single frequency feed structure.

3.7 Multi-color Photometer

The focal plane for the Antarctic LDB flight of BOOMERANG contains 4 three-color pho-
tometers (see Figure 3.6) similar to those used in SuZIE [45], MAX [22], and the FIRP on

IRTS [33]. These structures have the advantage of simultaneous observation of the same
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region of sky through the same column of atmosphere in three frequency bands.

The photometers are fed by back-to-back parabolic concentrators (Winston horns) mount-
ed on the 2 K stage. The input horn is set at /3.4 to maximally couple to the re-imaging
optics. The horn has an entrance aperture diameter of 1 cm producing a 12 beam on
the sky, corresponding to the diffraction limit at 150 GHz. The horn has a short flare in
the shape of a 45° section of a circle with a diameter of 1.3 ¢cm to reduce sidelobes at low
frequency.

The throughput of the photometer is defined by the 1.45 mm diameter exit aperture
of the Winston horn to be 0.05 cm? sr. The re-expanding Winston horn has an aperture
which matches light pipe located on the 0.3 K stage across a 0.5 mm gap. At the entrance
to the light pipe, there is a metal mesh lowpass filter with a cutoff of 480 GHz to improve
the out-of-band rejection.

In the light pipe, two dichroic filters tipped 22.5° off-axis direct light at frequencies
greater than 270 GHz and 180 GHz through inductive multi-layer metal mesh bandpass
filters which pass 400 GHz and 240 GHz, respectively. Radiation at frequency less than
180 GHz is transmitted through the two dichroics and through a 150 GHz bandpass filter.

Parabolic horns concentrate the light into integrating bolometer cavities where it is detected.

3.8 Calibration Lamp

A 1 cm diameter hole located in the center of the tertiary mirror contains a handmade
micromesh bolometer with copper leads for use as a calibration lamp. An NTD-4 chip
provides high impedance at 2 K. The electronics send a fixed current on the order of a few
microamps through the bolometer for 1 second every 13 minutes which provides an optical
source to be used as a transfer calibrator.

The calibration lamp was used to determine the detector bias at which maximum optical

responsivity occurs and to track drifts in responsivity during the flight.

3.9 Detectors

BOOMERANG uses silicon nitride micromesh “spider web” bolometers developed at Caltech

and JPL [43] (Figure 3.7) specifically for use in an environment with a high cosmic ray flux,
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Figure 3.6:
Schematic of the BOOMERANG multi-color photometer.

such as above the Earth’s polar regions. The bolometer absorber consists of a silicon nitride
mesh rather than a solid. A Neutron Transmutation Doped (NTD) germanium thermistor
is used to measure the temperature rise of the absorber.

The fundamental limit of the sensitivity of a bolometer is the phonon shot noise in

the thermal link between the absorber and the bath [40]. The BOOMERANG detectors
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Figure 3.7:
A bolometer used by BOOMERANG. The web absorber shown here is 4 mm in diameter.
The entire ring is 3/4” in diameter.

Vo n d s G T
(GHz) (mm) (pm) (pW/K) (ms)
90 2 5.6 400 60 24
150 6 3.4 425 60 15
240 4 4.0 150 180 10
400 4 4.0 150 360 6
Table 3.2:

BOOMERANG bolometer design parameters, including the web diameter d, the grid spacing
s, the target thermal conductance, G and target time constant, 7.

use semiconductor thermistors, so Johnson noise is also a contributor to the overall noise.
In this case the Noise Equivalent Power NEP = vv/4kpT?G, where G is the thermal
conductance, T is the bath temperature, and v ~ 1.2 for our choice of thermistor material.
For a given background load, @), maximum sensitivity is achieved for G ~ Q/T. The desired
time constant of a bolometer 7 ~ C/G for a given modulation scheme sets a limit on the
minimum thermal conductance that can be selected. The bolometers are optimized for a
10 K RJ spectrum background using the optimization scheme of [26], and the resulting

parameters and the web diameter (d) and grid spacing (s) are listed in Table 3.9.
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3.10 Integrating Cavity

Since an electric field goes to zero at the surface of a conductor, a naive guess would place
the bolometer absorber at a distance \/4 from the exit aperture of the reconcentrating
horn and at a distance A/4 from a backshort in order to maximize the electric field in the
cavity at the absorber. Simulations of a bolometer cavity using the HFSS software package

(Hewlett-Packard) show that the A/4 distance is indeed correct [24].

3.11 Readout Electronics

The slow scan observation scheme requires stability of the detector and the readout elec-
tronics from the bolometer thermal cutoff frequency (~ 10 Hz) down to the characteristic
scan frequency at tens of mHz. The detector readout scheme implements an electronic mod-
ulation/demodulation technique to provide stability at low frequency, by moving the signal
bandwidth well above the 1/f knee of the JFET and the warm electronics. Modulation is
achieved by biasing the bolometer with AC current, hence modulating its responsivity by
a known periodic function.

The detectors are AC voltage biased with a 318 Hz sine wave. Dual 10 M2 load resistors
provide an approximate current bias. The signal from each detector passes through a JFET
source follower circuit on the 2 K stage. It provides gain of the bolometer signal power,
thus reducing the susceptibility to microphonics. The JFETs were selected for low power
dissipation and are packaged by IR Labs (IR Labs TIA).

The signal from the cold JFETS passes through a preamplifier stage and a Band Pass Fil-
ter stage prior reaching the synchronous detector. The synchronous demodulator (Lock-In)
multiplies the signal synchronously by +1/-1 times the bias reference. A 4-pole Butterworth
low pass filter with cutoff at 20 Hz removes the high-frequency terms of the product and
acts as an anti-aliasing filter for the Data Acquisition System (DAS). An AC-coupling high
pass filter with a cutoff at 0.016 Hz and extra gain is applied to the signal to match the
signal dynamics to the DAS dynamic range.

Including the cold JFETs, the entire readout electronics contribute less than
10nVrms/\/E to the signal noise in the frequency range of 0.016 Hz to 20 Hz. The AC-
coupled signals are sampled by the DAS at 60 Hz. A block diagram of the electronics is

shown in Figure 3.8.
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Figure 3.8:
A schematic of the BOOMERANG readout electronics.

3.12 Rejection of RF and Microphonic Pickup

Bolometric detectors are susceptible to spurious heating from RF dissipated in the thermis-
tor or to pickup from microphonic response of the bolometer or wiring. This is especially

of concern at the high impedance portion of the wiring between the bolometer and the cold
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JFET source followers. There are several microwave transmitters for satellite communi-
cations on board the BOOMERANG payload which are potentially sources of RF pickup in
the bolometers. The frequencies of concern are an ARGOS transmitter at 400 MHz and a
TDRSS 2.3 GHz transmitter.

To guard against degradation of the detector performance, the bolometer cavity defines
a Faraday cage into which the only entrance is through the feed horn. Interfering RF is
kept out of this entrance path by the waveguide cutoff in each feed. The wires exit the
cavity through surface mount 20 pF feed-through capacitors to ground mounted on the
wires exiting the Faraday cage which provide protection from RFI close to the detector.
All bolometer leads from the JFET preamp stage to the warm amplifiers run through cast
eccosorb filters. The cast eccosorb filters consist of stripline cables potted in cast eccosorb
(EV Roberts CR-124) and have significant attenuation above a few GHz. These provide
the only exit from a second Faraday cage surrounding the 2 K stage.

A third Faraday cage surrounds the bolometer, cryostat electronics and wiring. The
amplified signals are fed through Spectrum II filters (Spectrum 1212-0502) to the DAS.

The low suspended mass of the micromesh bolometers naturally provides a reduction
in microphonic response (measured resonant frequency >1 kHz); however, care was taken
to securely tie down the high impedance wiring connecting the bolometers to the JFET
follower stage. The wiring on the 0.3 K stage consists of 27 AWG shielded twisted pair
which was strapped down with Teflon tape and nylon cord. Between the 0.3 K and 2 K
stages, cables made with low thermal conductivity 50 pym manganin wire were strapped to
the vespel posts. Inside the JFET box, all high impedance wires were potted in silicone

RTV.
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Chapter 4 Instrument Characterization

This chapter describes the testing of the receiver components described in Chapter 3, both
as separate components and as an integrated receiver. Appendix A contains a summary of

bolometer parameters, measured both pre-flight and in-flight.

4.1 Optics Testbed

A testbed was set up to test various optical components, including the in-band transmission
of the blocking filters, the transmission of the optics box, and the beam pattern of the feed
horns. The testbed consisted of a dewar with a 300 mK bolometer fed by a Winston horn
and a universal mount on the outside of the dewar window to which any horn to be tested
could be mounted. The bolometer was run in two different filter configurations; 90 GHz to
test the 90 GHz single mode feed, and 150 GHz to test the 150 GHz single mode feed and the
multi-color photometer feed at 150 GHz. In both cases, the above band leak was measured
with a thick grill filter to be less than 5%. The testbed achieved a Noise Equivalent Power
(NEP) of ~ 107> W/v/Hz with a bolometer with a thermal roll-off at 5 Hz.

4.2 Blocking Filters

The in-band transmission of the blocking filters was measured at two difference angles of
incidence using the optics testbed and a chopped 77 K blackbody. The band-integrated
transmission of the filters were measured at f/2 by mounting them in their proper position
in the optics box, and at /3.3 by placing the filters directly between the feed and the
source. In both the 150 GHz and 90 GHz cases, the filters had higher in-band transmission
at higher f/ number. This is due to the fact that there are more off-axis rays in a low f/
number beam and the effective thickness seen by these rays is different than that of the
on-axis rays. See Table 4.2 for a summary of the results.

The predicted in-band transmission at 150 GHz of the combination of filters is approx-
imately 95%, in good agreement with this measurement.

The thickness of the alkali-halide filter (1650 GHZ LP) measured in the testbed was
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Filter Type 150 GHz 150 GHz 90 GHz 90 GHz
/2 /3.3 /2 /3.3
480 GHz LP  metal mesh 0.95 0.96 0.94 0.96
540 GHZ LP  metal mesh 0.98 0.98 0.95 0.94
1650 GHZ LP alkali-halide 0.94 0.95 0.81 0.85
total 0.88 0.69
Table 4.1:

The in-band transmission of the three blocking filters measured in the optics testbed.

designed for maximum transmission at 150 GHz, which is near minimum transmission at
90 GHz. As seen in Table 4.2 it is readily apparent that including the alkali-halide filter
takes away a large amount of optical efficiency. Due to these tests, it was decided to use
smaller filters and place them within each feed structure, so that the thickness could be

optimized for each frequency.

4.3 Beam Maps of Horns

The main lobe response of the feed horns was mapped using two methods. First, a two-
dimensional map was made using a 200° C source viewed through a 19 mm aperture at
a distance of 15 cm from the feed mounted on the front of the optics testbed cryostat.
Second, a one-dimensional slice of the beam pattern was made using a 900° C blackbody
source viewed through a 25 mm aperture at a distance of 28 cm from the feed. The 2D
maps were made to a noise-limited sensitivity of around -15 dB from the peak, while the
1D maps achieved a sensitivity of -20 dB of the peak signal.

Two corrections were made to the data. First, a view factor of the cosine of the off-axis
angle was removed. A correction was then made for the angular size of the source. All of
the beams were well fit by a Gaussian as expected for a horn which propagates a single
mode. These corrections reduced the measured beam FWHM by 7-8%. See Table 4.3 for a
summary of the corrected beam size and the edge taper at the tertiary mirror. Figure 4.1
shows the beam maps of the entrance feed. Vertical lines indicate the location of the edge
of the tertiary mirror. The measured edge taper at the tertiary agrees well with the design

edge taper of -5dB.
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Beam maps of Boomerang feeds at 150 GHz
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Figure 4.1:
Beam maps of the two 150 GHz entrance horns. The vertical lines indicate the edge of the

Horn FWHM FWHM edge taper on tertiary design edge taper
(degrees) (cm on tertiary) (dB from peak) (dB from peak)
90 GHz 16.5 9.8 -4.5 -5
150 GHz sm 11.0 6.4 -6.4 -5
150 GHz mm 11.2 6.5 -6.1 -5
Table 4.2:

The measured beam size and tertiary edge taper of three feed horns.

4.4 Optics Box

The integrated truncation of the beam of the Lyot stop was measured by viewing the

chopped source with the horn and optics testbed mounted in its position on the focal plane
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of the optics box. This signal was compared to the signal from the source observed without
the optics box intervening.
The transmission of the optics box was also measured with the blocking filters in place.

See Table 4.4 for a summary.

Position 90 GHz 150 GHz 90 GHz + filters 150 GHz + filters
90A 0.68 0.65 0.47 0.57
150A 0.65 0.66 0.45 0.58
90B 0.68 0.66 0.47 0.59
150B 0.64 0.67 0.44 0.58
Al 0.77 0.68
A2 0.76 0.67
B1 0.76 0.67
B2 0.79 0.70
Table 4.3:

The measured transmission of the optics box with feeds mounted in the eight positions, with
and without the blocking filters installed. The first four rows of the 150 GHz column are
using data from the single mode feed and the last four are using data from the multimode
feed.

The multimode feed transmits better through the optics box than the single mode feed,
despite the fact that their beam patterns are virtually identical. This is due to the fact
that the single mode feeds view the tertiary at a larger off-axis angle and therefore view a

smaller effective mirror area than the multimode feeds.

4.5 Feed Testbed

The full feed structures were tested in a dewar with a 300 mK bolometer. The dewar
was configured in three different ways; with the multi-color photometer, the 90 GHz single
mode feed and the 150 GHz single mode feed. The front-end blocking filters were identical
to those used in the final BOOMERANG receiver. The bolometer used in the optics testbed
was used in the feed testbed.

A 77K thermal source was often used as a measurement source; this consisted of eccosorb
soaked in a bath of LNs. A styrofoam bucket containing a piece of eccosorb large enough
to fill the entire beam was used. A large chopper wheel at room temperature with eccosorb

mounted on the blades was used to modulate the signal.
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4.6 Optical Efficiency of Feed Structures

Optical efficiency of each of the feed structures was measured by comparison of two -V
curves viewing loads at two different temperatures (77 K and 300 K). See Figure 4.2 for two
load curves measured with the 150 GHz single mode feed. At equal bolometer resistances
(equivalent to equal bolometer temperatures), the total power dissipated in the bolometer

is equal:

R = R (4.1)

T = 7% (4.2)
PI+Qf, PR +Q W)
G G '

where the superscripts 77 and 300 refer to the thermal load temperature, R is the bolometer
resistance, G is the thermal conductance, T' is the bolometer temperature, @,y is the
incident optical power, and P, is the electrical power dissipated in the bolometer. Since the
thermal conductivity is a function of temperature, it is equal in the two cases. Therefore,
the difference in electrical power (P,) between the two cases is equivalent to the difference

in incident optical power (Q):

PG, = P (49
-l = P (1)

The assumption that equal bolometer resistance implies equal bolometer temperature
breaks down in the case where the “electric field effect” contributes to the bolometer re-

sistance. In this regime, the bolometer resistance becomes a function of voltage as well as

[A BV

where A, Ry, and B are constant parameters dependent on the NTD material, V is the

temperature:

bolometer voltage, and 7' is the bolometer temperature. In normal operation, only the
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first term in the exponential contributes. If the second term contributes, however, an equal
resistance does not imply an equal temperature. A test for this effect is to measure the
difference in electrical power at several different bias voltages and to check that the difference
in power is equal.
The predicted difference in optical power can be determined by integration of the black-

body curve:

AQ = AQ ( / B, (300K)t,, dv — / B,,(77K)t,,du> (4.7)

where AQ is the throughput of the feed, B, is the blackbody function, and ¢, is the
bandpass function of the filters. The measured difference in power is compared to this
predicted incident power to determine an optical efficiency.

With this method, the 150 GHz and 90 GHz feed structures are found to have optical
efficiencies of 42% and 36%, respectively, while the multi-color photometer channels are
found to have efficiencies of 27% and 23% at 150 GHz and 240 GHz, respectively. The
optical efficiency at 400 GHz was not measured until the photometers were integrated into
the flight receiver.

Combining the measurements of the feed structure optical efficiency with the measure-
ments of the transmission of the optics box provides a prediction of the optical efficiency of
each BOOMERANG channel. For the single mode channels, 24% is expected at both 90 GHz
and 150 GHz. In the multi-color photometer, 18% and 15% efficiencies are expected at
150 GHz and 240 GHz, respectively.

4.7 Characterization of Neutral Density Filters

The neutral density filters (NDF') used in BOOMERANG consist of a lightly metallized thin
(25 pm) film of polyethylene mounted in an aluminum ring. The ring is “wedged” so as to
tip the film at a small angle relative to the principal optical axis to avoid the creation of
reflective cavities in the optics.

Measurement of the transmission of the NDF using the BOOMERANG bolometric pho-
tometers is difficult because the optical power difference between the filtered and unfiltered
cases is large and non-linearity in the responsivity of the bolometer is an important effect.

The expected transmission of the NDF is on the order of one or two percent; therefore, the
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Bolo Load Curves — March 16, 1998
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Figure 4.2:

Comparison of load curves of the 150 GHz single mode feed with the bolometer viewing a
77 K load (blue curve) and a 300 K load (red curve) through the neutral density filter. The
upper panel shows current versus voltage. The lower panel shows electrical power versus
resistance. The difference in electrical power is found to be 1.5 pW. The predicted power
difference is 224 pW times the neutral density filter’s transmission of 1.6%, yielding an
optical efficiency measurement of 42%. The difference in power is independent of the bias
voltage, showing that the electric field effect is not contributing.

optical power incident on the bolometer is a factor of 50 to 100 different between the filtered
and unfiltered cases. To bypass the non-linearity problems, the bolometer was biased with
enough electric power that the change in optical power was tiny (~ 1% of the electric power)
in comparison, thereby keeping the bolometer at the same responsivity in both the filtered
and unfiltered cases.

The test spanned two separate days and used the feed testbed configured with a Boowm-
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ERANG multi-color photometer. On the first day, the bolometers viewed the chopped
300 K/77 K source directly. On the second day, the bolometers viewed the source through
the NDF, which was mounted on the 2 K stage in the feed testbed. The signals were
measured at a range of bolometer bias powers and compared between days.

The background optical load on the 150 GHz bolometer is estimated to be 150 pW
without the NDF in the beam and 2 pW with the NDF in the beam. The bias on the
detector was increased so that the electrical power dissipated in the detector is at least a
factor of 100 greater than the optical power difference.

Figure 4.3 shows the measured transmission as a function of bolometer bias power. The
transmission at each of the frequencies 150, 240, and 400 GHz were measured. At large bias,
the results become independent of bias, showing that non-linearities in the detectors were
overcome. This particular filter shows a transmission of 1.5%. The scatter in the measured
transmission show that the results are good to ~ 20%. Additionally, the transmission of

the NDF is seen to be independent of electromagnetic frequency.

150 GHz
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Figure 4.3:
Measured transmission of the neutral density filters as a function of bolometer bias power
at the three frequencies 150, 240, and 400 GHz. The results converge to a transmission of
1.5% at large bias power, which is indicated in each panel by a solid horizontal line.
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The transmission of the two NDF’s that were measured in this manner was found to
increase from their 300 K transmission when cooled to 2 K. The typical increase was about

10%, which is consistent with an increased conductivity of the metal film at low temperature.

4.8 Integrated Focal Plane

The focal plane consists of two each of the 90 GHz and 150 GHz single mode feeds and four
multi-color photometers, for a total of 16 optical bolometers. Two dark bolometers and
a b M) resistor were installed on the focal plane as diagnostic channels. One bolometer
(Dark A) was in the same bolometer mount as the other detectors to provide a monitor of
thermal fluctuations in the cold stage. The second (Dark B) is mounted directly on the focal
plane. A grounded JFET was also read out to monitor problems with the JFET stage. As
a monitor for problems with the bias generator and the warm electronics, the bias voltage
for each readout box was also amplified (Bias 1-4) and read out by the DAS.

The detectors were read out by four electronics boxes. The AC bias generators in each
electronics box were slaved to a master bias generator. With a slaved bias, signal crosstalk
between boxes occurs at zero frequency. The first box read out the single mode channels
(90A, 90B, 150A, and 150B) and the grounded JFET channel (GNDFET). The second
box read out the multi-moded 150 GHz channels (150A1, 150A2, 150B1, and 150B2) and
one dark channel (Dark A). The third box read out the 240 GHz channels (240A1, 240A2,
240B1, and 240B2) and the other dark channel (Dark B). The final electronics box read out
the 400 GHz channels (400A1, 400A2, 400B1, 400B2) and the resistor (Load Res).

See Figure 3.3 for a schematic of where each beam appears on the sky.

4.9 Spectral Bandpass

The spectral bandpass of the instrument was measured before flight using a Fourier trans-
form spectrometer (FTS). Interferograms are measured for each channel and Fourier trans-
formed to measure the spectral response. The final spectra are corrected for the 250 pm
thick polypropylene beam splitter and the spectrum of the 77K thermal source. A bandpass

of one channel at each frequency is plotted in Figure 4.4.
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Figure 4.4:
Relative spectral response of the four BOOMERANG channels. The peak response in each
band has been normalized to unity. The signal seen below -35dB is thought to be rectified
noise.

4.10 Blue Leaks

Blocking each band with a high pass filter (thick grill filter) with a cut-off frequency just
above the band allows a search for spectral leaks at high frequency. Since this test is
sensitive to integrated leaks, a much higher signal to noise measurement can be made than
with the FTS. The signals produced by a chopped LNy source viewed with and without a
thick grill high pass filter in the beam were compared. Table 4.10 lists the results. The
thick grill filter reduces the throughput of the beam, so a conservative factor of two was
included to correct for this effect.

A high frequency leak in the bandpass can potentially make a channel more sensitive
to galactic dust emission than to CMB anisotropy. Therefore, it is useful to determine the
signal due to a source with a dust spectrum.

The quantity measured is the ratio of in-band to out-of-band power from a source with

a chopped Rayleigh-Jeans spectrum:
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[(B3% — BI7) tieqr (v)dv
f (BEOO - BZY) tband(y)dlj

Rpj = (4.8)

The desired quantity is the ratio of in-band to out-of-band power from a dust source:

f Bdusttleak(y)dy
f Bdusttbtmd(y)dy

Ryust = (4.9)

Without detailed spectroscopy, assumptions must be made about the spectral charac-
teristics of the leak and about the spectrum of dust. We assume that the spectral leak is
flat in response from the cutoff of the highpass filter to the cutoff of the alkali-halide filter
(1650 GHz). The amplitude of the leak is therefore:

RRJ fband (BBOO - BZY) tband(y)dlj
(650 GH= (B300 — BTT) () dv

Tieak = (410)

For a dust spectrum, we choose a single-component model with a frequency-varying

emissivity:

Baust = VaB(Va Tdust) (4'11)

We choose favored values of the emissivity spectral index and the dust temperature, «
= 1.7 and Ty, = 20 K [21]. The estimated in-band to out-of-band ratios are shown in
Table 4.10. While the numbers appear high for the lowest frequency channels, they are no
call for alarm. Roughly a quarter of the signal due to dust in the 90 GHz channels comes
from the out-of-band leak rather than from the band. As shown later, the absolute response

of the 90 GHz channels to dust is very weak.

4.11 Load Curves

Current versus voltage curves were measured for each of the detectors under “flight” loading
conditions where a 300 K black load was viewed through the 1.5% neutral density filters.
The load curves were taken automatically; each detector was biased with a DC current
which was ramped between 0 A and twice the current at which peak voltage was obtained.
The load curves allow measurement of thermal conductivity and a measurement of electrical

responsivity.
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I Thick grill filter cutoff out-of-band power out-of-band power
(GHz) (GHz) (R-J) (dust)

90 150 1.7% 23%
150 sm 230 0.5% 3.1%
150 mm 230 0.9% 5.7%

240 300 0.8% 2.6%

400 540 0.5% 0.8%

Table 4.4:

The integrated power from above-band leaks in each channel for a source with a Rayleigh-
Jeans spectrum and with a dust spectrum. The results shown are the average over channels
at each frequency. Because of different filtering schemes, the 150 GHz channels are divided
into single-mode (sm) and multi-mode (mm) here.

The thermistor material (NTD Germanium) gives a resistance as a function of temper-

R = Rpexp (\/%) (4.12)

The parameters A and Ry are set by the material properties and geometry of the thermistor.

In this case Ry = 300 2 and A = 30 K.

ature as follows:

Figures 4.5 through 4.8 show the load curves of all of the detectors measured on the
ground. The thermal conductivity, G, is measured from the slope of temperature versus
electrical power (Table 4.11). The electrical responsivity is the derivative of the voltage
with respect to electrical power.

The bias at which peak responsivity occurs is the bias used in flight. To verify that this
bias value provides peak responsivity, response to the calibration lamp was maximized as a

function of bias.

4.12 Time Constant

The transfer function of a bolometer can be modeled as a low pass filter with transfer

function g = . The measured amplitude of the signal and the modulation frequency

1
1+iwT
. . 1 . .

can be fit to the function |g| = NiEr where the time constant 7 is a free parameter.
The target time constant for the BOOMERANG experiment was set by the observation

strategy. To avoid 1/f noise in the bolometers, the beams are modulated on the sky as
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B98 Load Curves — November 18, 1999 and flight
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Figure 4.5:

Load curves of 90 GHz and 150 GHz detectors measured pre-launch. The lower left panel
shows the raw voltage versus current. The upper left panel shows resistance plotted versus
electrical power dissipated in the detector. The upper right panel shows temperature plotted
versus bias power. The slope of this curve gives the thermal conductivity G (summarized
in Table 4.11). The lower right panel shows electrical responsivity versus bias current.

rapidly as possible. The primary experimental goal of BOOMERANG is the measurement of
the first acoustic peak which appears at an angular scale of ~ 1°. This signal must appear
in the bolometer time stream at a frequency well above the 1/f knee of the detector, but
not at such high frequency that the bolometer time constant attenuates the signal. The

time constant of the detector must allow a reasonable amount of bandwidth above the 1/f
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Channel | target G G
(PW/K) (pPW/K)

90A 60 81
90B 60 82
150A 60 81
150B 60 88

150A1 60 88
150A2 60 104
150B1 60 90
150B2 60 73
240A1 180 181
240A2 180 180
240B1 180 195
240B2 180 202
400A1 360 519
400A2 360 412
400B1 360 422
400B2 360 424
Dark A 360 377
Dark B 60 28

Table 4.5:

Thermal conductivity of each detector measured in the load curves, compared to the target

conductivity.

knee (which appears at around 5 mHz). For a typical BOOMERANG scan speed of 1°/s, the
first acoustic peak appears at ~ 0.4 Hz. The target bolometer time constants (see Figure
3.9) which are all less than 25 ms (corresponding to a cut-off at 6.3 Hz) allow a decade of
bandwidth above the 1/f knee.

The time constant of the detectors in BOOMERANG were measured by measuring the
response to a modulated thermal source. The modulation frequency was varied in discreet
steps and a signal was recorded for each. The signal as a function of frequency was fit to
the above transfer function. It was found that in order to get a good fit to the transfer
function, it is necessary to have data at a frequency well below the time constant cut off.

The first column of Figure 6.8 shows the bolometer time constants measured with this

method.
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Figure 4.6:

Load curves of 150 GHz detectors measured on the ground. Channel Dark A is a 400 GHz
detector and has a much higher thermal conductivity than the other bolometers in this
figure.

4.13 Noise Performance

Before cooling the instrument, noise spectra were measured (Table 4.13). A section of time
stream data was recorded using the DAS and Fourier transformed in software.

At room temperature, the impedance of the bolometers is ~ 1 k€2, so bolometer noise
is negligible compared to JFET noise. The bias monitor channels measure the noise of the

bias generator plus the warm readout electronics. Each channel was found to be have a
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Figure 4.7:

Load curves of 240 GHz detectors measured on the ground.

white spectrum with JFET noise varying between 6 and 10 nV/ V/Hz. The noise of the bias
monitor channels was 4-5nV/ \/E, so between 4-9nV/ VHz of the noise in the detectors
is due to JFET noise. The resistor channel was measured to have noise at the level of 30
nV/ VHz.

With the detectors at 0.280 K and viewing a 300 K source through the neutral den-
sity filters, noise spectra were taken again. Most channels have some excess noise at low
frequency. Table 4.13 shows the measured white noise level and the frequency of the 1/f

knee (defined to be the frequency at which the noise level is twice that of the white level).
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Figure 4.8:

Load curves of 400 GHz detectors measured on the ground.

Channels shown with upper limits in the 1/f knee column were not seen to have any excess
noise at frequencies down to the lowest measured.

Several channels also had excess white noise: 240B2, 400A1, and Dark B. Swapping the
JFETSs, the bolometers, and the readout electronics of these channels with good channels
had no effect on the noise performance. Therefore, the source of this excess noise is thought

to be in the cold wiring. Due to time considerations, these channels were not repaired before

flight.
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Channel | warm noise cold white noise cold 1/f knee
nV/VHz nV/VHz Hz
90A 8 12 0.01
90B 8 12 <0.01
150A 8 13 <0.01
150B 7 13 0.1
150A1 7 13 0.05
150A2 7 14 0.02
150B1 6 13 0.1
150B2 7 12 <0.01
240A1 6 15 0.03
240A2 6 15 0.03
240B1 9 15 0.03
240B2 7 50 0.1
400A1 6 30 0.1
400A2 6 17 0.05
400B1 10 18 0.1
400B2 10 20 0.1
Dark A 6 11 0.2
Dark B 6 35 0.1
Load Res 30 15 <0.01
GND FET 8 9 <0.01
Bias 1 4 4 0.05
Bias 2 4 4 0.05
Bias 3 5 4 0.05
Bias 4 5 4 0.1
Table 4.6:

Noise characteristics of each BOOMERANG channel measured in the lab, at room temper-
ature and at 0.28 K. The white noise level is measured before and after cooling. The 1/f
knee is the frequency at which the noise level reaches twice the white noise baseline level.
In some channels, no 1/f spectrum was detected; an upper limit in frequency is listed for
these channels. Tests show that the excess white noise seen in channels 240B2, 400A 1, and
Dark B is due to the cold wiring.

4.14 Beam Maps

Before launch, the beam shape was measured by mapping an eccosorb ball suspended by a
tethered balloon. The ball consisted of foam eccosorb (EV Roberts LS-30) inside a sphere
constructed of chicken wire. A small ball (~6" diameter) was used to map the main lobe
and a large ball (~18" diameter) was used to measure the sidelobe response (see Figure

4.9). The ball was suspended by a tethered small weather balloon and anchored by a tripod
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of kevlar cords (1 mm) diameter. The ball was approximately 500 m from the telescope
during the mapping.

A shoulder in the beam was modeled using ZEMAX ray tracing code (Focus Software,
Inc.). The result for one of the 150 GHz channels is shown in Figure 4.10. A shoulder is
expected at the level of less than 1% of the main lobe. The model agrees well with the
tethered balloon data to about -25dB (see Figure 4.9).

The width of the main lobe measured by cuts in azimuth across the small tethered

source are listed in Table 4.14.

Channel FWHM
(arcminutes)
90A 19.5
90B 18.45
150A 9.42
150B 9.68
150A1 10.11
150A2 10.62
150B1 10.46
150B2 10.32
Table 4.7:

The FWHM of each of the 90 GHz and 150 GHz channels as measured by cuts in azimuth
across the tethered source.

4.15 Lab Calibration

The absolute calibration of the BOOMERANG receiver was determined by measurement of
the bolometers’ response to a chopped thermal load. The chopped source consisted of an
inverted plastic cone in a bucket of ice water (at 0° C) and a piece of room temperature (15°
C) eccosorb. Both sources were large enough to fill the entire beam. The detectors viewed
the source through the neutral density filters to reduce the background and the chopped
signal.

The calibration on the ground was limited by knowledge of the transmission of the Neu-
tral Density Filter, limiting the measurement to a precision of ~ 20%. The lab calibration
is discussed further in Chapter 7 in reference to calibrating the instrument in flight. Table

7.7 includes a summary of the lab calibration scaled to flight conditions via the background
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Figure 4.9:
150 GHz bolometer data from one scan in azimuth across the tethered sources. The solid
blue line shows the signal from the large source, and is saturated at the center of the beam.
The red dashed line shows the signal from the small source. The green dotted line shows the
ray traced model. The data shown here is from one of the single-mode 150 GHz channels
(150B).

loading.
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Figure 4.10:
Ray trace model for one of the 150 GHz beams (channel 150A).
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Chapter 5 1997 Test Flight

To qualify for the Antarctic flight, a test flight was made from Palestine, Texas, in the
summer of 1997. BOOMERANG/NA was less sensitive, had coarser angular resolution and
fewer channels, and observed a much smaller region of the sky than planned for the Antarctic
flight. Nonetheless, a map and a measurement of the power spectrum was made which had
scientific merit of its own. A more detailed discussion of the results of the test flight can be

found in [44] and [47].

5.1 Test Receiver

The receiver flown in the test flight was a test version of the instrument described in this
thesis and is described in detail in [57]. There were 6 optical bolometer channels; 2 at
90 GHz and 4 at 150 GHz. The result described below is derived entirely from data from
one of the 150 GHz channels and is checked with data from one of the 90 GHz channels. The
system was multi-moded in an attempt to achieve greater sensitivity to CMB fluctuations
at the expense of angular resolution. The parameters of the receiver are shown in Table

o.1.

2 Av FWHM T NETcmB
(GHz) (GHz) (arcmin) (ms) (uK/VHz)
96 33 26 71+8 400
153 42 16.5 83+ 12 250
Table 5.1:

Parameters of the 1997 BOOMERANG test receiver.

5.2 Observations

The instrument was launched on August 30, 1997, and spent 6 hours at an average float
altitude of 38.5 km. 4.5 hours were spent observing the CMB in 40 degree peak-to-peak

azimuth scans centered on the South at an elevation angle of 45 degrees. The scans were
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smoothed triangle waves with a peak scan speed of 2.1 azimuth degrees per second. As the
Earth rotated, the scans mapped out a wide strip of sky from -73 < a < 23 and -20 < § <
-16. Figure 5.1 shows a map made from the data. The signal to noise per pixel in the map
is approximately 1, so no structures are readily visible.
Observations of Jupiter, which was mapped twice during the flight, provided a measure-

ment of the solid angle of the beam and a responsivity calibration. The precision of the

calibration at 150 GHz and 90 GHz is 8.1% and 8.5%.
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Figure 5.1:

The map produced by the BOOMERANG /NA experiment. The signal to noise ratio per pixel
in the map is too low to see any structures by eye; the detection of anisotropy is statistical.

5.3 Power Spectrum Estimation

To produce a map and a power spectrum, the calibrated data are processed using the
MADCAP software package [10] on the Cray T3E-900 at NERSC and the Cray T3E-1200
at CINECA. MADCAP produces a maximum likelihood map and pixel-pixel correlation
matrix of 23,561, 1/3 beam sized (6') pixels from the time-ordered 150 GHz data, the noise
correlation function, and the telescope pointing information. The maximum likelihood
power spectrum is estimated from the map in eight bins between 25 < ¢ < 1125. and is

shown in Figure 5.2.
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Figure 5.2:
The angular power spectrum of the CMB as measured by BOOMERANG/NA. Superposed
is the best-fit model of [47], a standard cold dark matter spectrum, and open and closed
models.

5.4 Systematics Tests

The scan strategy and the analysis allow a variety of tests for systematic effects to be
performed on the data. First, we analyze coarsely pixelized maps made from combinations
of data which we expect to produce a null result: 1) the difference between left-going and
right-going scans which are adjacent in time, and 2) the dark bolometer. The amplitude
of a flat power spectrum for 25 < ¢ < 475 for the left-right difference is ¢(¢ + 1)Cy/2m =
-4004:200 pK? and -100£100 pK? for the dark channel. The negative power in the left-
right difference is due to the effects of noise which is correlated from scan to scan and both
results are consistent with zero.

To check that our measured power is indeed CMB anisotropy, we compare the 150 GHz
power spectrum to that of the 90 GHz channel. Flat band powers for a single bin (25 < £ <
475) of £(¢ + 1)Cp/27 = 31004500 pK? and 2500+£700 K2 are found for 150 GHz and
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90 GHz respectively.
The mapped region lies over a wide range of galactic latitude, from b=-15 to b=-80.
To test for the presence of galactic foregrounds in the map, the data is divided into two
halves: low galactic latitude (-15 < b < -45) and high galactic latitude (-45 < b < -80).
These two halves are analyzed separately, and a consistent flat band power from 25 < £ <
475 of £(£ + 1)Cy/2m = 3580 4 700 pK? and 29804700 pK? are found for the low galactic

latitude and high galactic latitude halves, respectively.

5.5 Measuring Curvature

The BOOMERANG/NA data cover a range of ¢ space corresponding to the horizon size
at last scattering. The angular scale of a peak at degree angular scales in the angular
power spectrum at ¢ = 200 is primarily sensitive to the angle/distance relationship to
last scattering and can be used to constrain the total energy density of the universe, 2 =
Qpr + Q4.

We perform a maximum likelihood search in cosmological parameter space following
the methods of [9] (explained in further detail in Section 8.3 of this thesis). We restrict
our search to the family of adiabatic inflationary cosmological models and vary only the
parameters Qopar, Q2,0 p,h,ns, and C1g. We search a grid in the plane (Qy = Qepy + Q5
, Q) over the range [0.05,2] and [0,1]. As in [20], at each point on the grid, we maximize
the likelihood with respect to the four remaining parameters. Using constraints from other
cosmological measurements, we restrict the parameters to lie within 0.8 < ng < 1.3, 0.5 <
h <0.8,0.9 < C1o/C{PPP < 1.1, and 0.013 < Qgh? < 0.025.

Using BOOMERANG/NA data alone, we obtain the results in Figure 5.3.

5.6 Discussion

Within the class of models considered, we strongly constrain Q@ = Qp; + Q) ~ 1 using
BOOMERANG/NA data alone. The constraints can be improved further by including data
from other experiments. Figure 5.6 shows the results of the analysis including the result
of COBE and SN1A measurements [56]. We find 1o constraints 0.2 < Qp; < 0.45 and

0.6 < Qp <0.85. These results are further refined in later chapters with the data from the
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Likelihood contours for the BOOMERANG/NA power spectrum alone. Colors represent
contours corresponding to 0.32, 0.05, and 0.01 of the peak likelihood. The triangle rep-
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Likelihood contours including COBE and high redshift supernovae data from [56].
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Chapter 6 1998 Flight Performance

BOOMERANG was launched from Williams Field at McMurdo Station (Antarctica) on De-
cember 29, 1998, at 3:30 GMT. The instrument reached float altitude (~38km) three hours
later and began observations immediately. The telescope remained within 1.5° of ~ 78° S
latitude as it circumnavigated the continent (Figure 6.1). The flight lasted 259 hours and
was terminated 50 km south of the launch site at 78°35" S 168°22" E.

. S
TFermination:

“-,I‘_o u n“c‘h‘

Figure 6.1:
The path of the LDB flight of BOOMERANG. The alternating colors indicate days from
launch.

The majority of the flight was spent in CMB mode, which consisted of scanning the
telescope in a smoothed triangle wave with a 60° peak- to-peak amplitude in azimuth at
fixed elevation. The center of the scan was set so that the region of sky away from the

galactic plane was mapped within the constraint of solar avoidance. As the Earth rotated,
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the scan center and scan direction on the celestial sphere changed. At a single elevation, one
day of scanning provided a coverage of 22° in declination and gave scans tipped at +11°,
providing cross-linking of the scans.

Two scan speeds were used in CMB mode; 1°/s and 2°/s. The elevation of the telescope
was changed roughly daily between angles of 40°, 45°, and 50°. Every 90 minutes, a 120°
peak-to-peak scan centered on the anti-Sun direction was conducted for 5 minutes as a check
for systematic effects due to the Sun. Several HII regions in the galactic plane were targeted
during the flight as potential cross-calibrators and beam mapping sources. These were
RCW38, RCW57 (a double source composed of NGC3603 and NGC3576), IRAS/08576,
IRAS/1022, and the Carina Nebula. Three known clusters (A3158, A3112, A3226) were
targeted in a search for the Sunyaev-Zel’dovich effect. Three extragalactic point sources
were observed serendipitously in the CMB map: the blazar 0537-441 (8544), the BL Lac
quasar 0521-365 (8036), and the QSO 0438-443 (7044). The total time spent in each scan

mode is shown in Table 6.

Target time(hours)
1°/s CMB 105.8
2°/s CMB 82.0

WIDESCAN 10.7

A3158 9.9
IRAS/08576 9.2
Diagnostics 8.9

RCW38 7.4

A3226 6.4

A3112 3.3

n Car 3.3
TRAS/1022 2.7

Cen A 2.2

RCW57 14

Table 6.1:

The time in hours spent in each mode during the BOOMERANG flight.

6.1 Electronics

The high cosmic ray flux above the Antarctic was a concern for digital electronics; however,

most digital electronics performed well. The Data Acquisition System performed flawlessly
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with no interruptions. In addition, the Attitude Control System (with 386 CPU’s) had no
in-flight lockups. The two data storage computers (with 486 CPU’s) had two lockups each
during the 10.5 day flight, but were successfully rebooted by the watchdog system. The

redundancy of the two data-logging computers provided a continuous final data stream.

6.2 In-flight Calibration of the Sun Sensor

The azimuth Sun sensor was initially calibrated on the ground using a bright lamp. The
measured Sun azimuth depends on the Sun elevation, so a two-dimensional map was made.
However, a difference in flight and ground calibrations was found.

In-flight wide scans of the telescope were used to cross-calibrate the azimuth Sun sensor
as a function of Sun elevation with the integrated gyroscope signal. Thirty-two wide scans
were done throughout the entire flight and covered a range between 11 and 32 degrees solar
elevation. The gyroscope signals are stable to an accuracy which is less than an arcminute
over the time period of several minutes. Therefore, the short period of this scan allows the
gyroscope signal to be a good absolute calibrator over this interval. Lookup tables were
created for each of the Sun elevations and a linear interpolation is used to determine the
Sun sensor azimuth for Sun elevations which are in between those covered by the 32 galaxy
scans.

See Figure 6.2 for a plot of all of the lookup tables as a function of Sun elevation. While
the general shape of the correction is similar at all Sun elevations, the amplitude of the
correction near an azimuth of zero varies by more than a degree between the two extremes

of Sun elevation.

6.3 Attitude Reconstruction

The Sun sensor provides a repeatable and precise measure of gondola elevation and azimuth
relative to the Sun. The Sun sensor signal is difficult to calibrate, however, due to its
dependence on both Sun elevation and Sun azimuth. Therefore, the gyroscopes are used as
the primary pointing sensor in the final reconstruction.

The azimuth, pitch, and roll of the telescope are reconstructed by integrating the signal

from the rate gyroscopes. The three signals are orthogonalized by rotating until the corre-
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Figure 6.2:
Correction to the calibration of the Sun sensor as determined by the gyroscope lookup
tables. The dependence on Sun elevation and the error on order of a degree in the ground
calibration are evident.

lated signal is minimized. The integrated azimuth rate gyroscope signal is then fit to the
Sun sensor data to determine the offset of the gyroscope. The azimuth is corrected for roll
with the integrated roll gyroscope signal (Appendix C). Telescope elevation is determined
by integrating the pitch gyroscope and adding the integrated signal to the elevation encoder.

The offset of each beam from the telescope boresight is determined from observations
of the HII regions. See Appendix B for the method of determining the beam offset. Table
6.3 lists the average offset parameters measured on the 17 sources. Repeatability of the
measured position of sources shows that the pointing has been reconstructed to an accuracy
of 3’ rms (see Figure 6.3 and Table 6.3). This is more than a factor of 2 improvement over
using the original calibration of the Sun sensor. The reconstructed beam elevation and
azimuth are combined with latitude, longitude, and time measured with GPS receivers to

determine the right ascension and declination of each beam at each sample.
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Channel | Elevation offset (o) Azimuth offset (3)
(degrees) (degrees)
90A 0.101 -1.633
90B 0.106 2.263
150A 0.646 -1.395
150B 0.681 2.024
150A1 0.080 -0.948
150A2 0.574 -0.736
150B1 0.083 1.617
150B2 0.595 1.424
Table 6.2:

The average offset parameters for each channel.
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Figure 6.3:
The scatter in beam offsets as measured from observations of sources. Each source obser-
vation is denoted by a number. The average offset for each channel is denoted by a small
Cross.

6.4 Thermal Performance

See Table 6.4 for a comparison of predicted temperatures with actual achieved temperatures.

In order to increase the temperature of some of the electronics, white nylon blankets were
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Channel | rms in ¢ rms in 8
90A 2.10' 2.82
90B 2.12 5.47
150A 1.33' 4.04'
150B 1.55 3.69

150A1 1.24 2.14'

150A2 1.30 1.59

150B1 0.967 5.35

150B2 1.25 3.18

total 1.48' 3.53'
Table 6.3:

The r.m.s. scatter in the offset parameters for each channel. This measures the pointing
jitter of the experiment to be on the order of a few arc minutes.

placed over the electronics boxes. This had the effect of producing in-flight temperatures

which were roughly 20°C warmer than predicted. All temperatures were in an acceptable

range.
Component Predicted temperature Measured temperature
°C °C
Attitude Control System -8° to 12° 15° to 30°
Data Storage System 17° to 27° 33° to 42°
Data Acquisition System -7° to 6° 18° to 29°
Cryostat -29° to 27° -5° to 13°
Bolometer Readout Electronics -31° to 2° 21° to 27°
Solar Array 55° to 92° 57° to 68°
Ground Shield no prediction -37° to -17°
Primary Mirror no prediction -12° to 1°
Gondola Frame no prediction 15° to 28°
Table 6.4:

A comparison of the payload thermal model with the temperature achieved in flight. The
two predicted values are for the “cold” and “hot” cases. The two measured values are the
minimum and maximum temperatures reached during the daily cycle.

6.5 Cryogenics

The cryogenic system performed well, keeping the detectors well below their required op-

erating temperature of 0.3 K for the entire flight. A plot of the important temperatures
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recorded during the 10.5 days flight is shown in Figure 6.4. The small daily oscillation of
the main helium bath temperature is due to daily fluctuations of the external pressure. The
external pressure variation correlates well with the altitude of the payload. The altitude of
the payload varies with the elevation of the sun, which oscillates between 11° to 35° diurnal-
ly. We have searched for scan synchronous temperature fluctuations in the *He evaporator
and in the *He temperature, and we find upper limits of the order of 1 1K, and drifts
with an amplitude of a few pK during the 2°/s scans. No active temperature control was

used.

T(°*He) (K)

Time (days)

Figure 6.4:
The temperature of the *He cold stage and of the *He evaporator during the flight. The
lower panel shows the altitude of the payload (measured using the onboard GPS) which
anticorrelates well with both cryogenic temperatures.

6.6 Beam Map

To measure the beams in flight, observations were made of Galactic HII regions and of the

extragalactic point sources. The HII regions are bright, but are not point-like and do not



60

lie in the same region of the sky as our main CMB map and are therefore not subject to
the same pointing jitter. The extragalactic sources are point-like and reside in the CMB
region, but are quite dim. As a compromise, we estimate the beam size with three different
methods.

The primary in-flight method for estimating the beam is through the measurement of
radial flux profiles of the sources. The timestream data are binned in annuli around the
center of the source. The timestream data are high-pass filtered at 0.2 Hz and 0.05 Hz for
the extragalactic and galactic sources, respectively. The right ascension («), declination
(0) and bolometer signal for unflagged data within approximately 1-2° of the source are
extracted from the timestream. The average signal in each annulus is computed, yielding
a radial flux profile of the source. A Gaussian plus a second order polynomial baseline are
fit to the radial profiles. This process is repeated on an (a, d) grid around the nominal
center coordinates in case the source is not located exactly at the nominal coordinates due
to pointing offsets. The centroid of the source is found by choosing the center coordinates
which result in the minimum variance for the fit Gaussian FWHM. An example radial profile
fit is shown in final centroid coordinates in Figure 6.5.

While most observations of the Galactic sources in BOOMERANG were specifically tar-
geted, there were a few (1-3) scans across sources in each channel that were serendipitously
made during CMB observations. As a second method of in-flight beam estimation, we fit a
Gaussian to each of these scans. A Monte Carlo model of the pointing uncertainty indicates
that there is 4.5" FWHM jitter in the current pointing solution. It is best to use the scans
which were taken in CMB observation mode, rather than scans taken in source observation
mode to estimate the pointing jitter expected in the main CMB region.

The third in-flight method for estimating the beam is by making one-dimensional Gaus-
sian fits to RCW38 single scan cuts. The estimated FWHM, with amplitude normalized to
1.0, and center are passed as initial guesses to a nonlinear fitting routine, with free param-
eters for an offset and linear, quadratic, and quartic baseline. The FWHM in samples are
converted to FWHM in arcminutes on the sky.

Figure 6.6 summarizes the FWHM derived from the above three methods. We conclude
that the beams have an effective FWHM (including pointing jitter) of 18 £ 2’ for the
90 GHz single-mode channels, 10’ £ 1’ for the single-mode 150 GHz single-mode channels,
10.5" + 1’ for the 150 GHz multi-color photometer channels, 14’ + 1’ for the 240 GHz
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Figure 6.5:
Radial profile of RCW38 as seen by channel 150A. The crosses indicate the signal in each
annulus. The dotted and dashed lines show two methods to fit a Gaussian plus second order
polynomial baseline. The dashed line shows a fit using a gradient-expansion algorithm and
the dotted line shows the fit using a non-linear least-squares fit. The two methods agree
well.

channels and 13’ & 1’ for the 400 GHz channels, where the uncertainty is systematic and is
determined by uncertainty in the pointing due to jitter.

The beam sizes derived from in-flight observations are generally larger than those ob-
tained before launch with the tethered source (see Table 4.14) because in-flight pointing
jitter degrades the resolution of the experiment. This can be improved in the future with a
further calibration of the Sun sensor.

The beam for each of the 90, 150 and 400 GHz channels is well-described by a Gaussian.
The 240 GHz beams can be modeled by 2 superimposed Gaussians. Figure 6.7 shows the
radial flux profile and corresponding 2-lobe fit for one source and channel.

In order to place limits on a shoulder in the beam, the amplitude of which could vary with

angle, radial flux profiles were calculated in 4 semi-annuli (halves) and 8 quadrant-annuli
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Figure 6.6:
Summary of the beam FWHMs for all the channels derived using the three in-flight meth-
ods. “0521-365” and “0537-441” are the beam sizes derived from the radial profile of the
two brightest extragalactic point sources. “RCW38 (SRC)” is the beam size derived from
the targeted observation of RCW38, and “RCW38 (CMB)” is from the serendipitous ob-
servation of RCW38. “Map” is the beam size derived from the 2D binned source maps.

(quadrants) for the Galactic HII regions RCW38, IRAS/08576, IRAS/1022, NGC3603 and
NGC3576. The extragalactic point sources did not have high enough signal-to-noise to place
constraints on the shoulder.

A Gaussian plus a constant were fit to the radial profiles for each quadrant. For the
150 GHz channels, the constant was fit to data with radius 25’ < r < 30’ and the Gaussian
was fit to the data with radius 0’ < r < 8. For the 90 GHz channels, the constant was
fit to data with radius 35" < r < 45" and the Gaussian was fit to the data with radius
0" < r < 12'. Since NGC3603 and NGC3576 are only separated by 23', a circular region
around the other source was masked out before the radial profile was computed.

The amplitude and power contained in the residual shoulder is calculated. The residual
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Figure 6.7:
Double-Gaussian fit to RCW38 B220A2. The FWHM of the main lobe is 13.0' and the
FWHM of the smaller inverted lobe is 4.2'.

area is defined to be area(residual)/area(data-const) for those same two fits, or ~ shoul-
der/total. The area of data-const is measured between (' and 30’. The residual area is
measured for r between 5" and 30'. The area is in terms of power (throughput) in the beam.
An example plot for one source and quadrant is shown in Figure 6.8.

The best limits on a shoulder in the 90 GHz and 150 GHz beams from Galactic sources
come from NGC3576, and limit it to about 15% of the throughput in channel 150A. Repeat-
ing the shoulder analysis on IRAS 100 pm data reveals residuals of similar size, implying a
Galactic origin for the residual. Therefore, the best limits on the shoulder come from the

ray-trace model of the optics combined with the ground measurements of the beam.



64

250

200

150

100

(o)
(@)

8 b b b P

average flux in annulus

S
[a—y
-}
I\
@)
wW
-}

10

LR S I L I

— =
—
—

T

T [ T |

data—fit

e e
—_— 4
—_— ]
[ ———
P — H
N
h e
[ —
—_—
—_—
.
—_
_'._:.:
——
————
P ey

-10

_15“”;”“\ “““““ } ““““ 7:

10 20 30
radius (arcmin)

@)

Figure 6.8:
The top panel shows the radial profile and fits for one of the quadrants for the NGC3576
observations in channel 150A. The bottom panel shows the residuals to a fit of a Gaussian
plus a constant.

6.7 Deglitching

The BOOMERANG bolometer data are contaminated with transient events which must be
flagged and removed; these include cosmic ray hits, thermal events in the 0.3 K stage,

calibration lamp signals, and short periods of electromagnetic interference (EMI).
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Large thermal events in the 0.3 K stage, atmospheric signal due to changes in telescope
elevation, and signals from the calibration lamp appear simultaneously in all channels and
are easily flagged. Smaller thermal relaxation events were found with a pattern matching
algorithm. Cosmic ray hits, EMI spikes, and smaller thermal events occurring within an
individual bolometer are found using two algorithms. First, large spikes are detected as
deviations of greater than 30 in a three point difference function of the time ordered data,
defined by §; = d; — 0.5(d;—1 + dj+i), where o refers to the standard deviation of the data.
Smaller glitches are found using an iterative binning scheme; the time stream data are
binned into pixels on the sky and individual samples more than 4o from the average value
of a pixel are flagged and not used in the next iteration. After 4 iterations, a negligible
number of new glitches are found.

Drifts in the bolometer data due to large cosmic ray hits are removed by fitting a
parabola to the data. Drifts induced by large thermal events are fit to an exponential
and removed. The flagged data are replaced by a constrained realization of the noise
and not used in subsequent analysis. Approximately 5% of the data in each channel are

contaminated by glitches.

6.8 Transfer Function

A cosmic ray hit on a bolometer is well approximated by a delta function in power input,
and can be used to measure the transfer function of the bolometer and electronics. The
transfer function of the experiment is parameterized by three time constants; the thermal
time constant of the bolometer, the time constant of the AC-coupling filter and the time
constant of the anti-aliasing filters in the readout electronics. The AC-coupling and anti-
aliasing time constants are measured on the ground and are expected to be the same in
flight since the electronics operating temperature in flight is similar to that on the ground.
The bolometer time constant is highly sensitive to the background optical load, however,
and should be measured in flight.

The combination of the theoretical transfer function of the bolometer (a single pole low
pass filter) and the measured electronics transfer function is Fourier transformed into the
time domain to obtain the impulse response function.

A database of cosmic ray hits is built for each channel, simultaneously fitting an ampli-
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channel | Cal lamp CosRay HugeCR  Ping Elev Bias Trim | Total
B90A 0.68 0.79 0.58 030 093 0.80 1.2 5.3
B90B 0.71 0.87 0.59 0.093 1.2 0.86 1.3 5.6
B150A 0.63 0.42 0.60 022 085 0.81 0.78 | 4.3
B150B 0.67 0.79 0.45 6.5 0.81 0.80 1.7 11.7
B150A1 0.63 1.2 0.37 037 0.82 0.80 1.62 5.8
B150A2 0.62 0.58 0.37 029 0.86 0.80 0.94 | 4.5
B150B1 0.63 0.66 0.37 045 083 081 1.1 4.8
B150B2 0.63 0.47 0.31 0.52 0.84 0.81 0.84 4.4
B240A1 0.64 0.53 0.23 043 082 0.81 0.86 | 4.3
B240A2 0.64 0.57 0.36 0.58 0.81 0.80 0.93 | 4.7
B240B1 0.63 0.52 0.18 0.44 0.82 0.82 0.88 4.3
B240B2 0.63 0.19 0.28 0.0053 0.80 0.81 0.48 3.2
B400A1 0.63 0.32 0.16 2.9 0.81 0.81 1.1 6.6
B400A2 0.63 0.48 0.11 0.74 081 0.81 0.90 | 4.5
B400B1 0.63 0.38 0.14 0.65 083 0.82 0.79 | 4.2
B400B2 0.63 0.45 0.14 2.2 0.81 0.81 1.1 6.2
DarkA 0.63 0.20 0.025 2.1 0.81 0.81 087 | 5.5
DarkB 0.63 0.37 0.34 5.6 0.83 0.81 1.38 9.9
GNDFET 0.62 0.059 0.0016 0.035 0.81 0.81 0.43 2.8
LoadRes 0.62 0.10 0.021 0.045 0.81 0.81 0.49 2.9

Table 6.5:

Percentage of data flagged in each channel for each glitch type. “Huge CR” refers to cosmic
ray hits which saturate the amplifier. “Ping” refers to RF interference, “Elev” refers to
data which are unusable due to changes in telescope elevation, “Bias” refers to data which
are unusable due to changes in the bolometer bias, and “Trim” refers to some extra data
removed around the edges of large events to prevent ringing.

tude and phase shift to each hit as well as fitting the data to the impulse response function.
Figure 6.9 shows the best fit template and the cosmic ray data for one of the 150 GHz
channels. The best fit bolometer time constants for each channel are listed in Table 6.8.
The cosmic ray method is very precise in the measure of the high frequencies in the
transfer function. The low frequency side of the function is dominated by the AC-coupling
filter. The ground measured high pass time constants have been confirmed to be identical
to those in flight by checking the behavior of the data in time domain after a step in the
input signal. Steps in the signal are produced by changes in the bolometer bias voltage
amplitude and by elevation changes which change the column depth of atmosphere viewed

by the detectors.
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Channel | average time between glitches (s)
90A 32
90B 28
150A 72
150B 27

150A1 19
150A2 46
150B1 35
150B2 61
240A1 56
240A2 32
240B1 53
240B2 278
400A1 79
400A2 53
400B1 71
400B2 o7

Dark A 65

Dark B 72
Lres 324

GndFET 193

Table 6.6:

Average time between glitches. The average over all channels is 43 seconds between glitches.
In channel 240B2, many smaller glitches were lost in the extraordinarily high noise (see Table
4.13), resulting in a longer time between glitches than in other channels.

6.9 Detector Noise

The voltage noise is determined by taking the power spectrum of the deglitched time domain
data. To compute the Noise Equivalent Temperature (NET), the voltage noise is divided
by the responsivity of the detector. In addition, the voltage noise spectrum is deconvolved
with the detector transfer function. Figure 6.10 shows the NET as a function of frequency
of channel 150A.

During the 1°/s scans at 45° elevation, a signal on the sky with spherical multipole
moment of ¢ = 200 is mapped to a frequency of 0.38 Hz, well above the 1/f knee of the

detector system, but near the natural pendulation frequency of the gondola.
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Figure 6.9:

The best fit impulse response function to cosmic ray hits for one of the 150 GHz bolometers.

6.10 Scan-synchronous Noise

During the CMB scan mode, scan-synchronous noise (SSN) appeared at the fundamental
and first harmonic of the scan frequency. See Figure 6.11 for a sample section of calibrated
time-ordered data from Channel 150A. The amplitude of the SSN is very different at the
two different scan speeds of 1°/s and 2°/s. At 90, 150, and 240 GHz, the 1°/s signal is very
well fit by the cosmological dipole, but at 2°/s the SSN is much larger than the dipole and
additionally has a large component at the first harmonic of the scan frequency.

The SSN is correlated between channels and has an amplitude which increases with
electromagnetic frequency; it is largest in the 400 GHz channels and smallest in the 90 GHz
channels.

To investigate the nature and origin of the SSN, a spectral analysis was done on the

1.5 hours of data obtained in spin mode. The data are binned into angle on the sky. A
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Channel | target lab flight  bolo type
B90A 24 19.9 (24.5) 22.48 5.6
B90B 24 18.7 (31.8) 21.92 5.6
B150A 15 11.4 10.8 3.4
B150B 15 12.2 13.3 3.4

B150A1 15 10.3 13.3 3.4

B150A2 15 10.3 12.0 3.4

B150B1 15 12.7 16.3 3.4

B150B2 15 16.75 21.2 4.8

B240A1 10 6.77 8.898 M1

B240A2 10 8.84 7.24 M1

B240B1 10 9.36 10.567 M1

B240B2 10 7.07 8.77 M1

B400A1 6 <6 4.184 M2

B400A2 6 10.6 9.92 M2

B400B1 6 <6 4.464 M2

B400B2 6 <6 4.298 M2
DarkA 6 3.037 M2
DarkB 15 24.422 3.4

Table 6.7:

The bolometer time constant measured pre-flight in the lab, in-flight, and the detector type.
Types 3.4, 4.8, and 5.6 refer to the low G detectors with absorber diameters 3.4mm, 4.8mm,
and 5.6mm, respectively. Types M1 and M2 are higher G detectors with absorber diameters
of 4.0mm.

galaxy template and a SSN template were simultaneously fit to the binned data. The galaxy
template was obtained from the Schlegel map at 100 pum [63]. The SSN template was a
cosine signal with phase selected such that the peak signal is centered on the direction of
the sun. The ratio of SSN amplitude to galaxy amplitude was fit to a power law. Each of
the four multi-color photometers were analyzed separately and a spectral index of 2 + 0.5
was found for the SSN relative to the galaxy.

Since the galactic signal is expected to rise as ?7, the SSN has an absolute spectral
index as large as 5. The large spectral index is consistent with both an atmospheric signal
and sunlight scattered from either the balloon or from the atmosphere. In addition, the
sidelobe response could potentially have a strong spectral dependence. However, the SSN
also has a very strong dependence on scan speed (i.e., Figure 6.11), indicating a mechanical
resonance effect. Atmospheric signal due to gondola pendulation is the only source of this

noise that could have such a strong dependence on scan speed.
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Figure 6.10:
Two noise spectra of channel 150A during 1°/s mode (solid line) and 2°/s mode (dashed
line). The lines at f < 0.1 Hz are harmonics of the scan frequency. The rise in NET at
high frequency is due to the bolometer’s time constant 7 = 10.8ms. The top x-axis shows
the corresponding spherical harmonic multipole for the 1°/s mode. The dashed line shows
the 1°/s noise spectrum convolved with the window function of a 10’ beam. The solid line
shows the signal due to CMB anisotropy assuming the best fit B97 model.

6.11 Flight Load

The optical background on each detector can be calculated from the temperature rise

through the relation
AT

©=7

(6.1)

where @ is the optical load, AT is the temperature rise of the bolometer, and G is the

thermal conductivity. An effective Rayleigh-Jeans temperature can be assigned by solving

2
v
Q = /2kBTRJC_2AQnopttVdV (62)

for T'r 7, where A€ is the throughput, 7y is the optical efficiency, and kp is Boltzmann’s
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Figure 6.11:

A sample section of deglitched, calibrated time ordered data for channel 150A for each of
the scan modes. The bandwidth has been limited to 2 Hz to show the low frequency signal.
The best fit dipole is overlaid in each panel.

constant. See Table 6.11 for the calculated values of () and Tr; for each channel, including
the dark channels. Section 7.6 discusses the method of measuring in-flight optical efficiency.
Another method of computing the background load temperature is to fit a Rayleigh-

Jeans spectrum to the optical power as a function of frequency which results in a tempera-
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ture of 9.5 K.
A better measurement of the R(T) parameters (A and Ry) would result in a more
accurate and reliable measurement of the in-flight loading. The parameters were assumed
to be the same for entire set of bolometers; however, in practice there is normally some

dispersion in their values.

Channel G AT  Q Tgy
pW/K mK pWw K

90A 81 23 19 43
90B 82 35 29 6.9
150A 81 11 09 26
150B 88 15 1.3 3.8

150A1 88 31 2.7 10.7
150A2 104 33 3.5 11.2
150B1 90 39 3.5 13.7
150B2 73 44 3.2 11.5
240A1 181 33 6.1 10.6
240A2 180 20 34 4.3
240B1 195 33 6.5 12.5
240B2 202 24 49 7.2
400A1 519 29 149 12.6
400A2 412 13 5.5 74
400B1 422 31 13.0 123
400B2 424 8 3.6 5.0
Dark A 377 119 45.0

Dark B 28 6 1.6

Table 6.8:
The estimated background on each detector during flight.
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Chapter 7 Calibration

The absolute responsivity of BOOMERANG during the 1998 LDB flight was measured in
three different ways. First, the calibration measured on the ground was extrapolated to the
flight background conditions. Second, the responsivity to the CMB dipole was measured.
Third, the responsivity to galactic and extragalactic sources in flight was measured.

As a check, the relative responsivity of the BOOMERANG channels was measured by
comparing the signals measured at degree scales in the CMB maps as well as comparing

power spectra of different channels.

7.1 Lab Scaled to Flight

The responsivity of the detectors measured in the lab can be scaled to flight conditions

using the following relation for the responsivity of a bolometer:

aV
= 1
s G — aP, (7.1

where G is the thermal conductivity, V' is the DC voltage across the bolometer, P, is the
electrical power dissipated in the bolometer, and o = %%. The term that varies the most
between flight and ground conditions is the bolometer voltage V. The quantities «, G,
and P, change by only a few percent, so to a first order approximation, the responsivity
is proportional to the bolometer voltage. Scaling the responsivity measured on the ground
by the ratio of the DC bolometer voltages measured in flight and on the ground yields an
estimate of the responsivity in flight.

This method of calibration has several drawbacks. First, it fails to take into account any
vignetting of the beam by the neutral density filters. Second, its precision is dependent on

knowledge of the transmission of the neutral density filters, which is known to an accuracy

of only ~ 20%.
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7.2 Dipole

The 90, 150, and 240 GHz bolometer signals can be calibrated from their response to the
CMB dipole anisotropy. The CMB dipole is due to the motion of the Earth relative to the
CMB, and is an ideal calibration source for a CMB mapping receiver. Its amplitude has been
measured to high precision (0.7%) by COBE/DMR [31]. Its spectrum is identical to that
of the degree-scale anisotropy and it entirely fills the BOOMERANG beams. This reduces
the final calibration error by eliminating uncertainty in the measured spectral frequency
response of each channel and in the beam pattern of the telescope.

The equator of the CMB dipole is roughly orthogonal to the BOOMERANG scan direction
through the center of the £60° CMB scan mode. The dipole appears as a ~3 mK peak-to-
peak signal in the timestream, much larger than the detector noise.

The motion of the Earth relative to the Sun changes the amplitude and direction of the
dipole (see Figure 7.1). At the time of the BOOMERANG flight, the motion of the Earth
around the Sun increases the apparent amplitude of the dipole from the average value by
8%.

The dipole signal appears at f=0.008 Hz and f=0.016 Hz during the 1°/s and 2° CMB
scan modes, respectively. At such low frequencies the detector signals are sensitive to 1/f
noise, uncertainties in the measurement of the transfer function, and scan synchronous
noise.

Low-resolution (55’ pixel size) maps of the bolometer data are constructed using the
iterative maximum likelihood map-making scheme of [58]. The data are split into the 1°/s
and 2°/s scan modes. The 1°/s maps are fit to a model dipole with direction and amplitude
fixed by the COBE/DMR measurement of the cosmological dipole, as shown in Figures 7.3
and 7.2.

The galactic plane lies at one edge of the map, and bright galactic dust in the plane
can create a spurious dipole signal. The sign of the effect is such that the amplitude of the
total dipole increases with more dust. Therefore, if galactic signal is present, it results in
an under-estimation of the responsivity. To avoid galactic dust altogether, only pixels that
lie at galactic latitudes b<-15 are used in the dipole fit. Cutting more data is observed to
have no effect on the measured responsivity.

During the CMB scan mode, scan synchronous noise appeared at the fundamental scan
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Figure 7.1:

The amplitude of the CMB dipole as a function of time. The time of the BOOMERANG
flight above Antarctica is denoted by the vertical dotted lines. The yearly variation is due
to the motion of the Earth around the Sun.

frequency. In the 150 GHz and 240 GHz channels during the 2°/s mode, this appeared as a
signal larger than the signal from the dipole. The scan synchronous noise is well correlated
with the 400 GHz channels, and a 400 GHz map is used as a template to model the noise.
The 2°/s data are simultaneously fit to the dipole model and to the 400 GHz template, and
the measured response to the dipole agrees to within 10% of the 1°/s fits in all channels
(Table 7.2). See Figure 7.4 for a histogram of the ratios of the 1°/s calibration to the 2°/s
calibration.

The 1°/s data are also simultaneously fit to a dipole model and a 400 GHz template. The
resulting dipole fit amplitude from the simultaneous fit varies from the single component fit
by less than 1% in the 90 GHz and 150 GHz channels and by ~ 1% in the 240 GHz channels
(Table 7.2). We conclude that scan synchronous noise is not a significant contaminant to

the 1°/s data.
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Figure 7.2:
The dipole fitting procedure. The top panel shows a map from BOOMERANG channel 150A
in 1°/s mode. The middle panel shows the dipole model for this map, and the bottom panel

shows the residual from the fit.

The agreement of the 1°/s and 2°/s results provides checks for additional systematic
effects (Table 7.2). Since the dipole signal frequency is a factor 2 different, we conclude
that the results are not biased by incorrect knowledge of the electronic transfer function. In

CMB scan mode, the dipole appears at a signal frequency of 0.008 Hz and 0.016 Hz at 1°/s
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Figure 7.3:
BOOMERANG channel 150A 1°/s map fit to a dipole model.

and 2° /s, respectively. The transfer function of the electronics at these two frequencies has
amplitudes of 0.47 and 0.73, respectively. Additionally, the 2°/s data were taken during
the first half of the flight and the 1°/s data were taken during the second half of the flight,
between which the Sun moved 5° on the sky and the payload traveled hundreds of kilometers.

The degree scale anisotropies were measured with high signal to noise. To check that
the spectrum of the observed dipole signal matches that of the degree scale anisotropies,
the relative response of each detector to the degree anisotropies were measured and agree
with those of the dipole anisotropies to within 1o = 8%. See Figure 7.5 for a histogram of
the relative to absolute calibration ratios. Section 7.3 discusses the relative calibration in
more detail.

Removal of the scan-synchronous noise limits the precision of the dipole calibration. A
conservative measure of how well the scan-synchronous noise is removed is 10%, which is
the level of agreement between the 1°/s and 2°/s calibrations. We therefore assign an error

of 10% to the dipole calibration.
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Figure 7.4:
A histogram of the ratio of the responsivity obtained with 1°/s data to that obtained with
2°/s data. The solid line shows the best fit Gaussian, which has a 1 ¢ = 0.08 and an offset
of 0.01. The mean and standard deviation at each frequency are shown in Table 7.2. There
is no statistically significant skew as a function of frequency.

7.3 Relative Calibration

A relative calibration between channels was determined by measuring the relative response
to degree scale structure. This was done with two different methods; comparison of maps
and comparison of power spectra.

Comparison of maps was done using a simple linear fit of one map to another. Points
were weighted by the standard deviation. The maps were created using the iterative tech-
nique described below and were degraded to 55’ resolution to remove any decorrelation due
to mis-matched beams. Only a high signal-to-noise region of the maps far from the galaxy
was selected; right ascension 65° < a < 105° and declination -55° < ¢ < -35°. Figure 7.6
shows the scatter plots of the 150A map compared with other maps and the best fit lines.

A second method of relative calibration was to fit the power spectra of various channels
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Figure 7.5:
A histogram of the ratio of the relative to absolute responsivity. The solid line shows the
best fit Gaussian, which has a 1 o = 0.08 and an offset of -0.017. Channel 240A1 appears
to be an outlier, but is 1.60 from the mean, which happens 11% of the time. The mean
and standard deviation at each frequency are shown in Table 7.2.

over the range 50 < ¢ < 550, which is dominated by signal. Table 7.3 compares this method
with the map fit method. The methods do not yield identical results, but generally agree

to a similar precision.

7.4 Sources

The BOOMERANG observations of galactic and extragalactic sources provide other means of
calibrating the receiver. Extended millimeter wave observations of these sources have never
previously been made, however. In addition, there is evidence that some of the sources are
variable [1] [14] [19]. Follow-up observations of the galactic sources NGC3576 and RCW38
and the extragalactic sources 0521-365 and 0537-441 were made at the SEST telescope at
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channel | fiducial 1°/s 2°/s 2°/s
wV/Keyp | no 400 rm 400 rm no 400 rm
90A 68 1.009 1.072 1.92
90B 67 1.009 1.092 1.82
150A 76 1.003 1.129 1.60
150B 78 1.019 0.949 1.84
150A1 49 1.007 0.986 2.21
150A2 67 1.009 1.041 1.72
150B1 54 0.992 1.027 1.99
150B2 50 0.987 1.082 1.97
240A1 48 0.985 0.950 2.82
240A2 68 0.997 0.992 2.21
240B1 45 0.975 1.082 3.15
Table 7.1:

Systematics tests applied to the responsivity to the dipole. The “fiducial” calibration is
the 1°/s. The other columns show the ratio of the fiducial responsivity to the responsivity
measured at 2°/s with and without a 400 GHz channel fit out and to the responsivity
measured at 1°/s without a 400 GHz channel fit out. The importance of fitting a 400 GHz
channel to the heavily contaminated 2°/s data can be seen by the level of disagreement of
the last column, where scan synchronous noise mimics a dipole. The mean and standard
deviation at each frequency are shown in Table 7.2.

Test 90 GHz 150 GHz 240 GHz

1°/s 400rm/no400rm | +0.4£0.7% +0.3£1.2% -1.4+1.1%
1°/s [ 2°/s +8.241.4% +3.546.5% +0.846.7%
dipole/relative +11£7.9%  -2.0£3.1%  -5.3£11%

Table 7.2:
The average and standard deviation of systematics tests results at each frequency. The
removal of a 400 GHz channel and the comparison between the 1°/s and 2°/s data show
no frequency dependence. The comparison of the relative to absolute calibration shows a
slight (but barely statistically significant) frequency dependence.

90 GHz and 150 GHz in La Silla, Chile, between January 8-10, 2000 [17] (~ 1 year after
the Antarctic flight of BOOMERANG). The size of the SEST beam is 57" FWHM at 90 GHz
and 35" FWHM at 150 GHz. The SEST data are convolved with the BOOMERANG beam
to calibrate the 150 GHz and 90 GHz channels.

Two maps were made of each source and later combined: a center map (4 x 4’ in
extent) and an extended map (10" x 10" for NGC3576 and 6’ x 6’ for RCW38). The grid

spacing is 17.5” in the center maps and 35" in the extended maps. The total integrated
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Figure 7.6:

The relative calibration determined by comparison of each map to the 150A map. The
noisy channels 240B2 and 400A1 have been excluded. The units on the axes in each panel
are millivolts.

flux was computed for the BOOMERANG observations. The integrated convolution of the
SEST observations with the BOOMERANG (SEST*BOOM) observations was also computed.
Each of the integrals is calculated for 1o, 20 fluxes, where 10 and 20 fluxes are the total
integrated fluxes within a radius equal to 1 and 20peqm, respectively.

Observations of NGC3576 at 150 GHz with the MAT experiment [59] are used to verify
the SEST measurements. The integrated convolution of the MAT observations with the
SEST observations (SEST*MAT)was computed and compared with the integrated flux from
the MAT map alone. The ratio MAT/(SEST*MAT) is 1.01, 1.00, and 0.99 for the peak
flux, and the 1o and 20 integrated fluxes, respectively. This implies that the SEST and
MAT observations agree to within a few percent.

The flux ratio (BOOM)/(SEST+BOOM) was computed for each channel using the dipole

calibration for BOOMERANG. For NGC3576 the results from the convolution with the SEST
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Channel | map power spectrum
90A 1.161 0.985
90B 1.049
150A 1.000 1.000
150B 0.938

150A1 | 0.948 0.988
150A2 | 1.014 1.064
150B1 | 1.002 0.943
150B2 | 0.976 1.018
240A1 | 0.828 0.845
240A2 | 1.041 1.108
240B1 | 0.971 1.063
Table 7.3:

The ratio of absolute to relative responsivity calculated with the two different methods. The
absolute responsivity is from the dipole calibration and the relative calibration is determined
by comparing the degree-scale signal with channel 150A.

center maps are used. The data far from the source could be contaminated by objects outside
the field or could be noise. For RCW38, which is a more extended source, the combined

maps were used.

Channel | RCW38 NGC3576

lo 20 lo 20
90A 1.24 1.21 0.83 0.92
90B 1.26 1.22 0.87 1.00
150A 1.00 0.96 0.97 0.81
150B 0.97 0.89 0.96 0.80

150A1 | 1.09 1.06

150A2 | 0.98 0.93 1.06 0.92

150B1 1.15 1.10

150B2 | 1.07 1.01 1.08 0.96

Table 7.4:
The ratio of source to dipole responsivity for the two galactic sources. The results from
integrating to a radius of both 1o and 20 are shown.

For the 150 GHz data, the 20 flux ratio is slightly lower than the 1o flux ratio when
a Gaussian is used to approximate the BOOMERANG beam. This effect is mitigated by
convolving the source with the ray-traced beam model (Figure 4.10). The channels with

the smaller beams are the most improved. Adding the shoulder to the beam model has less
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effect on the 1o and 20 values than decreasing the size of the main lobe because the shoulder
is at a radius of ~ 30 from the center of the beam. We conclude that the source calibration
and the dipole calibration agree at the 15% level in the 150 GHz channels. Larger scale
maps of the area and the total flux integrated by MAT would improve this estimate.

At 90 GHz, the NGC3576 BOOMERANG maps are smeared due to pointing uncertainty.
The companion object NGC3603 is 23’ from NGC3576 and due to the larger beams at
90 GHz, the sources overlap somewhat. The B9OA and BI0OB calibrations agree with each
other quite well. According to these observations, the 90 GHz dipole calibration is about
15% high. This is possibly due to the small size of the SEST map (6’ x 6') and SEST
chop (11") compared with the 90 GHz BOOMERANG beam (about 18’ FWHM) which would
subtract any extended flux.

The extragalactic sources 0537—441 and 0521-365 were also observed with SEST at
150 GHz; the uncertainty in the central flux is about 10%. See Table 7.4 for the results.
The SEST and BOOMERANG flux measurements of the extragalactic point source 0521-365
agree to within uncertainties. Evidence was found for variability in 0537-441; data from all
BOOMERANG channels imply that the source increased in brightness over the year 1999 by

~40%.

Channel | 0521-365 0537-441
90A 0.8 0.5
90B 0.9 0.5
150A 1.0 0.65
150B 1.3 0.65

150A1 0.7 0.65

150A2 1.2 0.65

150B1 1.3 0.5

150B2 1.2 0.6
Table 7.5:

The ratio of dipole to source calibration for the two extragalactic sources. The source 0537—
441 appears to have significantly increased in brightness over the year between observations
with BOOMERANG and observations with SEST.
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7.5 Calibration Stability

The calibration lamp was used to measure the stability of the responsivity throughout the
flight. The lamp was turned on for 1 second every 13.4 minutes and provided a transfer
calibration standard throughout the flight. Figure 7.7 shows the amplitude of the calibration
lamp signal seen in channel 150A. There is a slight drift in responsivity in most channels,
which is well modelled by a linear drift, but mostly uncorrelated between channels. Table
7.5 lists the change in responsivity of each channel over the course of the flight. In nearly

all channels, the drift is less than 5% over the entire 10.5 day flight.
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Figure 7.7:
The amplitude of the calibration lamp signal seen by channel B150A during the course of
the flight. The rise in responsivity over the first half day of the flight is due to the decrease
in background as the balloon ascends. The dip in responsivity on day 8 is due to a brief
period of diagnostic tests.
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Channel AS
90A 1.59%
90B 1.22%
150A 3.88%
150B 3.4%
150A1 -1.3%

150A2 1.31%
150B1 | -5.64%
150B2 | -12.1%
240A1 | 2.29%
240A2 | 5.10%
240B1 | -6.73%
240B2 1.53%
400A1 | 3.45%
400A2 | -3.94%
400B1 1.07%
400B2 | 3.14%

Table 7.6:
The percent change in responsivity from the beginning to the end of the flight as measured
by the drift in the signal due to the calibration lamp.

7.6 Sensitivity

The Noise Equivalent Power (N EP) of each detector is determined by dividing the voltage
noise by the electrical responsivity obtained from a current versus voltage load curve mea-
sured on the ground (see Section 4.11). The responsivity of the detector is scaled to flight
load conditions by the ratio of the bolometer DC voltage measured on the ground to that
measured in flight.

The sensitivity of the BOOMERANG receiver to CMB fluctuations is determined by di-
viding the measured voltage noise by the responsivity to the dipole. The average NEP and
NETcpp for each frequency band is listed in Table 7.6.

The optical efficiency of each channel is determined by comparing the predicted respon-
sivity to the CMB dipole to that measured in flight. The predicted responsivity of a channel

is given by

av dVAQ/ dB, (2.7K, u)t(y)dy 2)

dT ~ dP dT

where ‘é—g is the electrical responsivity measured from the bolometer load curve, A€ is the
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photometer throughput, ddl%’ (2.7K,v) is the spectrum of the CMB dipole, and #(v) is the

passband of the photometer channel (see Section 4.9). The average optical efficiency for

each frequency band is listed in Table 7.6.

Channel T Nopt NEP (1 Hz) NETcymB
(1ms) (107 W/VZ)  (uKy5)
90A 22.5 0.31 3.2 145
90B 21.9 0.30 3.3 137
150A 10.8 0.15 3.4 130
1508 13.3 0.16 3.7 145
150A1 13.3  0.09 4.4 231
150A2 12.0 0.11 3.7 158
150B1  16.3 0.09 3.4 196
150B2 21.2 0.10 3.3 184
240A1 8.9 0.06 5.6 221
240A2 7.2 0.09 5.7 166
240B1 10.5 0.06 5.9 250
240B2 8.8 0.08 25.0 792
400A1 4.1  0.08 39.2
400A2 9.9 0.05 11.3
400B1 4.5 0.07 13.3
400B2 4.3 0.05 11.7
Table 7.7:

A summary of the in-flight bolometer performance of each channel. Channels 240B2 and

400A1 show the same elevated noise that was seen in the lab noise measurements (Table
4.13).

7.7 Discussion

A summary of the absolute calibration measured from the dipole, the lab calibration, and
sources is listed in Table 7.7. We believe the calibration obtained with the dipole to be the
most robust and reliable result for the 90 GHz, 150 GHz, and 240 GHz channels, and use it
in the subsequent analysis. The source calibration agrees to 15% with the dipole calibration

at 90 GHz and 150 GHz.
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channel dipole lab scaled NGC3576 RCW38 0521-365
,uV/KCMB to flight
90A 68 54 63 83 54
90B 67 49 67 82 60
150A 76 74 62 69 76
150B 78 75 62 66 101
150A1 49 44 53 34
150A2 67 50 63 62 80
150B1 54 50 62 70
150B2 50 57 49 51 60
240A1 48 43
240A2 68 47
240B1 45 39
Table 7.8:

Absolute responsivity of BOOMERANG measured by the methods discussed above. The
dipole calibration is believed to be the most reliable result. The lab calibration scaled to
flight is limited by knowledge of the transmission of the NDF. SEST observations of the
extended sources NGC3576 and RCW38 are difficult to compare to BOOMERANG, especially
at 90 GHz, because of their small chop size. The measurement of the extragalactic source
0521-365 is hampered by poor signal to noise in BOOMERANG.
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Chapter 8 Power Spectrum and Cosmological Parameters

The BOOMERANG analysis pipeline is as follows: the raw time stream data are deglitched
and the effects of all electronics and bolometer time constants are deconvolved to obtain
uniform gain at all frequencies. The attitude of the telescope is reconstructed. A map is
made from the time stream data. The angular power spectrum of the map is computed and,
finally, cosmological parameters are estimated using the angular power spectrum. These
three analysis steps were described in Chapter 2. This chapter discusses analysis details

specific to BOOMERANG and the results obtained from the BOOMERANG data set.

8.1 Maps

The iterative map-making scheme described in Chapter 2 was used to create the maps. To
pixelize the sky, the HEALPIX nested pixelization scheme is used [25].

Maps made with 90, 150, and 240 GHz data are shown in Figures 8.1, 8.2, and 8.3,
respectively. In order to emphasize the degree-scale structure and remove dipole signal,
the data are filtered in the time domain with a Gaussian high pass filter that corresponds
to an angular scale of 10° on the sky, by applying two different filters to the time domain
data, one to the 1°/s data and a second with double the cutoff frequency was applied to
the 2°/s data. This filter has the effect of removing any structure larger than 10° which lies
along the scan direction. The maps are then smoothed with a Gaussian spatial filter to a
resolution of 20’. Each of the maps from the three lowest frequency bands shows prominent
degree scale structure. The 240 GHz map (Figure 8.3) shows some signal due to dust near
the plane of the galaxy.

The BOOMERANG 400 GHz map is shown in Figure 8.4. No degree-scale structure is
evident in this map, only signal from galactic dust clouds. A difference map was constructed
between the 240 GHz and 150 GHz data (see Figure 8.5). The dominant degree-scale
structure disappears in the difference map and the residual structure correlates extremely
well with the 400 GHz map. A 90 - 150 GHz difference map shows similar behavior.

The degree scale structure in the maps is therefore presumed to be CMB anisotropy.
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Figure 8.1:
A 90 GHz map made with the data from channel 90A. The three extragalactic point sources
are circled and are brightest at this frequency. To produce this map, the data have been
filtered in the time domain with a filter corresponding to 10° on the sky, so structures which
are larger than 10° along the scan direction are not present in the map. The final map has
been smoothed with a 20" Gaussian filter.

By comparing the relative calibration to the degree scale structure in the maps, the degree
scale structure has been shown to have the same spectrum as the dipole to good accuracy
(see Chapter 7). The high degree of spatial correlation between the 90, 150, and 240 GHz
channels (Figures 8.1, 8.2, and 8.3) and lack of correlation with the 400 GHz channel (Figure
8.4) is also strong evidence that the degree-scale signal has a CMB spectrum.

A color index analysis was performed to quantify the conclusion. Scatter plots were
made of the 90 GHz versus 150 GHz and 240 GHz versus 150 GHz for approximately 18,000
pixels which lie at galactic latitude b < -15°. Including the 10% calibration error, the linear
fit to these scatter plots yield slopes of 1.00 £ 0.15 and 1.10 £ 0.16, respectively. For

comparison, free-free emission would produce slopes of 2.3 and 0.85, respectively. Similarly,
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Figure 8.2:

A 150 GHz map made with a combination of channels 150A, 150B1, and 150B2. Time
domain and spatial filtering is the same as in the 90 GHz map (Figure 8.1). The galactic
signal to the right of the map at b>-5 saturates the color scale, but is confined to the region
near the galactic plane.

emission from interstellar dust with temperature 15 K and emissivity spectral index of 1
would produce slopes of 0.4 and 2.9. Therefore, both dust and free-free emission are rejected
at > 99% confidence.

Other known astrophysical foreground sources are not expected to contribute a signifi-
cant amount of signal to these maps. Galactic synchrotron is expected to be negligible [32].
Additionally, contamination from extragalactic point sources is not expected to be signifi-
cant [69]. According to an extrapolation of flux from the PMN survey [4], the contribution
to the angular power spectrum is <0.7% at =200 and <20% at £=600.

Thermal emission from interstellar dust is the only foreground source which can produce
significant signal at 150 GHz. Limits are placed on the level of contamination as follows.

We assume that dust properties are similar at high (b< - 20°) and moderate (-20° <b<-5° )
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Figure 8.3:

A 240 GHz map made with channels 240A1, 240A2 and 240B1. Time domain and spatial
filtering is the same as in the 90 GHz map (Figure 8.1). Note the prominant galactic signal
at low galactic latitudes, b>-15. The large gradient at low galactic latitudes is an artifact
of the high pass filtering, which sets the average signal at scales larger than 10° equal to
7Zero.

galactic latitudes. The pixels at moderate galactic latitudes are correlated with the 100 pm
IRAS/DIRBE map, which is dominated by dust emission. Only the 400 GHz BOOMERANG
map correlates well with the IRAS/DIRBE map. Dust at b < -20° can account for at most
10% of the signal variance at 240 GHz, 3% at 150 GHz, and 0.5% at 90 GHz.

8.2 Power Spectrum

The BOOMERANG power spectrum of [4] is shown in Figure 8.6. This spectrum is produced
using only data from one 150 GHz channel (150A) in the 1°/s scan mode. Additionally, a
spatial cut was performed on the data in order to reduce the number of pixels included in

the computation. The sky used in the analysis lay in the region of galactic latitude b <
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Figure 8.4:

A 400 Ghz map made with data from channel 400B1. No degree scale structure is evident.
Low galactic latitude signal (b>-15) is correlated with the structure in the 150 GHz and 240
GHz maps (Figures 8.2 and 8.3), and galactic cirrus is visible at higher galactic latitude.
The time domain and spatial filtering of the 400 GHz data is the same as in the 90 GHz
map (Figure 8.1).

-20°, right ascension « > 70° and declination -55° < § < -35 °. Additionally the sky was
pixelized at 14’ resolution, again to reduce the computation time required. The resulting
data set consists of about 8,000 pixels.

The resulting power spectrum must be corrected by the window function of the exper-
iment, including the beam and the pixelization. Figure 8.7 shows the contribution to the
window function of each of these components.

Because the beam shape was not measured at high signal-to-noise in flight (Section 6.6),
the beam used to calculate the window function is a combination of the ray-trace model,
observations of the tethered source, and in-flight pointing jitter. The ray-trace model is fit

to the tethered source data and is widened by the jitter of 4’ rms.
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Figure 8.5:
The difference between the proceeding 240 GHz and 150 GHz maps from Figures 8.2 and
8.3. No degree scale structure remains, and there is a strong correlation with the 400 GHz
map (Figure 8.4).

The uncertainty in the power spectrum due to uncertainty in the beam amounts to the
possibility that the spectrum could be tilted slightly (within the error bars shown in Figure
8.7). The error in the beam is carried over into the cosmological analysis.

A localized peak is seen at £ ~ 200. According to standard cold dark matter (CDM)
models of structure formation, more peaks should be seen at higher harmonics. However,
the result in Figure 8.6 shows no features at smaller angular scale. This has interesting
implications for the determination of cosmological parameters, as shown below.

A systematics test was done by producing a power spectrum of a difference map. The
second half of the data was weighted negatively relative to the first, producing a map which
should contain no signal if the signal is repeatable on the sky between the first and second

halves of the data. Between the first and second halves of the data, the payload has traveled
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Figure 8.6:

The angular power spectrum of the CMB as measured by BOOMERANG [4]. The red data
points are the sum and the green data points are the difference of the jackknife test. The pur-
ple solid curve is a best fit model with parameters Q;; =1.15, Qh% = 0.03, Qegmh?® =0.17,
Qp =0.4, and ng =0.925. The light purple error bars indicate the error in each bin due to
the uncertainty in the beam. The 10% calibration error is not shown. The tiny error bars
on the green data points at £ < 400 show that the errors near the first acoustic peak are
dominated by cosmic variance. A small fraction of the BOOMERANG dataset (roughly 5%)
was used to produce this result. The inclusion of more pixels in the analysis will reduce
the cosmic sample variance, which will reduce the errors at lower multipole. The inclusion
of more channels and more of the time-series data in each channel will reduce the noise at
high multipole, which is dominated by instrument noise.

several hundred kilometers and the Sun has moved around 2° on the sky. The green data
points in Figure 8.6 show the difference power spectrum. The reduced x? of this power
spectrum is 1.11 with 12 degrees of freedom, consistent with zero signal.

The most surprising feature of this power spectrum is lower power at smaller angular
scales. A mismeasurement of the window function of the experiment could easily result in
a change in the ratio of the first peak to the plateau seen at higher ¢, perhaps suppressing

a second acoustic peak. The window function could be changed by the contribution of
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Figure 8.7:
Contributions to the BOOMERANG window function for channel 150A. The black line shows
the total window function. The blue line is the contribution due to the 14’ pixelization.
The red line shows the window function due to the 10.5" effective beam (including pointing
jitter), and is enclosed by dashed red lines which indicate the upper and lower 1o limits of
the uncertainty in the window function due to uncertainty in the beam.

sidelobes.

To investigate this possibility, a conservative model of the sidelobes was constructed
from the tethered source data. The model chosen was the sum of two Gaussians; the first
is the nominal beam (with 9.7 FWHM) and the second was chosen to enclose all of the
sidelobes with a 60’ FWHM normalized to 12% of the peak of the first Gaussian. Figure
8.8 compares the model to the tethered source data.

The window functions resulting from these models are shown in Figure 8.9. To estimate
the effect a conservative beam would have on the BOOMERANG power spectrum, the ratio
of the two window functions was computed at £ = 200 and at £ =550. It was found that the
ratio of the power at the two multipole moments would change by 9% if a correction due to

a conservative beam was necessary. However, as seen in Figure 8.7, the error in the window



96

I
—_
o

I
W
o

Signal normalized to peak (dB)
%
o

=

Rils m m

-1.0 -0.5 0.0 0.5 1.0
Azimuth on Sky (degrees)

Figure 8.8:
The conservative beam model constructed as the sum of two Gaussians. The solid blue and
dotted green lines show the data from the large and small tethered sources, respectively.
The solid black curve shows the conservative model, which includes the best fit Gaussian
plus a second Gaussian of 60’ FWHM, normalized to 12% at the peak of the first.

function due to uncertainty in the beam is already 9% at ¢ = 550. Therefore, sidelobes
smaller than or equal to the conservative beam model would not affect the resulting power

spectrum any more than error in the window function due to beam width uncertainty.

8.3 Cosmological Parameter Estimation

The presence of a localized acoustic peak at ¢ ~ 200 strengthens the evidence for the Cold
Dark Matter (CDM) models of structure formation. The major rival theory, topological
defects, predicts a broader peak due to the decoherence of textures [54] or cosmic strings
[18]. We therefore restrict our analysis to the CDM paradigm.

The other interesting feature of the BOOMERANG power spectrum, besides the presence

of the localized peak, is the absence of any features at higher /. Heuristically, we expect
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Figure 8.9:
The window function from the ZEMAX model beam (solid red line) and the conservative
beam model of Figure 8.8 (dashed green line).

this to be evidence for a high baryon density. The odd acoustic peaks (numbers 1,3,5, etc.,
in order of decreasing angular scale) in the power spectrum correspond to compressions
in the photon/baryon plasma in the early universe, while the even peaks (numbers 2,4,6,
etc., in order of decreasing angular scale) correspond to rarefactions. The ratio of power
in neighboring peaks therefore shows the balance between compressions and rarefactions.
As seen in the measured power spectrum, a suppressed second peak relative to a first peak
indicates that compressions are favored over rarefactions. One mechanism that can favor

compressions is a high baryon content to the Universe.

8.3.1 Choice of Parameters

Within the framework of CDM cosmological models, a set of parameters can be constrained
using the measured Cy. Reasonable ranges of parameters are chosen, and theoretical angular

power spectra are generated for a discrete grid of these parameters. The likelihood of the
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data are computed for each theoretical power spectrum, and the entire space is mapped
out, finding the maximum likelihood model. For the analysis of the BOOMERANG dataset,
a seven-parameter space is chosen to characterize a broad range of CDM models: wy, we,
Qiot, 24, ng, 7¢, and InChy.

Each density parameter denoted by a capital € is in units of the “critical” density [53]:

Pi
Q= — 8.1
Pcrit ( )
where
3H?
Perit = ﬁ (8'2)

The first two parameters describe the behavior of acoustic oscillations in the early u-
niverse. The energy density of baryons, w, = Qyh?, and the energy density of cold dark
matter, w, = Q.h?, affect the sound-crossing distance at the time of recombination, r;.

The total energy density, ¢, which parameterizes the geometry of the universe, affects
the angle-diameter distance to the surface of last scattering. In open models, where Q4 <
1, rs is mapped to smaller angular scales; conversely where Q4 > 1, r; is mapped to
larger angular scales. This affects the positions of the acoustic peaks in the angular power
spectrum.

Energy density due to matter and energy density due to cosmological constant affect
the geometry similarly; therefore, combinations of 25 and €2, which give the same angular
diameter distance give very similar angular power spectra, resulting in a degeneracy. The
main implication of this degeneracy is that BOOMERANG alone cannot measure €2, .

The Gunn-Peterson test concludes from the lack of neutral hydrogen absorption lines in
high-redshift quasar spectra that the universe reionized sometime between z ~ 5 and the

—2T
¢, where ¢

time of recombination [27]. This suppresses small scale Cy by a factor of e
is the optical depth of plasma between recombination and the present.

The final parameters, the spectral index of scalar fluctuations ns and the normalization
Cho, are set by the spectrum of primordial fluctuations due to inflation. Most inflationary
models have a scale-invariant spectrum of fluctuations where ny, = 1. The normalization
parameter Cig is in units which fixes the CMB power in the theoretical spectrum at £ =

10. This parameter is used to account for calibration error in the measured angular power

spectrum.
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The parameter C}g is a continuous variable, but all of the other parameters are dis-

cretized. See Table 8.3.1 for a list of the range of parameters. A database of C, values

for each of the models was constructed using the CMBFAST [62] and CAMB [36] software

packages.
parameter | lower limit upper limit number of steps
wp 0.0031 0.2 14
We 0.03 0.8 10
Qiot 0.1 1.5 15
Qa 0 1.1 11
Ng 0.5 1.5 31
TC 0 0.5 9
Table 8.1:

The span of CDM parameters considered in the analysis.

8.3.2 Results

Table 8.3.2 shows the maximum likelihood parameters for all of the priors considered. The
first search through the database was done with no prior assumptions (P1). This yields a
slightly closed (2 = 1.31 £ 0.16) Universe. The location of the acoustic peak near ¢ = 200
requires a low sound speed to compensate the closed geometry. A low sound speed results
in a very high value of Hy = 108439 km/s/Mpc and of Qyh? = 0.1007)-033, and a very low
age of 7.8 & 2.9 Gyr. The best fit power spectrum is shown as the dotted black line in
Figure 8.10.

A wide range of priors were subsequently used to further constrain the data. “Weak”
priors applied were conservative constraints on the Hubble constant (0.45 < h < 0.9) and
the baryon density (2,h? < 0.038) from Big Bang Nucleosynthesis (BBN), as well as the
generally agreed upon assumption that the age of the universe is greater than 10 Gyr
(P2-P4). “Strong priors” considered were h = 0.71 £ 0.08 from the HST Key project
[23] [49] and Quh? = 0.019 & 0.002 [51] [71]. Additionally, constraints from large scale
structure measurements [8] and prior measurements of the CMB angular power spectrum
were considered [3] [9] [44] [48].

Application of the weak priors (P4) moves the best fit model closer to a flat universe

with = 1.151‘8:68. The resulting value of Qyh? = 0.036 £ 0.05 is much closer to, but
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still in disagreement with the BBN-derived values of [51] and [71]. Hubble’s constant is
determined to be h = 0.58 %+ 0.1, which agrees with HST measurements [23]. Values for
other parameters are also reasonable, with ny, = 1.04 + 0.1, Qs < 0.83, 7¢ = 0.211“8:%2,
Qunatter = 0.84 £ 0.29 and Age = 13.4 £+ 1.9 Gyr. There is no clear detection of reionization
or of A. Including prior CMB measurements (P4a) does not change these results by a
significant amount.

Including large scale structure measurements (P5) does little to affect the values of €2,
k2, 7c, and ng. One degeneracy is broken, however, and a clear detection of A is made;
Qp = 0.661’8:8; . This result is consistent with “cosmic concordance” models.

The strong constraint on Hubble’s constant (P6) gives results closely similar to those
using the weak prior. However, the strong constraint on €2, (P7) shifts the results consid-
erably. Without the strong constraint, the BOOMERANG data yield a high value of €2}, and
forcing it to be low requires compensation in other parameters. The parameters which are
most affected are @y = 0.7970% and Q,, = 0.71 + 0.27.

Further evidence of the implication of a high density of baryons is shown by forcing a
flat universe (P10,P11,P13). In this case, the value of Q,h? is driven much higher than the
BBN-favored value, back to 0.03270:003. Including SN1A results [56] as a prior (P12) does
not change the results very much.

The best fit power spectra that result from the application of these priors are highly
degenerate over the range of angular scales measured by BOOMERANG (Figure 8.10). Prior
assumptions about the parameter space from other cosmological measurements are essential
for breaking this degeneracy. It is also apparent that the models diverge strongly at £ > 600,
however. A measurement of the power spectrum at higher ¢ can easily distinguish between
these models and make a more precise measurement of cosmological power spectrum with
fewer priors. An improved attitude reconstruction of the BOOMERANG dataset will allow
measurement of the spectrum at higher ¢, as will measurements at higher ¢ from experiments

such as CBI.
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Figure 8.10:

The best fit model power spectra. The green data points are from the BOOMERANG power
spectrum. The magenta data points are binned prior CMB measurements. The smooth
curves are best fit power spectra corresponding to the priors listed in Table 8.3.2 as follows:
short dashed line is P1, dot-dashed line is P4, short-long dashed line is P8, and solid line is
P11. The curve labeled “C” corresponds to the “concordance” model with parameters 2 =
1.0, Qph? = 0.02, Qegmh® = 0.12, and Q4 = 0.7. The concordance model does not fit the

data well.
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Priors Qiot Oyh? N Q Qa
P0: Medium h+BBN 1.078:9%  0.0303-097 1.000:9% 0.080-9% 0.370:33
P1: Whole Database 1.3156 0.1003-03%  0.883:53 0.10992 0.53):32
P2: Weak h (0.45 < h < 0.90)+age 1.159:09  0.0360-098  1.049:09 0.11987 < 0.83
P3: Weak BBN (Q,h? < 0.05)+age 1.16319 0.0350-09¢  1.035%-10  0.160:95 < 0.83
P4: Weak h+BBN+age 1.153:89  0.0363-093  1.043:89 0.1198%1 < 0.83
P4a: Weak and prior CMB 1.01999  0.0313:997  1.063.09 0.1099% < 0.79
P4b NO B98: Weak and prior CMB 1.03%12  0.0243-917  1.14312  0.088:9% < 0.80
P5: LSS & Weak h-+BBN+age 1.128:97 0.0343-092  0.999:0% 0.109:9% 0.667:55
P5a: LSS & Weak and prior CMB 1.02092  0.0303:99%  1.059:82  0.099-0%  0.479-18
P5b NO B98: LSS & Weak and CMB  1.003-07  0.0283:9i2  1.083:11  0.083:3¢ 0.583:13
P6: Strong h (h = 0.71 £ 0.08) 1.09997  0.0363-092  1.05399 0.08993 < 0.82
P7: Strong BBN (2,h%=0.019 £0.002) 1.103-32 0.0213:3%5 0.853:3%8 0.078:93 0.795:98
P8: Strong h+BBN 1.0405%  0.0213:99%  0.873:97  0.059-93 0.750-42
P9: LSS & Strong h+BBN 1.043:93  0.0223-993  0.923:9¢ 0.053:93  0.66:93
P10: Q1 = 1 & Weak h+age 1 0.0319:99%  0.999-97  0.063-92 < 0.78
P11: Q4 = 1 & LSS & Weak 1 0.0309:99%  0.963-9%  0.053:91  0.679:94
P12: LSS & Weak & SNla 1.080-03  0.0349-09%  1.028:92  0.08)9%5 0.720-0%
P13: Quor = 1 & LSS & Weak & SNla 1 0.0309:39%  0.979-37  0.053-91  0.699-0%
Priors Te Qeamh? Qm h Age

PO : Medium h+BBN 0.120:85  0.250-59  0.728:33  0.638:0% 11.91¢
P1: Whole Database 0.220-12 0.819-31 1.08035 7.859
P2: Weak h (0.45 < h < 0.90)+age 021342  0.243-05 0.84333 0.580-19 12.731
P3 : Weak BBN (Qyh% < 0.05)+age 0.21342  0.199-3  0.92-33  0.52811  14.639
P4: Weak h+BBN+age 021912 0.243-38 0.84333 0.58310 12.7%1
P4a: Weak and prior CMB 0.24342  0.183-97  0.643-23  0.599-11  13.419
P4b: NO B98: Weak and prior CMB  0.29915  0.213-92 0.713:38 0.603:}  12.939
P5: LSS & Weak h+BBN+age 0.19921  0.143-93  0.48)43 0.6031 14.518
P5a: LSS & Weak and prior CMB 022012 0.163:9% 0.5793) 0.609132 13.8}7
P5bNO B98: LSS & Weak and CMB  0.26-1%  0.143-33 0.44312 0.633:13 13.8}7
P6: Strong h (h = 0.71 £ 0.08) 020912 0.263%8 0.71937 0.66397 11.6}%
P7: Strong BBN (£,h?=0.019 +0.002) 0.099:42 0.083-9% 0.383:31 0.543:1 17.733
P8: Strong h+BBN 0.083:52  0.099-0% 0.285%-19  0.68):09 15.232
P9: LSS & Strong h+BBN 0.083:32  0.143-33  0.390:97  0.649:08 14.013
P10: Qo = 1 & Weak h+age 0.103:53 027003 0.5793F 0.748:03 10.99%
P11: Qi = 1 & LSS & Weak 0.099-42  0.183:92 0.32092 0.799:9%  11.79:%
P12: LSS & Weak & SN1a 023312 0.150-93  0.370:97 0.70999 13.313
P13: Qiot = 1 & LSS & Weak & SN1a  0.100:52 0.183-97 0.313:93 0.819:03 11.633

Table 8.2:
Parameter estimates from the BOOMERANG power spectrum using a range of priors.
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Chapter 9 Other Science with BOOMERANG

BOOMERANG has produced deep maps of a large region of the sky at 90, 150, 240, and
400 GHz. There are many possibilities for doing other science using this existing BooM-
ERANG data set. These include studying galactic foreground sources and looking for high-

redshift objects such as clusters and galaxies.

9.1 Galactic Dust

The 400 GHz maps produced by BOOMERANG are of interest for the study of galactic dust,
both as a foreground contaminant for future CMB measurements or as astrophysics in its
own right.

The BOOMERANG data can be compared with existing maps [63] and models of dust
[21]. There is a strong degree of correlation between the BOOMERANG 400 GHz data and
the IRAS/DIRBE maps of [63]. A preliminary analysis of the models in [21] using BooM-
ERANG data shows better consistency with a dual component model than with a single

component model of dust [67] [39].

9.2 Sunyaev-Zel’dovich Effect in Clusters

The ionized gas in clusters produces a measurable distortion of the spectrum of the CMB
viewed through a cluster (Sunyaev-Zel’dovich, or S-Z, effect) [66]. There are two components
of these effects, corresponding to two different components of the velocity of the electrons
in the intra-cluster plasma. The thermal component is due to the thermal motion of the
electrons in the ionized gas, and the kinematic effect is due to the bulk motion of the
cluster relative to the CMB. Each of these effects has a distinct spectral shape and their
brightnesses add linearly (see Figure 9.1).

Measuring the amplitude of the kinematic S-Z effect in a sample of clusters gives bulk
velocity measurements. Measuring the amplitude of the thermal S-Z effect and combining
the measurement of an X-ray map of the cluster leads to a model of the cluster geometry,

and a physical size of the cluster. The size and angular extent can be related to obtain a
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Figure 9.1:
The spectrum of the Sunyaev-Zel’dovich effect. The hatched lines indicate the Boowm-
ERANG bandpasses. The solid line indicates the thermal S-Z effect, the dashed line shows
the spectrum of CMB anisotropy, and the dotted line indicates the spectrum of dust. These
three signals are readily separable using the four BOOMERANG bands.

physical distance, thereby measuring Hubble’s constant. This has been successfully done
by several groups; however, selection effects make it desirable to measure the thermal S-Z
effect in an unbiased sample of clusters.

The beam size of BOOMERANG is 10’, which is much larger than most clusters, so the
signal due to the S-Z effect will be heavily diluted. Certain large or bright clusters may
be detectable, however. BOOMERANG made targeted observations of three clusters: A3158,
A3226, and A3112. The data have not yet been fully reduced, but there is hope of detecting

the thermal S-7Z effect in these three targets.

9.3 Serendipitous Cluster Searches

The rate of cluster formation in the early universe strongly depends on the value of the
energy density of the universe. Therefore, measuring the number density of clusters at high

redshift is a powerful probe of the total density, 2. Since the S-Z brightness is independent of
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redshift, millimeter wave searches for high-redshift clusters are potentially more productive
than X-ray searches.

Again, the large beam of BOOMERANG is non-optimal for detection of clusters, but a
large region of sky was mapped (1800 square degrees) to a lo depth of roughly 100 mJy
at 150 GHz. At this flux limit, between 10 (2 = 1.0) and 200 (€ =0.2) clusters should be
detectable at 40 [2]. In this large region of sky (1800 square degrees gives 45,000 12’ pixels),
there would be only 3 pixels with a 40 due to statistical noise alone.

A linear combination of BOOMERANG maps at the three frequencies can be created
which maximally removes CMB anisotropy and galactic dust, leaving S-Z signal. This work

is still in progress.

9.4 High-redshift Galaxies

The history of galaxy and star formation can be probed by measuring the number density
and redshift of high-redshift galaxies. Millimeter-wave and submillimeter searches for these
objects are expected to be highly productive [5]. The large beam size of BOOMERANG is
not well suited to these sub arcminute-sized objects which will be heavily diluted. At a 50

detection threshold to avoid false detections due to statistics, no galaxies will be seen[5].



106

Chapter 10 Discussion

A precision measurement of the angular power spectrum of the CMB was made with the
BOOMERANG experiment, revealing to high accuracy the position of an acoustic peak in the
angular power spectrum at £p.qr = 197 & 6. Within the context of cold dark matter models
of structure formation, this result implies a nearly flat universe.

When taken with other cosmological results which indicate that the expansion of the
universe is accelerating, this result implies that the cosmological constant A is non-zero and
that dark energy makes up a considerable fraction of the energy density of the universe.

Further analysis of the angular power spectrum measured by BOOMERANG shows a
suppressed second acoustic peak which points to a baryon content that is 2.5¢ higher than
results from big-bang nucleosynthesis and the latest observations of the primordial deuteri-
um ratio [71]. Combining the data with weak priors based on measurements of large scale
structure, Hubble’s constant, and the age of the Universe gives a significant detection of
the dark energy Q4 = 0.66 7000 and of cold dark matter Qch? = 0.1470:355.

It is important to note that the cosmological analysis was done with great theoretical
prejudice, staying entirely in the context of adiabatically seeded CDM models. The parame-
ters estimated by the BOOMERANG measurement are only accurate under that assumption.
This is not entirely unmotivated; the presence of an acoustic peak localized in ¢-space is
strong evidence that this paradigm is correct.

The results reported in this thesis are based on a small fraction of the data. When more
channels and a larger variety of the sky are analyzed, cosmic variance and instrument noise
in the maps may be reduced further.

The analysis of BOOMERANG data can be further refined to measure Cy at higher /. As
seen in Chapter 8, extending the measured power spectrum to these small angular scales
has the possibility of breaking some of the degeneracies in the parameter estimation. An
improvement in the accuracy of the determination of the telescope pointing is key to making
accurate measurements at higher £. Currently, a better calibration of the Sun sensor is in
progress, which has great promise for improving the current pointing jitter of 4.5’ rms.

Figure 10.1 shows a comparison of the BOOMERANG angular power spectrum with pre-
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vious measurements. While a peak in the power spectrum was evident from these previous
measurement, the BOOMERANG spectrum provides the £-space resolution and precision to
measure the position of the peak to much higher accuracy than all but the TOCO exper-
iment, which constrains the position of the peak with comparable precision. The release
of data from the balloon-borne MAXIMA agrees well with the BOOMERANG measurement
[28] as shown in Figure 10.2.

The BOOMERANG spectrum tends to be slightly lower overall than some of the more
recent experiments such as TOCO. Additionally, agreement with MAXIMA is improved by
shifting the BOOMERANG power spectrum towards the upper end of the 10% calibration
error (Figure 10.3).

Several factors could explain this discrepancy. Pointing jitter or an incorrectly measured
beam could smear out the power on all angular scales. We are confident that the beam is
well enough understood that this is not a problem in the case of BOOMERANG. Additionally,
an overestimate of the responsivity of BOOMERANG could account for the discrepancy. The
calibration of BOOMERANG channel 150A on the galactic sources in fact shows a slightly
lower responsivity than the responsivity to the dipole.

Further precision results are expected shortly from many other experiments. MAXIMA
has data from a second flight in 1999 which is currently being analyzed. The ground-based
CBI and DASI interferometers have taken months of data as of October 2000. The Top
Hat long duration balloon-borne experiment is expected to fly in December 2000, and the
MAP satellite will launch in mid-2001 and make a full-sky map at 12’ resolution. A second
space mission, Planck, will make a highly precise measurement of temperature anisotropy
and is planned for a 2007 launch.

The BOOMERANG receiver could be refitted in several simple ways which would provide
further insight into the CMB. The receiver can be turned into a polarimeter and search for
polarization in the CMB. An orthomode transducer, a wire-grid polarizer, or a polarization-
sensitive bolometer can be used to select and modulate the polarization. Alternatively, the
receiver could be fitted with single-mode feeds at 240 GHz with 6’ resolution, allowing a
measurement of the angular power spectrum to be made to much higher angular resolution.

Better pointing sensors are certainly necessary for more precise attitude reconstruction.
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Figure 10.1:
The angular power spectrum of the CMB as measured by BOOMERANG (points in red)
compared with other measurements in the field released prior to April 2000: TOCO [48]
[70], Python [16], MSAM [73], CAT [64], OVRO [35], and BOOMERANG/NA [44]. The solid
line is the best fit model from BOOMERANG/NA, which does not fit the BOOMERANG data
at £ ~ 500
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Figure 10.2:

A comparison of the BOOMERANG power spectrum (red circles) with the MAXIMA power
spectrum (blue squares) and the CBI preliminary power spectrum [60] (green triangle). The
solid curve is the @ = 1 model from [30]. The top panel shows the uncorrected data as
published by both experiments. The bottom panel shows the results from the MAXIMA
and BOOMERANG shifted to the limits of their calibration uncertainty. The MAXIMA data
are reduced in amplitude by 4% and the BOOMERANG data are increased by 10%. The
CBI data point is reduced by 10%, as it is expected to decrease with the inclusion of more
observations [60]. Agreement between the three experiments is greatly improved.
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Figure 10.3:
A comparison of the BOOMERANG power spectrum scaled up by 25% (red circles) with the
MAXIMA power spectrum scaled up by 10% (blue squares), the CBI preliminary power
spectrum scaled down by 10% (green triangle), and the TOCO spectrum (light blue dia-
monds). The solid curve is the = 1 model from [30], scaled up by 15%. When scaled as
indicated, these four experiments agree quite well.
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Appendix A Bolometer Data Summary

A.1 Time Constant

Channel lab flight | JPL designation
90A 19.9(24.5) 22.48 5.6/1
90B 18.7(31.8)  21.92 5.6/04
150A 11.4 10.8 3.4/13
150B 12.2 13.3 3.4/14
150A1 10.3 13.3 3.4/03
150A2 10.3 12.0 3.4/1
150B1 12.7 16.3 3.4/0
150B2 16.75 21.2 4.8/03

240A1 6.77 8.898 M1/20
240A2 8.84 7.24 M1/28
240B1 9.36 10.567 M1/14
240B2 7.07 8.77 M1/10
400A1 <6 4.184 M2/05
400A2 10.6 9.92 M2/02
400B1 <6 4.464 M2/28
400B2 <6 4.298 M2/27
DarkA 3.037 M2/12
DarkB 24.422 3.4/08
Table A.1:

All time constant values are in milliseconds. The lab time constants were measured optically
with a chopper (see Section 4.12), flight time constants were measured from response to
cosmic rays (see Section 6.8).
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A.2 Bolometer Impedence

Channel | Vs flight Vi, flight Rpoo  ground Vie,  ground Rpepe
mVAC mVDC MQ mVDC MQ
90A 25 5.68 5.88 4.54 4.44
90B 25 5.16 5.21 4.00 3.81
150A 25 5.40 5.51 3.61 3.38
150B 22 5.27 6.30 3.13 3.31
150A1 30 6.72 5.77 5.49 4.48
150A2 27 5.61 5.25 4.64 4.15
150B1 25 5.46 5.59 3.98 3.79
150B2 20 4.47 5.46 2.90 3.39
240A1 37 7.94 5.46 5.71 3.65
240A2 40 8.20 5.15 5.67 3.30
240B1 35 9.17 7.10 5.91 4.06
240B2 40 8.35 5.27 5.97 3.51
400A1 60 11.1 4.54 8.96 3.51
400A2 52 12.7 6.50 11.68 5.79
400B1 55 12.8 6.04 8.79 3.80
400B2 60 11.2 4.57 11.01 4.49

Table A.2:

Violo 18 the voltage at the bolometer. The flight impedence and voltage are average values
at float. The ground impedence and voltage are looking through the neutral density filters
at a 77K load.
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A.3 In-flight load curve

Channel Vi)ias %olo Vi)ias %olo Vi)ias Vi)olo Vi)ias Vi)olo

mV mV mV mV mV mV mV mV
90A 10 287 25 578 40 5.81
90B 10 257 25 5.27 40 5.51

150A 10  3.19 25 5.53 40 5.46

150B 88 274 22 535 352 5.35

150A1 12 3.19 30 6.84 48 6.91

150A2 | 10.8 2.80 27 573 432 583

150B1 10 2.52 25 5.62 40 6.02

150B2 8 1.94 20 4.53 32 5.15

240A1 | 148 389 37 8.08 59.2 8.46

240A2 16 4.69 40 8.34 64 8.23

240B1 14 374 35 8.43 56 9.15

240B2 16 4.55 40 9.33 64 9.41

400A1 60 11.15 82.1 11.86
400A2 52 1292 71.1 14.21
400B1 55 11.20 753 12.32
400B2 60 1295 82.1 13.46

DarkA 8 1.09 20 268 32 5.00
DarkB 12229 30 5.03 48 4.27

Table A.3:
Values of AC bias voltage (Vpies) and voltage at the bolometer (Vj,) for the in-flight load
curve, taken on the eigth day of the Antarctic flight. These load curves are plotted over
load curves taken pre-flight in Figures 4.5, 4.6, 4.7, and 4.8.
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A.4 Lab Load Curves

Channel | Peak S  R(peak S) T (peak S) G (peak S)
108 V/W M K pW/K
90A 3.4 4.0 0.387 80
90B 3.0 3.6 0.397 84
150A 2.7 2.2 0.438 72
150B 2.6 2.7 0.422 85
150A1 2.9 3.5 0.398 88
150A2 3.3 5.8 0.370 110
150B1 3.1 3.1 0.409 78
150B2 2.5 2.1 0.445 73
240A1 1.9 3.9 0.389 183
240A2 1.9 3.4 0.402 192
240B1 1.9 3.3 0.404 208
240B2 1.9 3.4 0.401 215
400A1 1.1 4.1 0.385 600
400A2 1.9 5.4 0.65 448
400B1 1.2 2.8 0.420 470
400B2 1.5 4.4 0.381 500
Dark A 2.2 6.8 0.348 430
Dark B 4.5 3.1 0.407 40
Table A.4:

Bolometer parameters derived from load curves measured on the ground. The values of R, G,

and T are at the peak responsivity S. R(T') was assumed to follow the law R = Roe\/%with
Ry =3002 and A =35 K for all bolometers.
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A.5 Flight Noise

Channel | flight noise ground S  flight S NEP
nV/VvVHz 108 V/W 108 V/W 1077 W/VHz
90A 14 3.4 4.3 3.2
90B 13 3.0 3.9 3.3
150A 14 2.7 4.1 3.4
150B 16 2.5 4.3 3.7
150A1 16 2.9 3.6 4.4
150A2 15 3.3 4.1 3.7
150B1 15 3.1 4.4 3.4
150B2 13 2.5 3.9 3.3
240A1 15 1.9 2.7 5.6
240A2 16 1.9 2.8 5.7
240B1 16 1.9 2.7 5.9
240B2 75 1.9 3.0 25.0
400A1 55 1.1 1.4 39.2
400A2 17 1.4 1.5 11.3
400B1 20 1.2 1.5 13.3
400B2 21 1.5 1.8 11.7
DarkA 28 2.2 2.2 12.7
DarkB 25 4.5 4.5 5.6
Table A.5:

The quoted flight noise is the average noise power at 1Hz. Flight responsivity (S) is esti-
mated by scaling the ground responsivity to flight by the ratio of the bolometer voltages.
See Section 6.9 for further information.
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A.6 Flight Optical Background

Another estimate of thermal conductivity G' based on the slope of T'(P), and an estimate
of the flight loading (@) by extrapolating the in-flight load curve to zero electrical power
to obtain AT. The resulting value of @ is very sensitive to R(T'), which is not well known.
Using optical efficiency numbers from below, the corresponding RJ temperature was found
for each channel (Tg). Fitting a RJ spectrum to the loading in all optical channels gives a

background of 9.5K. See Section 6.11 for details.

Channel G AT Q@ To
pW/K mK pWw K
90A 81 23 1.9 43
90B 82 35 29 6.9
150A 81 11 0.9 2.6
150B 88 5 13 38
150A1 88 31 2.7 10.7
150A2 104 33 35 11.2
150B1 90 39 3.5 13.7
150B2 73 4 32 115
240A1 181 33 6.1 10.6
240A2 180 20 3.4 4.3
240B1 195 33 6.5 125
240B2 202 24 4.9 7.2
400A1 519 29 149 12.6
400A2 412 13 55 74
400B1 422 31 13.0 123
400B2 424 8 3.6 5.0
Dark A 377 119 45.0
Dark B 28 6 1.6
Table A.6:
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A.7 In-Flight Responsivity

Channel | lab scaled to flight dipole sensivity
wV/Kcevs pV/Keup  pKy/s
90A 54 68 145
90B 49 67 137
150A 74 76 130
150B 75 78 145
150A1 44 49 231
150A2 50 67 158
150B1 50 54 196
150B2 57 50 184
240A1 43 48 221
240A2 47 68 166
240B1 39 45 250
240B2 51 67 792
400A1 7.6
400A2 3.9
400B1 7.0
400B2 4.9
Table A.7:

Lab respounsivity is scaled to flight by the ratio of the bolometer DC voltages. Sensitivity
is obtained by dividing the voltage noise in Table A.5 by the dipole responsivity.
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A.8 Optical Efficiency

Channel | [ 9BCIRM g, g (loadcurve) 9V (dipole) AQefjeciive AR 7
10712 W/K/cm? /st 108 V/W 107° V/K cm? sr cm? sr
90A 5.58 4.3 6.8 0.028 0.09 0.31
90B 6.30 3.9 6.7 0.027 0.09 0.30
150A 29.9 4.1 7.6 0.0061 0.04 0.15
150B 28.9 4.3 7.8 0.0062 0.04 0.16
150A1 30.5 3.6 4.9 0.0045 0.05 0.09
150A2 29.9 4.1 6.7 0.0055 0.05 0.11
150B1 274 4.4 5.4 0.0045 0.05 0.09
150B2 25.8 3.9 5.0 0.0050 0.05 0.10
240A1 56.1 2.7 4.8 0.0032 0.05  0.06
240A2 55.1 2.8 6.8 0.0044 0.05 0.09
240B1 57.2 2.7 4.5 0.0029 0.05  0.06
240B2 58.1 3.0 6.7 0.0038 0.05 0.08
400A1 13.5 1.4 0.76 0.0040 0.05 0.08
400A2 10.5 1.5 0.39 0.0025 0.05  0.05
400B1 12.7 1.5 0.7 0.0036 0.05  0.07
400B2 11.4 1.8 0.49 0.0024 0.05  0.05
Table A.8:

Responsivity to CMB fluctuations is % = %AQU I Wdu. By comparing the re-

sponsivity to the dipole (%) to the throughput (AQ) and voltage responsivity (S), the
optical efficiency n can be determined. The throughput quoted is the design throughput of
the feed or photometer.
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Appendix B Calculation of Beam Offset Parameters

The azimuth and elevation of the gondola boresight is reconstructed from the Sun sensor
and gyros. To reference this boresight to the position of the millimeter-wave beams on the
sky, the offsets of each of the beams from the boresight are parameterized. The parameters
we choose: « and 8 are respectively the elevation and azimuth offsets when the gondola
boresight is pointed at the horizon. The parameters for each beam are measured through
observations of galactic sources. First, the attitude of the gondola boresight is reconstructed
using the pointing sensors and a boresight right ascension and declination is computed for
each sample. To compute the beam parameters, a sample is found when a beam is centered
on a source. Then the known source position is compared with the position of the gondola
boresight. See Section 6.3 and Figure 6.3 for the results of this analysis from the Antarctic
flight of BOOMERANG.

Once these offset parameters are known, it is a straightforward linear algebra calculation
which determines how the beam azimuth and elevation vary with boresight azimuth and

elevation.

B.1 Rotation of the Gondola Boresight

First, we begin with computing the matrix which describes the orientation of the gondola
boresight vector. Assume that the gondola boresight is oriented along the x-axis. To change

the azimuth by angle ¢, rotate about the z axis. The matrix to perform this rotation is:

cosp sinp 0
My, =] —sinp cosp 0
0 0 1

To change the elevation by angle 8, rotate about the axis which is perpendicular to both

the z-axis and the new azimuth direction (that is, rotate about the new y-axis). The matrix
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describing this operation is:

cos@ 0 —sinf
Mg = 0 1 0

sinf 0 cosé@

To rotate in roll by angle 1, rotate about the new x-axis:

1 0 0
Myoy=1 0 costy sine
0 —sinty cosy

The order of these rotations must be kept, since the matrices are non-commutative, and

the total rotation is given by:

Mot = Mo, MyouMe
cospcosf —sinpsinysind  sinpcosy  cospsin@ + sin @ sin iy cos O
= —sinpcos @ — cos psiny sin@ cospcosy —singpsind + cos psiny cos

— cossinf — sin cos 1) cos 0
B.2 Calculation of Beam Position

To describe the measured position of a beam, start with the gondola boresight oriented along
the x-axis, and the beam offset by « in elevation and by £ in azimuth. In this position, the

beam orientation can be described with the following vector:

cos B cos
?beam = sin 8 cos «

sin «

The beam vector is then rotated with the above matrix describing the gondola orientation:

ﬁ
T beam = Mtot?beam = 'y
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where the components of 7beam are:

ry = cosfBcosacosycosf — cosfcosasinpsinisinf

+ sin @ cos 1 sin B cos a + sin a cos @ sin f + sin asin @ sin 1) cos 0
r'y = —cosf3cosasinypcosf — cos B cosacos psiny sinf

~+ cos p cos P sin B cos o — sin asin @ sin @ + sin « cos @ sin 1 cos 0
r, = —cosysinfcosfcosa —sinysinfcos«a

+ cos 1 cos O sin «

The beam azimuth and elevation can be read off:

0" = sin* (r'2)
!
r
¢ =tan~! (Ty>
Tz

B.3 Calculation of Beam Offset Parameters

To calculate « and 8 given a boresight position and a source position, the inverse problem

is solved:
L
-1
?beam = Mbeam T beam — Ty
Tz
where the components of 7 peqm are:
ry = cosp cos cospcosf — cos ¢ cosh sinpsinysinf

+ sin ¢’ cos §' sin ¢ cos § + sin ¢’ cos @ cos ¢ sin ) sin @ + cos 1 sin O sin @’

_ . ! / . ! !
ry = singcosicosp cosl — cospcossing’ cosl
+ sinsin @’
r, = cos¢ cosf cospsind + cos ¢’ cos sin g sinp cos

. ' /- . . I ' . . ’
+sin g cosf sinysin @ — sin cos @ cos @ siny cos @ — cos 1) cos O sin
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and the beam offset parameters can be read off:

a = sin~!(r,)
B = tan! (T—y
Tz
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Appendix C Roll Correction to Azimuth and Elevation

A roll in the gondola also affects the azimuth and elevation of the telescope beam. To
correct the data from two-axis Sun sensor for this effect, the roll measured by the gyroscope
must be used.

A vector can be constructed containing the Sun azimuth « and elevation e. This is then

rolled into the frame of the Sun sensor with the roll matrix from Appendix B:

1 0 0 COS € COS
Vsun = 0 cosy siny cos €sina
0 —sinty cosvy sine
COS € COS
= cos i cosesina + sintsine

—sin cosesina + cos Y sine

The true azimuth and elevation can be read off from the above equation:

, _q {costcosesina + sini)sine
«a = tan
COS € COS

¢ = sin~! (— sine cos e sin a + cos 1 sin €)
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