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Abstract

This thesis describes the instrumental design and observations with the Arcminute Cos-
mology Bolometer Array Receiver (ACBAR). We have used ACBAR to make very sensi-
tive, high resolution maps of the Cosmic Microwave Background (CMB) and have searched
within these maps for previously unknown massive clusters of galaxies through the Sunyaev-
Zel’dovich effect. ACBAR is a 16-pixel, millimeter-wave, 240 mK bolometer array that is
configurable to observe simultaneously at 150, 220, 280, and 350 GHz. The receiver observes
from the 2m Viper telescope at the South Pole from which it has beam sizes of ~ 4 — 5’
at all frequencies. We have taken advantage of improvements in bolometric detector tech-
nology and the superb observing conditions at the South Pole to image the microwave sky
at multiple millimeter wavelengths. Here we present the results of observing ~ 20 deg?
for 16 weeks in 2002. These represent the deepest CMB observations to date with a sen-
sitivity of ~ 5 puK per 5 beam at 150 GHz in the deepest part of the map. We present
the results from 150 GHz and employ an optimal filter to remove the primary CMB. We
detect no clusters above 4x the post-filter map RMS in the most sensitive 10 deg? of the
maps. We perform a Monte Carlo simulation to determine the cluster detection efficiency
of the survey using the measured noise covariance and realizations of the CMB. We use the
results of the simulation to estimate the expected cluster yield of the survey as a function of
cosmological parameters. The non-detection of clusters allows us to place a 20 upper limit
upon the variance of the smoothed density field of og < 1.10 (Q37/0.3) %% in a flat-ACDM

concordance cosmology.
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Chapter 1 Introduction

1.1 Motivation

Cosmology is concerned with understanding the composition, structure, and evolution of
our Universe. By this we mean cosmology attempts to answer the following questions: What
types of matter and energy populate the Universe and how are they distributed? How has
the geometry of the Universe evolved with time? How did the Universe transition from a
reasonably smooth distribution to the complex structures that we observe today?

Until recently, cosmology was a theorist’s playground in which the boundaries from ob-
servational data extended to virtually any model of the Universe that predicted a microwave
background, nucleosynthesis, and the existence of large-scale structure. However, cosmol-
ogy has made the transition from a data-starved science to one of precision measurement.
We are carving away vast regions of parameter space to leave just a few cosmological models
with reasonably well constrained parameters.

Unlike most of the sciences, cosmology is an observational (rather than experimental)
science; our interaction with the Universe is one-sided. Everything we learn about the
Universe is limited to what we can observe. We cannot put the Universe in a test tube
and shoot particles at it or mix it with chemicals and see what happens. We also have
only one universe to investigate which makes a statistical study of the laws of Nature that
govern the Universe as a whole all but impossible. Because of this, we need to exploit every
available piece of observational information to expand our understanding. Observations of
the Universe cover photon energies spanning roughly ten orders of magnitude and include
phenomena as diverse as black holes and the Big Bang. What is remarkable is that these
disparate observations are beginning to reveal a coherent picture of the Universe. It is
likely that cosmology will soon make the transition to a science that is not only precise but
accurate as well [85].

In the spirit of constraining cosmological parameters through complementary obser-
vations, we have embarked on a program to survey for clusters of galaxies using the

Sunyaev-Zel’dovich (SZ) effect as well as to measure the angular power spectrum of primary
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anisotropies of the Cosmic Microwave Background (CMB). This thesis will be concerned
mainly with surveying for clusters of galaxies as probes the growth of structure and evolu-
tion of the cosmological volume element. However, our ability to find clusters with the SZ
effect is, as we shall see, intimately tied to the distribution of CMB anisotropies. Although
the CMB power spectrum is not the main topic of this thesis, it was the driving science goal
behind the Arcminute Cosmology Bolometer Array Receiver (ACBAR) and so we discuss
it first.

The remainder of Chapter 1 will discuss the scientific rationale behind ACBAR as well
as establish the cluster abundance formalism that we will use to constrain cosmological
parameters within the modern picture of adiabatic density perturbations in a Cold Dark
Matter (CDM) framework. The instrumental design of ACBAR is presented in detail in
Chapter 2. Chapter 3 describes the CMB observations made at the South Pole in 2001
and 2002 as well as the performance of the instrument. Chapter 4 details the processing of
the raw data and 5 details the development of our cluster detection methodology. We also
report the results of the cluster survey in Chapter 5 and place these results in the context of
a ACDM cosmology. We discuss other science from ACBAR in Chapter 6 and present our
conclusions and future prospects for SZ cluster surveys in Chapter 7. We include appendices
on the analysis of bolometer load curves and sky dips, re-design of telescope optics, transfer

functions, and the generation of CMB realizations at the end of this thesis.

1.2 CMB Power Spectrum

The Cosmic Microwave Background (CMB) is the sea of thermal photons left over from
the hot ionized plasma of the early Universe. The spectrum of the CMB is very well
fit by a blackbody of temperature 2.73 K and peaks at millimeter wavelengths [74]. We
believe that shortly after our Universe emerged in the Big Bang, the energy field formed
elementary particles, such as photons and electrons, in a tightly bound plasma. These were
not distributed uniformly, but instead conformed to the primordial density perturbation
field. Although the temperature of the Universe was too hot for the photons and charged
baryons to decouple, the weakly interacting dark matter had no such pressure support and
collapsed into the overdensities to enhance the potential wells.

The other charged particles were gravitationally attracted to these potential wells but the
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photon pressure prevented their collapse. This induced acoustic oscillations in the photon-
baryon plasma until about z ~ 1100 when the Universe expanded and cooled enough that
the electrons were able to bind to the baryons (the so-called “epoch of re-combination”),
thus decoupling from the photons. The baryons then settled into the dark matter potential
wells to form gravitationally bound structures and the photons free-streamed from this
“surface of last scattering” and cooled with the expanding Universe to form the CMB we
observe today.

The CMB is a snapshot of the Universe when it was only about 300,000 years old and
encodes much information about the temperature and distribution of matter at that epoch.
With sensitive instruments we can measure the tiny variations in CMB temperature from
one point on the celestial sphere to the next. If we define the temperature of the sky in the
direction 0 as T (0, ¢), we can decompose the temperature field into a spherical harmonic

expansion as

T(0> ¢) = Z a@mBEY'Zm(Qa ¢)7

Im

—L(e+1)0?

where the Yy, (0, ¢) are the spherical harmonics and B, = e is the window function

for a Gaussian beam of width ¢. The angular power spectrum is then defined as
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m=—

In the equations above, £ is the order of Legendre polynomials; smaller values of ¢
correspond to larger spatial scales on the sky. The C term is the monopole and set by the
average temperature measured by the FIRAS instrument on COBE to be 2.73 K [74]. The
dipole term (¢ = 1) is dominated by the motion of the earth with respect to the CMB rest
frame caused by our motion about the sun, the sun’s motion about the Milky Way, and the
Milky Way’s motion towards what has been termed “The Great Attractor” in the direction
of the constellation Leo. What is usually referred to as the CMB power spectrum is the set
of Cy’s starting with £ = 2.

The shape of the CMB power spectrum encodes the distribution of density perturbations
as a function of angular scale. The primordial density field may have originated from the
quantum fluctuations in the Big Bang which were amplified by inflation and processed by the

oscillations in the plasma of the early Universe. If the age of the Universe at photon-baryon
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decoupling is denoted tge., then regions larger than ctge. (the horizon size at decoupling)
cannot have causally interacted since inflation. Scales smaller than the horizon have had
sufficient time to interact and the peaks and troughs in the power spectrum reflect the
state of the acoustic oscillations in the plasma at decoupling. However, we also measure
anisotropy in the CMB on scales larger than the horizon size and believe these fluctuations
originate from the period before inflation.

One should note that the peaks in the power spectrum are anisotropy power and thus
correspond to both compression and rarefaction peaks in the distribution. The first peak
in the power spectrum at ¢ ~ 220 corresponds to the physical scale that has just had time
to compress once; objects of this size subtend an angle of roughly one degree on the sky.
The second peak has collapsed and rarefied to maximum expansion at decoupling.

The different cosmological parameters affect the predicted power spectrum in different
ways. For example, the total density of matter and energy (€;ptq;) determines the angular
size of fluctuations on the sky by setting the angular diameter distance to the surface of
last scattering as well as the horizon size at decoupling. A larger (smaller) value of Qo1
shifts the power spectrum to larger (smaller) angular scale. The density of baryons affects
the depth of gravitational potential wells, thus enhancing the amplitude of compression
peaks while reducing rarefaction peaks. An interesting feature of these power spectra is
that different sets of cosmological parameters can produce virtually identical power spectra.
These parameter degeneracies can be broken by complementary measurements such as those
described in the next section. Model power spectra generated with CMBFAST! [102] for
three different cosmologies (ACDM, SCDM, OCDM) are shown in Figure 1.1.

The epoch of re-combination was not instantaneous and so the surface of last scattering
has a finite thickness. The thickness is determined by the photon diffusion distance near
decoupling which is proportional to QJT/[I/ 2p-1 [65]. Fluctuations that are small compared to
this thickness (corresponding to a few arcminutes) will be averaged out as one looks through
the surface. This smoothing results in the damping tail of the CMB power spectrum at
£ 2 1000. The steepness of the damping tail is also shaped by the spectral index of the
primordial perturbation spectrum which has led to the term “tilt” meaning a non-flat
primordial spectrum. The existence of the damping tail was recently measured by the

Cosmic Background Imager experiment [83] and is in good agreement with the predictions

! Available from http://www.physics.nyu.edu/matiasz/ CMBFAST /cmbfast.html



7000 vvvvvvvvv T T T T T T T T T T T T T T T

6000

2000

4000

3000

1(1+1)C,/2m (uK?)

2000

MR R R R R R RN RN R}

1000 ||

s b e e e b b

0 1000 2000 3000

Figure 1.1: Shows the model CMB power spectrum for three different cosmologies: ACDM
(solid line, Qp; = 0.3, Qp = 0.7, h = 0.7), SCDM (dashed line, Q3; = 1, Q5 = 0, h = 0.5),
and OCDM (Qy7 = 0.3, Q5 = 0, h = 0.7). All models assume Qgh? = 0.021, n = 1, and no

reionization.
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of the ACDM cosmology in which ~ 70% of the energy density of the Universe is in the
form of a mysterious “Dark Energy”, ~ 25% in non-baryonic cold dark matter, and ~ 5%
in ordinary baryonic matter.

At ¢ = 2000 — and frequencies far from 218 GHz — the primary CMB power spectrum
is expected to be dominated by an unresolved background of secondary CMB anisotropies
from the Sunyaev-Zel’dovich (SZ) effect in clusters of galaxies [46]. The SZ effect will be
discussed in the next section and recent results from the CBI [15] and BIMA [23] suggest
that this high-¢/ power may have been detected. A conclusive measurement of this SZ
power spectrum will require measuring the high-¢ power spectrum at multiple frequencies —
including ~ 218 GHz where the clusters should not contribute significantly — to separate the
primary from the secondary CMB anisotropies. The amplitude of the SZ power spectrum is
expected to scale very strongly with the normalization of the matter power spectrum (ag )
[15].

There are simply too many CMB mapping experiments to list, but a few Web sites have
compiled all of the available data to illustrate the state of the field of CMB power spectrum
measurement?. It should be noted that most of the recent experiments have focused on
the large to moderate angular scales (¢ < 1000) where the CMB is believed to have the
most power. Experiments such as Boomerang, MAXIMA, DASI, and Archeops have done
a remarkable job of measuring the position and amplitude of the first few peaks in the
power spectrum and have placed very tight limits on most of the cosmological parameters.
However, the sensitivity of these large beam experiments falls off rapidly for £ > 1000. Only
a handful of experiments have attempted to measure the CMB power spectrum on smaller
angular scales: SuZIE placed an upper limit around ¢ ~ 2500 [19], OVRO placed an upper
limit at ¢ ~ 2000 [94], BIMA detected power at £ ~ 7000 [23], and CBI definitively detected
the damping tail [72]. It is this region of the power spectrum that ACBAR was designed to
measure with high precision.

In Figure 1.2 we show the state of the observed CMB power spectrum as measured by
a selection of instruments. This figure incorporates the data from stratospheric balloon
instruments ARCHEOPS (7], Boomerang [101], and MAXIMA [42] as well as ground-based
experiments CBI [72], DASI [91], VSA [105], and ACBAR [59]. One can see from the figure
that ACBAR has measured the CMB damping tail across a wide range of angular scales

http://background.uchicago.edu/~whu, http://www.hep.upenn.edu/~max/cmb/experiments.html



with good precision.

1.3 The Sunyaev-Zel’dovich Effect

The Sunyaev-Zel’dovich (SZ) effect is the scattering of CMB photons from energetic elec-
trons in the shock-heated, gravitationally bound plasma in clusters of galaxies [107, 10].
Low energy CMB photons travel from the (in this case, misnamed) surface of last scatter-
ing and are boosted in energy by the few keV thermal electrons via Thomson scattering.
The probability of scattering depends on the electron density of the cluster and is of order
1% for any given photon. This is the thermal SZ effect and it results in unique spectral
distortion to the CMB intensity spectrum (see Figure 1.3). The CMB thus acts as a back-
light to the cluster, which appears as a cold patch at frequencies below ~ 218 GHz and a
hot patch above ~ 218 GHz.

The temperature spectrum of the thermal SZ effect is given by

Aﬂhermal
Tems

—y f() = f(x) / w2 o,

where the integral is along the line of sight through the cluster, y is referred to as the
Compton y-parameter and is proportional to the integrated electron pressure in the cluster,
k is Boltzmann’s constant, T, is the electron temperature, m, is the mass of an electron,
¢ is the speed of light, n. is the electron number density profile, and o7 is the Thomson
scattering cross-section. The factor f(x) encodes the frequency dependence and is given by

et +1
et —1

fl@) == 4,

where © = hv/kTcpp and we have neglected higher order relativistic corrections (see, for
example, Itoh 1998).

The thermal SZ effect spectrum can be re-written in terms of specific intensity to give

Alsz = —7

ATsz = Iog(x)y,

where B(T) is the Planck blackbody equation, Topsp is the temperature of the CMB,
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Figure 1.2: The upper panel shows the power spectrum measured by ACBAR with two
model power spectra. The solid line is a ACDM model and the dotted line is an SCDM
model. The ACBAR data points are uncorrelated. The lower panel compares the ACBAR
results to the power spectrum measured by previous bolometric and interferometric instru-
ments. The solid line is a flat-ACDM cosmology. The figure is taken from the ACBAR
cosmological parameter paper of Goldstein et al. (2002).
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Figure 1.3: Intensity spectrum of both the thermal (solid) and kinetic (dashed) Sunyaev-
Zel’dovich effects for a massive cluster of galaxies. The model cluster is characterized by a
central comptonization of y = 10™%, an optical depth of 7 = 0.01, and peculiar velocity of
+500 km/s.

Iy = 2(kTcmp)?/(he)?, and

xle®

g(z) = m (@).
The SZ intensity spectrum is plotted in Figure 1.3 for a cluster with y = 10~* which is
typical for massive clusters.

There is a second SZ effect due to the bulk motion of a cluster with respect to the CMB
rest frame. This kinetic SZ effect acts like a Doppler shift and the sign of the distortion
depends on the direction of the peculiar velocity with respect to the line of sight. The
temperature spectrum of the kinetic effect (ignoring relativistic corrections) is given by

ATyinetic Upec * T

oo = (%7,
where 7 is the optical depth of electrons, ¥pe. - 7 is the component of the peculiar velocity
along the line of sight, and the negative sign indicates that a cluster moving away from us
will cause a decrement. The kinetic effect is also shown in Figure 1.3 and one can see that
the optimum frequency band to observe the kinetic effect is near the thermal null at ~ 218
GHz, thus reducing contamination from the thermal signal.

In addition to thermal effect contamination, the kinetic effect has the unfortunate fea-
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ture of an intensity spectrum identical to the CMB. This means that CMB fluctuations
cannot be distinguished from kinetic SZ emission. This suggests that small beam sizes are
advantageous when trying to measure the kinetic effect because this will reduce the amount
of primary CMB confusion. The amplitude of the kinetic SZ signal is also quite small and
has not been conclusively detected as of the time of this writing. The strongest upper
limits on cluster peculiar velocities from the kinetic effect come from the SuZIE instru-
ment which observes from Mauna Kea and suffers from atmospheric noise contamination
[49]. The latest incarnation of SuZIE employs multi-frequency photometers that enable
thorough atmospheric removal and may permit significant detections of cluster peculiar
velocities.

It is important to note that the SZ effect is not really an emission mechanism but
a scattering processes that preserves photon number. The SZ effect results in a fractional
change in the surface brightness of the CMB by boosting photons to higher energy. Although
the photons we observe from a cluster at redshift z interacted with the intra-cluster plasma
when the Universe was (1 + z) hotter, those photons have undergone the same (1 + z)~*
redshift as the rest of the CMB as the Universe expanded. The SZ surface brightness inherits
the remarkable property of redshift independence from the CMB; a specific cluster (fixed
temperature and electron density) will have the same surface brightness independent of its
redshift of observation. The total flux from a cluster will, however, depend upon redshift
through the angular diameter distance relation. As will be shown below, the angular size of
a cluster of fixed proper dimension is expected to initially fall off but will eventually flatten
out and even increase at z > 2 in currently acceptable cosmologies.

It is the redshift independence of surface brightness that makes the SZ effect such a pow-
erful cosmological probe. One of the most powerful uses of the SZ effect is as a cosmological
distance measure without the use of standard candles (such as Cepheid variables). The SZ
signal is proportional to the integrated column depth of the electron pressure, f nededl.
This can be combined with both X-ray surface brightness observations, which are propor-
tional to the integral of the electron density squared, [ ngTe1 / 2d€, and X-ray spectra which
give the temperature of the intra-cluster electrons, T.. By eliminating the electron density
and temperature one obtains a measurement of the depth of a cluster. If the assumption of
spherical symmetry is valid, one can assume the proper width of the cluster is the same as

the depth and use the angular diameter distance relation to determine the Hubble constant,
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Hy [71, 95]. With sufficient cluster statistics to reduce cluster orientation bias, the cluster
derived angular diameter distance relationship at high redshift can be used to measure the
matter and vacuum energy densities (25 and Qy, respectively).

We can integrate the thermal SZ surface brightness of a cluster over solid angle using

dQ = dA/d%(z) to get the total flux density

O'Tk:TCMB <Te>nNe
mec?  d4(z)

Stotal = I()g(CC)

where (T¢), is the mean density weighted electron temperature of the cluster, N, is the
total number of free cluster electrons, and d4(z) is the angular diameter distance relation.

The total number of electrons is related to the cluster mass by

Ne ;
HeMp

where M is the total cluster mass, f, is the gas mass fraction, p. = 1.142 is the mean
molecular weight per electron assuming cosmic abundances plus 30% of the solar abundance
in metals [2], and m,, is the proton mass. The gas mass fraction should be approximately
equal to the cosmological value of Qg /s ~ 0.15 from BBN if clusters reflect the universal

partition of matter; it is measured to be fyh ~ 0.081 assuming a ACDM cosmology [36].

1.4 Surveying for Galaxy Clusters

The second science goal of ACBAR is to conduct an untargeted survey for clusters of galaxies
using the Sunyaev-Zel’dovich effect. The success of this project is a more uncertain than
measuring the CMB power spectrum because is has not been attempted on a large patch
of sky before and the level of expected SZ signal is still unknown. Fortunately, the power
spectrum measurement and cluster search are derived from the same CMB maps resulting
in two science data sets from one set of observations. In the following subsections we will
discuss the usefulness of galaxy clusters as probes for measuring the cosmological parameters
as well as why the Sunyaev-Zel’dovich effect provides a powerful tool for surveying for
clusters [5, 48]. We follow the prescription outlined in Vianna and Liddle (1996) and Holder
et al. (2000) for modeling the cluster abundance but incorporate a modified cluster mass

function that better fits numerical simulations.
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1.4.1 Clusters as Cosmological Probes

For a model of structure formation to be considered successful it must predict the observed
number density of galaxy clusters at the present epoch as well as at higher redshifts. Mas-
sive clusters of galaxies presently correspond to rare peaks in the density perturbation field
(much like galaxies at a redshift of a few) and their number depends strongly on the nor-
malization of the matter power spectrum. It has been suggested by many authors that
measuring the evolution of the number density of galaxy clusters would be a powerful probe
of some cosmological parameters; in particular, the matter density (257), power spectrum
normalization (og), and the density (and possibly equation of state) of dark energy (£24)
should be well constrained by such a survey [48]. The observed number density of clusters
is considered the strongest evidence against the standard CDM model (23 = 1) because
it under-predicts the number of rich clusters at intermediate redshifts by several orders
of magnitude [3] when normalized to the local cluster abundance as measured by X-ray
satellites [26, 27].

The evolution of the number density of clusters, n(z), can be separated into two effects:
1) the change in the comoving volume element, dV/dQdz, and 2) the growth of structure
in the Universe as parameterized by the cluster mass function, dn/dM. The definitions of

the density parameters, 2;, comes from the Friedmann equation

.\ 2
(&) —#er = mEe) = 5 4 3 - k2

which can be re-written as

81Gp(z A K(1+2)?
E2(Z): 2( )+ 5 — ( } ) .
3H? ' 3H] H?

At the current epoch, z = 0 and E(z = 0) = 1, from which we have

87TG/)() A K
—_——— —==1=0 Q Q.
3H§ +3H§ Hg M+ A+ 8K

In the matter dominated epoch, the density term scales like (1 + z)3 and we can explicitly
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write down the evolution of the density parameters with redshift as

_ 87Gpo(1+ 2)3

Qulz) = SHZE2(z)
A
Qa(z) = SHZE(2)
K z)?

We can re-write the function E(z) as
E*(2) = Q4 (14 2)° + QF + Q% (1 + 2)?,

where the superscript 0 denotes the present value.

The comoving volume element is given by (see, for example, Hogg 2000)

AV c(1+2)%d%4(2)
dQdz  HoE(2)

where the angular diameter distance, d4(z), is given by

1 2 dy

da(z) = 1+z2Jy E(Z)

for the spatially flat case (Q2x = 0). The angular diameter distance relates the physical
size of an object, D, to its angular size on the sky by § = D/ds(z). We have plotted
the dimensionless angular diameter distance relation and comoving volume element as a
function for redshift for three cosmologies in Figure 1.4. The interesting feature of the
angular diameter distance is that it flattens out at a redshift of 1-2 and even decreases past
this point. This means if a standard yardstick were taken to higher and higher redshift it
would at first appear smaller on the sky but eventually would begin to appear larger as it
is taken further away.

The cluster mass function, dn/dM (M, z), gives the number density of collapsed objects
of a given mass as a function of cosmology and redshift [120]. Press and Schechter (1974)
were the first to derive an expression for the mass function by making the assumption that
the fraction of matter in collapsed objects is proportional to the fraction of the density field

— smoothed on scale M = 47 R3p/3 — that exceeds a critical threshold . for collapse. The



14

0.5 [T T T T T T T T T T T 0.6 T T T T
g 0.5F 3
0.4 3 E ]
-~ E mo 0.4E 77777777777 B
T 0.3 P = AN £
< - -~ 2 ]
L / S~ X E
< y - N 0.3 ]
S osk ) T - 3
= 0.2: J X E El
Fl =7 0.2 E
F =
0.1h E T T T T -
3 ] 01f /7 - -
oLy
] EV ]
0.0Fiviiiy, I I I I 1 0.0 i1, I I I I 1
0 1 2 3 4 5 0 1 2 3 4 5
Z z

Figure 1.4: Shows the dimensionless angular diameter distance (left panel) and comoving
volume element (right panel) as a function of redshift. The three cosmologies are ACDM
with Q = 0.3 and Q4 = 0.7 (solid), critical density SCDM (dashed), and OCDM Universe
with Q7 = 0.3 (dotted).

Press-Schechter (PS) comoving mass function is given by

dn(M, z) \/5 P b do(M,z) 9520
77dM — _ ? c/ 40 ( ’z)dM
dM TMo2(M,z) dM ¢ ’

where M is the mass of the object, p is the mean comoving matter density, o?(M,z)
is the variance of the density field smoothed on scale M corresponding to a size R =
(3M/47mp)'/3, 6. is the linear density contrast at collapse and is found to be ~ 1.69 for a
top-hat smoothing window (fairly independent of cosmology) [69]. The dispersion on mass
scale M is determined by smoothing the matter power spectrum P(k,z) with a window

function W(kR) is
dk

o
az(M,z)—/ Pg(k,z)WQ(kR)?
0
The power spectrum is Ps(k) o kiT?(k)é%(k), where 6% (k) oc k™1 is the primordial
power spectrum of density contrast (6 = dp/p) — with n = 1 corresponding to the Harrison-
Zel'dovich spectrum — and 7'(k) is the transfer function [14]. The power spectrum is usually
normalized to the variance of the density field smoothed with a top-hat window function

on R = 8h~! Mpc scales, designated og(z), where h is the dimensionless Hubble constant

defined as Hy = h 100 km/s/Mpc. The top-hat window function in Fourier space is given
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by [65]
’ sin(kR)  cos(kR)

W(kR) = 3 GEF R -

High resolution numerical simulations [120, 55, 103] indicate that the Press-Schechter
(P-S) mass function over-predicts the number of low mass halos and under-predicts the most
massive halos. Since we are interested in the number density of the most massive clusters of
galaxies, we elect to use the modified P-S mass function given by Sheth and Tormen (S-T')
(1999); the functional form of the S-T mass function was verified by Jenkins et al. (2000)
and White (2002). This form of the modified mass function was determined by fitting to
the results of numerical cluster simulations. The modified comoving mass function is given

by

dn(M, z) 20 p 6. do(M,2) o?2(M, 2)\"] _s2/902
VTS AM = A 222 : 1 2 A e) c/20%(M,2) g0 g
ar ¢ T Ma2(M,2) dd |\ a8 c aM,

where we will use the best fit values of A = 0.3222, a = 0.707, and p = 0.3. We note that
[117] contains an error in the evaluation of do (M, z)/dM but this has a minimal effect on
the mass function.

To determine the dispersion on an arbitrary mass scale, we can either integrate the
smoothed power spectrum for every mass or we can use a fitting function in the region
of interest to massive clusters (~ 8h~! Mpc). This should provide an accurate analytic
function for the dispersion in the mass region of interest. We use the power law fit of

Vianna and Liddle (1996) given by

R > - (R)

O'(R,ZZO):O'g (m

where for CDM spectra the power law is fit by

~(R) = (0.3 + 0.2) [2.92 +log (%TRNI})C>] .

T" is the shape parameter used in the power spectrum transfer function and is equal to

T — QMhe*QB(1+1/QM)7

and is evaluated at the current epoch. For a power spectrum with n = 1, the shape
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parameter is found to be I' ~ 0.23 4 0.04 from the galaxy correlation function. We note
that the latest measurements of 3; ~ 0.3 from supernova and the CMB [101, 91, 7, 86]
and Qp7h? ~ 0.02 from Big Bang nucleosynthesis [114] predict a value of I' ~ 0.21 which is
consistent with the value derived from galaxy correlation.

The evolution of the dispersion with redshift is given by the linear growth suppression
factor, g(Qar, 2a); this compares the growth of linear density perturbations in an arbitrary
cosmology at a redshift z to SCDM (Qj; = 1, in which structure growth is proportional to
the scale factor a = (1 + 2)71). A useful analytic fit to the growth suppression factor is

given by Carroll, Press, and Turner (1992)

(937 (2) = Q(2) + (1 + Qui(=)/2)(1+ 2 /70)|

o (2), () = -

where the redshift dependence of Q;; and 5 are given above. The redshift dependence of

the dispersion on 82~ Mpc scales is then given by

08(0) g(ar(2), 20 (2))

US(Z) = (1 + Z) g (QM(O),QA(O))’

which uses the fact that the density contrast of structures grows proportional to (1 + z) 1
in a critical density Universe. We plot og(z) for three different cosmologies in Figure 1.5.
The figure shows that the dispersion in the density field was larger at high redshift in low
matter density cosmologies compared to SCDM. This means that the structure we observe
today formed at higher redshift in low matter density cosmologies.

The local abundance of massive clusters has been measured well by X-ray satellites. Eke
et al. (1996) derive limits on the present power spectrum normalization of 089%6_0'1091‘4 =
0.52 if Q) = 0 and o522 013 — 052 if Q) = 1 — Q. Note that if Qy = 1 we have
os = 0.52 to reproduce the local cluster abundance; but this set of parameters underpredicts
the number of clusters observed between redshift 0.5 to 0.8 by about two orders of magnitude
[3]. For Qs = 0.3 we have og ~ 0.9 + 0.03 depending on the value of Q4. The degeneracy
between og and 3; can be broken by measuring the evolution of the number density
of galaxy clusters. Qs effectively sets the normalization of the mass function and og(2)
determines how the mass function varies with redshift. It should be noted that optical

cluster surveys, such as the Sloan Digital Sky Survey, measure a substantially lower value



17

1'01\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\V
0.8F \\ ]

0.6 4

Ua(Z)/Ua(O)

0.4 b .

0.2 -~ _

Figure 1.5: Shows the dispersion in the power spectrum smoothed with an 8h~! Mpc top-
hat window as a function of redshift normalized to the value at z = 0. The three cosmologies
are ACDM with Qp; = 0.3 and Q5 = 0.7 (solid), critical density SCDM (dashed), and an
open CDM Universe with €; = 0.3 (dotted).

of og for a given value of the matter density. The SDSS constraint given in Bahcall et
al. (2002) is 05Q%f = 0.35 & 0.03 for values of Qy in the range of 0.1-0.4 which implies
os = 0.72 if Qp; = 0.3. It will be shown below that the expected yield from a cluster survey
depends very strongly on the value of og; this is the cosmological parameter likely to have
the strongest constraints placed upon it by near-future cluster surveys.

We can now put this all together to estimate the number density of clusters above a
given mass limit. Multiplying the comoving number density of objects of mass M by the
comoving volume element and integrating from a lower mass limit My, to co gives the

evolution of the differential number density of objects above the limiting mass

dn(> Myim,z) /OO dn(M,z) dV

dQddz N My, AM dQdz
This last equation assumes that a cluster survey will detect all objects above a given mass
limit, independent of cluster redshift. The cluster selection function (or detection efficiency)

of a survey, f(M, z), encodes the fraction of clusters that will be detected as a function of
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mass and redshift. Incorporating the selection function of a survey into the differential

number density yields

/f anz) dvdM

dez dM  dQdz

More realistic than a simple step-function in mass, the selection function of a cluster
survey will vary with both cluster mass and redshift and must be determined from Monte
Carlo simulations. The simulations incorporate the background noise properties of the sur-
vey and assumptions about the evolution of galaxy cluster properties. As will be discussed
below, it is the relative simplicity of the selection function of SZ cluster surveys versus
X-ray or optical cluster surveys that makes the SZ effect such a potentially powerful probe
of cosmology. For the remainder of this introduction, we will use the redshift-independent
step selection function with f(M,z) = 1 for M > My, and f(M,z) = 0 for M < M.
We determine the ACBAR cluster selection function in Chapter 5 and use this to estimate
the cluster yield as a function of cosmological parameters. We then compare the expected
cluster yield with the number of objects detected to place constraints on the cosmological
parameters og and {2j; within the CDM paradigm.

Assuming the simple step selection function, we can integrate the differential number
density over redshift to get the total surface number density of massive objects at redshift

higher than z,

dN (> Mijm, > z) _ /°° dn(> Mlim’zl)dz’.
dsq) . dQddz’

We plot dn(> M, z)/d2dz and dN (> My, > z)/dS) versus redshift for three cosmolog-
ical models in Figure 1.6. The three cosmologies are SCDM (23, = 1, Qp = 0, h = 0.5,
og = 0.52), ACDM (Qpr = 0.3, Qp = 0.7, h = 0.7, 0g = 0.93), and OCDM (Q; = 0.3,
Qp =0, h=0.7, 0g = 0.87). The values of og were chosen to be consistent with the Eke et
al. (1996) constraints from local abundance of X-ray clusters and we have used J. = 1.69
and T’ = 0.23 for all cosmologies. We have chosen a uniform cluster mass limit of 10'° M,
for these figures.

One of the most interesting features of Figure 1.6 is that most of the massive clusters in
a SCDM cosmology will form at a redshift around z ~ 0.2 whereas most of the > 10'® M,

clusters in either a ACDM or OCDM cosmology will form at z ~ 0.4. The mere existence of

> 10'® M, clusters past z ~ 0.6 is enough to exclude SCDM as a viable model of structure
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Figure 1.6: Left panel shows the differential number counts of massive clusters (> 10'° M)
versus redshift for the three cosmologies defined in the text: ACDM (solid), SCDM (dashed),
and OCDM (dotted). The right panel shows the integrated number counts for clusters above
the redshift z for the same three cosmologies. The value at z = 0 represents the visible
surface density of massive clusters on the sky.

formation. One also gleans from these figures that massive clusters of galaxies are quite
rare objects on the sky with a surface density of a few per 10 deg?. However, the number
density is a strong function of the power spectrum normalization, og. This is illustrated in
Figure 1.7, which shows the integrated number density of > 10 M clusters in a ACDM
cosmology with varying og. We expect more than a factor of two difference in the density
of massive clusters on the sky between cosmologies with g = 0.9 and og = 1.0.

The cluster mass function has an exponential dependence upon the dispersion of the
smoothed density field. As we increase the smoothing radius — equivalent to increasing
the mass scale — the dispersion decreases resulting in a sharp reduction of the expected
number of objects on that scale. Thus, the expected cluster yield from a survey will depend
strongly on the limiting mass of the survey, or equivalently, the survey selection function.
As will be discussed below, the selection function of SZ cluster surveys should not depend
strongly upon redshift [48]. We illustrate the effect of limiting cluster mass (assuming a
step selection function) upon expected cluster yield for the three cosmologies listed above in
Figure 1.8. It can be seen from the figure that expected cluster yield depends very strongly
upon limiting mass; especially at the high-mass end where clusters become quite scarce.
Another interesting feature of Figure 1.8 is that the difference in expected cluster yield

between low-density and critical density universes becomes most pronounced at the high-
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Figure 1.7: Illustrates the strong dependence on power spectrum normalization of the in-
tegrated surface density of massive clusters (M > 10'° Mg) with redshift for a ACDM
cosmology and varying og. All other parameters are held fixed at the values given in the
text.

mass end. This suggests that massive clusters of galaxies that will provide the strongest
constraints on y; from galaxy cluster surveys. In fact, it is the abundance of massive
clusters at moderate redshifts that provides one of the strongest pieces of evidence against

the SCDM model.

1.4.2 SZ Cluster Surveys

The total SZ flux equation given above tells us that a flux limited survey will have a
cluster selection function that is proportional to T, N, /d% (z). The angular diameter distance
relation is quite flat with redshift. Both 7, and N, are determined by the cluster mass; in
virial equilibrium the cluster mass sets the velocity dispersion, and hence the temperature,
of the cluster gas. Taken together this implies that the selection function for a flux limited
SZ survey should be almost independent of redshift with cluster mass being the limiting
factor [47]. Holder et al. (2000) show that the limiting mass for an upcoming interferometric
SZ survey is expected to vary with redshift by less than a factor of 2-3 for z > 0.5 (if there
is no cluster evolution); independent of the underlying cosmology. ACBAR has large beams
compared to most galaxy clusters and should be sensitive to the integrated cluster flux.

However, smaller beam experiments that resolve clusters will be sensitive to the cluster
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Figure 1.8: Shows the very strong dependence of expected cluster survey yield versus uni-
form limiting cluster mass for ACDM (solid), SCDM (dashed), and OCDM (dotted).

core radius. For fixed cluster mass, a cluster that formed earlier will tend to be more
compact (and consequently hotter) reflecting the higher density of the Universe at the epoch
of formation. The selection function for such an experiment will be a more complicated
function of redshift. This last point depends strongly upon the cluster detection method
employed and will be discussed in more detail in the Analysis chapter.

Unlike the SZ effect, the integrated cluster surface brightness in both optical and X-ray
falls off rapidly with redshift like (14-2)~%. This implies that the cluster selection function for
a flux limited sample will depend strongly upon redshift for optical and X-ray observations
but remain constant for an SZ survey (see, for example, Rosati et al. 2002). Cluster surveys
conducted in X-ray and optical are usually limited in depth to z < 1 [100]. However, the
forthcoming XMM Cluster Survey (XCS) [99] should detect many X-ray clusters out to
z ~ 2. Because of the redshift independence of the SZ surface brightness, an SZ survey
will be limited only by the existence of massive galaxy clusters. As daunting of a task as
extracting cosmological parameters from X-ray and optical surveys may appear to be, it is

important to stress that unlike future large-scale SZ surveys, optical and X-ray surveys have
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actually been conducted [e.g., ROSAT All-Sky Survey (RASS), Einstein Extended Medium
Sensitivity Survey (EMSS), and Sloan Digital Sky Survey (SDSS)] and have been used to
place strong constraints on og and Qs [100, 43, 96, 58, 4].

Once a survey has identified a set of candidate clusters, they must be followed up (either
optically or with X-ray spectra [66]) to obtain redshifts to extract the most information from
the survey. The measured evolution of the number density of clusters allows the separation of
otherwise degenerate cosmological parameters. A program to measure the angular diameter
distance relation with an unbiased sample of clusters will require pointed X-ray observations
to obtain electron temperatures in addition to cluster redshifts. Distance measures (such
as angular diameter and luminosity distances) are sensitive to cosmological parameters in

a way that is complementary to CMB and cluster abundance measurements [52].

1.4.3 Confusion

The dominant source of confusion for an SZ survey depends strongly upon the frequency of
observation and the angular scales probed by the experiment. Observations conducted below
the thermal null (< 218 GHz) will detect clusters as a decrement compared to the CMB.
At radio frequencies, however, point source emission will “fill in” the SZ signal decrement
making a cluster much less detectable [67] (or even completely dominate the signal). A
novel way to avoid this problem at radio frequencies is through the use of interferometry
which uses the differences in the Fourier transform of clusters and point sources to separate
their signals. Since point sources have a flat spectrum and clusters have a steeply falling
spectrum, one can use the signal from the longest baselines (which should have very little
cluster signal) as a point source monitor [16].

At frequencies above the thermal null (> 218 GHz), the dominant source of confusion
is from dusty infrared sources such as distant star forming galaxies. This has the opposite
effect of radio sources in that it makes the inferred SZ signal appear larger than it really
is. In fact, the problem is compounded by the gravitational lensing effect of clusters upon
the background of high redshift dusty galaxies [11] which collects more sources in the field
of the cluster than appear in the uniform background. As an aside, we mention that the
gravitational lensing of background galaxies has recently been used to detect clusters of
galaxies through reconstruction of the projected matter distribution of a cluster by the

shear distortion of background galaxy images [113]. This method shows great promise for
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measuring the mass of lensing clusters because the optical deviation of the background
galaxy images depends only on the cluster mass and requires no information about cluster
physics.

Observations at 100-200 GHz are relatively free of contaminating sources and are dom-
inated by confusion from fluctuations in the CMB itself. If an experiment has sufficient
sensitivity at frequencies on either side of the thermal null (ideally with a frequency chan-
nel straddling the null), then the contribution from the intrinsic CMB anisotropy can be
removed from the SZ sensitive channels. The amount of confusion for experiments with
sensitivity at only one frequency depends strongly on the angular resolution of the instru-
ment because the CMB power spectrum is steeply falling on small angular scales. However,
pushing instrument resolution to too fine of a scale in an attempt to escape the CMB will
resolve the clusters and lose the copious extended emission to the background noise. A
beam size of a couple arcminutes allows one to survey a reasonable amount of sky in a fixed
amount of time while still coupling well to extended cluster emission and avoiding most of
the primary CMB confusion.

One last source of confusion is the effect of interpreting the projected emission of sep-
arate sources that happen to lie along a common line-of-sight as a single object. This has
historically been a major problem for optical surveys such as the Abell cluster catalogs. Re-
cent multi-color and spectroscopic surveys add the power to discriminate objects in redshift
as well which dramatically reduces the number of spurious detections. The X-ray emission
from clusters depends very strongly on the degree of gas concentration (S o« n2) which
greatly reduces projection effects. The SZ effect is proportional to the integrated electron
pressure along the line of sight and — because of the redshift independence — will suffer from
projection effects. However, massive clusters of galaxies have a rather low surface density
on the sky and thus chance projections are unlikely to be a major source of false cluster

characterization for ACBAR.

1.5 Previous Work

Although surveys for galaxy clusters have been conducted at X-ray and optical wavelengths
for some time, instruments with sufficient sensitivity to conduct untargeted surveys using

the SZ effect have only recently been constructed. Much like ACBAR, these experiments
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have focused on measuring the CMB power spectrum on small angular scales. Although
a handful have detected power attributed to small-scale CMB anisotropy (either primary
or secondary), so far none have identified a previously unknown object as an SZ cluster
detection. There are reported detections of previously unknown galaxy clusters near clusters
of radio sources (see for example [22]). However, these searches are not unbiased surveys
and there is some debate over the efficacy of the technique [51].

The Cosmic Background Imager experiment operates at 30 GHz in the Atacama desert
in Chile [83]. They measured the CMB power spectrum to ¢ ~ 3500 and report a significant
excess of power in the £ range of 2000-3000 which they also attribute to a background of
unresolved SZ sources [72, 15]. Although the CBI has made SZ images of known galaxy
clusters as part of program to measure the Hubble constant [115], they do not report the
detection of previously unknown SZ clusters.

Receivers operating at 28.5 GHz were used with the Berkeley-Illinois-Maryland- Association
(BIMA) array to detect small-scale CMB power of AT = 14.3758 uK at £ ~ 7000 [23]. Their
survey covered ten 6.6’ circular fields for a total area of approximately 1/8 deg?. The team
performed a radio point source survey with the VLA to remove all point sources well below
the level that could explain the detected power. At this £ the damping tail of the CMB
should yield very little primary CMB power. They report their detection is consistent with
level of power predicted from a background of unresolved SZ clusters.

In the most relevant work to the ACBAR cluster survey, Lin and Mohr (2002) analyzed
the non-detection of SZ clusters above 20 in 7 of the early BIMA fields. They performed a
Monte Carlo simulation of the cluster detection efficiency and determined that the limiting
cluster mass of the survey was ~ 1.3 x 104h~! M. This was a very deep survey but its
power to discriminate cosmological parameters is limited by the size of the survey (~ 250
arcmin?). Using these results they place constraints on the power spectrum normalization
and matter density of og < 1.009;;)‘4391‘4 ~0-22 4t 95% confidence for flat-ACDM models over
a reasonable range of {2j7. If the matter density is indeed 23; = 0.3 then this constraint

translates to og < 1.52 at 95% confidence.
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Chapter 2 The ACBAR Instrument

The Arcminute Cosmology Bolometer Array Receiver (ACBAR) is a multi-frequency millimeter-
wave instrument optimized for observations of small angular scale fluctuations in the Cosmic

Microwave Background (CMB) from the South Pole.

2.1 Optics

The focal plane optics are designed to couple the ACBAR receiver to the Viper telescope and
produce diffraction limited beams at 150 GHz. The angular resolution at higher frequencies
is intentionally degraded to produce nearly matched beam sizes at all frequencies. This
beam size matching results in equal sampling on the sky at all frequencies while mapping
and simplifies multifrequency analysis.

Figure 2.1 shows the layout of the ACBAR focal plane as deployed in 2001 and 2002.
In 2001, the focal plane was arranged with common frequencies aligned in columns so that
each row observed at 150, 220, 280, and 350 GHz. For 2002, the focal plane is arranged with
rows of common frequency to concentrate the declination extent of the 150 GHz channels;
the 350 GHz feeds were replaced with an additional set of 150 GHz feeds because of poor
noise performance and large beam size. The main optical elements of the focal plane are
beam defining scalar feeds, expanding and reconcentrating conical feed structure, filtering,

and bolometric detectors. Each of these will be described in the following sections.

2.1.1 Scalar Feeds

The corrugated feeds used in ACBAR are designed to produce single moded (e.g., scalar),
nearly Gaussian beams with very low sidelobes. Low sidelobes reduce optical loading from
telescope spillover as well as decrease offset signals from modulation of the spillover by the
chopping flat of Viper (see Figure 2.15). Figure 2.2 shows an enlargement of the ACBAR 150
GHz scalar feed. The feeds were fabricated by Thomas Keating, Ltd.! and performed within

specification. The geometry of the conical section of the scalar feeds (aperture diameter and

!Billingshurst, England, http://josephson.terahertz.co.uk /homepage. HTM
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Figure 2.1: Images of the ACBAR focal plane layout for 2001 (left) and 2002 (right).
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Figure 2.2: Detail of the ACBAR 150 GHz scalar feed horn showing corrugation geometry
in cone and throat.
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length, see Table 2.1) is designed to produce beams from the telescope of ~ 4 — 5 FWHM
with reasonable sidelobe structure. We modeled the expected beam patterns by assuming
balanced hybrid conditions at the aperture and used the Fourier transform of a Gauss-
Laguerre expansion of the HEj; mode as described in [121]. The corrugation geometry
within the conical section is designed in accordance with [21]; the corrugation depth is A/4
and the groove pitch is three grooves per wavelength to preserve the desirable H E1; mode.

Because ACBAR is not intended measure to polarization, we are not concerned about
instrumental cross-polarization from mode conversion after the beam defining section and
are thus able to transition from corrugated to smooth walled waveguide. Smooth walled

structures are much easier to fabricate and significantly less expensive. The transition to
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smooth walled waveguide occurs in the throat of scalar feed and must gradually convert
the A/3 pitch corrugations to smooth wall without abrupt changes in waveguide impedance
that can cause mode conversion and thus degrade the beam quality.

We implement the throat prescription of Zhang (1993) which varies both the corrugation
thickness and depth through the throat. This proved quite challenging to fabricate, partic-
ularly at the higher frequencies. The feeds are manufactured by electroforming copper onto
aluminum mandrels with corrugations as narrow as 0.003”. It is very difficult to etch away
the aluminum mandrel to the bottom of the small corrugations after electroforming because
of the aspect ratio of the small corrugation structures at the back of the throat. Incomplete
etching degrades the performance of the throat transition causing mode conversion. The
measured beam patterns agree quite well with the model predictions and we believe that
the machining and etching of the throats were well done.

When designing the 350 GHz feeds, we determined that their length was prohibitively
long and would be extremely expensive to manufacture. We decided that the 350 GHz
channel science was less sensitive to increased sidelobe structure and decided to shorten
the feed by putting a lens at the aperture as described in [20]. Using a beam forming lens
can significantly shorten the length of a feed but this comes at a cost of higher sidelobe
structure, which we deemed acceptable.

The measured beam patterns of the ACBAR scalar feeds — as well as the model beam
patterns — are shown in Figure 2.3. These beam patterns were measured during the instru-
ment integration at U.C. Berkeley in the Fall of 2000. To measure the beams, we place
ACBAR on a custom built metal table with a hole for the dewar window. Below this hole is
a chopped thermal load on a computer controlled rotating arm that sweeps the load across
the beam. Integration times at each arm angle are set by the user. The axis of rotation of
the arm is adjustable and is approximately centered on the phase center of the scalar feeds.
Table 2.1 lists the measured Gaussian FWHM of the ACBAR beams exiting the dewar as
well as the model Gaussian widths. For the non-lensed feeds (this includes all frequencies
except 350 GHz), the agreement between the model predicted Gaussian widths and mea-
sured widths is within a fraction of a percent. As discussed in more detail in Appendix C,
to achieve equal beam sizes on the sky the beam widths on the primary mirror should scale

proportionally with wavelength.
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Figure 2.3: ACBAR beams measured from the dewar along with model beam patterns. The
beams were measured along the direction of the azimuth chop. From top to bottom, the
frequencies are 150, 220, 280, and 350 GHz. The agreement in most cases is seen to be
quite good. The 280 GHz beams appear to deviate slightly on one side which is probably
due to diffraction through the cryostat vacuum window. The finite size of the source (~ 1°)
will smooth the model beam pattern which explains why the measured 350 GHz beams do
not follow the deep nulls in the response pattern.



29

Frequency a L Gaussian Model

(GHz) (mm) | (mm) | Fit FWHM | FWHM
150 6.1 35.0 | 12.52° +£0.01° | 12.57°
220 6.1 45.0 | 8.65° £+ 0.03° 8.66°
280 6.2 53.0 | 6.79° £0.08° 6.81°
350 5.9 22.1 5.14° £+ 0.02° 5.27°

Table 2.1: Corrugated feed dimensions and average measured and model Gaussian FWHM
for all four ACBAR frequency feeds.

2.1.2 Feed Structure

The design of the ACBAR feed structure is based on the Planck satellite prototype design
of Church et al. (1996) (see Figure 2.4). Light enters the feed structure through the beam
defining scalar feed and encounters a waveguide cutoff that high pass filters the incoming

light. Cylindrical waveguide supports T'E modes with the dispersion relation

where a is the radius of the waveguide and v,; is the ith root of the first derivative of the nth
order Bessel function and is equal to 1.841 for the lowest frequency mode (T'E;1). For v less
than vp;c/2ma the wavenumber becomes imaginary and the wave is damped exponentially.
The length of the waveguide cutoff is approximately three times the cutoff wavelength in
order to fully attenuate low frequencies. During testing we observed that material in the
waveguide (from incomplete cleaning) greatly affected the waveguide edge frequency. The
steep waveguide cutoffs of properly cleaned waveguide edges can be seen in the transmission
spectra in Figure 2.5 below.

After waveguide filtering, the smooth walled section re-expands to a diameter of a few
wavelengths before reaching the edge defining and blocking filters. This re-expansion is
necessary to make the guide wavelength equal to the free space wavelength where the upper
band edge filters are designed. At this point we also have a thermal break to separate the
relatively warm 4 K front end of the feeds from the ultra-cold detector side of the feed
structure (which sits at 240 mK).

The optical coupling between two front-to-front conical feeds is reduced because the

phase caps for the two feeds have opposite curvature and small radii resulting in a large
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Figure 2.4: ACBAR 150 GHz feed horn structure for 2002.

phase mismatch. To improve the coupling we employ coupling lenses at the apertures of
both conical feeds. These are designed to place a common beam waist midway between the
two feed apertures. The design of these coupling lenses was developed by for use in Planck
[18] and were machined on a CNC lathe. There is a difficulty using focusing elements in
Gaussian optics because they do not obey the same object/image distance relationship as
geometric optics. When designing coupling lenses one finds that for short “object” distances
there is a maximum separation distance beyond which there is no solution. Because of the
large thickness of the filters in the ACBAR feed structure, the spacing between the apertures
slightly exceeds this maximum limit at 220 GHz. We use lenses designed for the maximum
separation with apparently no ill effects. We tested the efficacy of the coupling lenses at 150
GHz by measuring the optical efficiency of the feed structure with and without the lenses
and found that the lenses improved the relative optical efficiency by ~ 40% (a significant
improvement).

The light is reconcentrated and fed into the detector cavity where it is absorbed by a
bolometer. Since the light sets up a standing mode with the reflective cavity backshort, the
detectors are spaced an odd number of \y/4 away from the front and back surfaces of the
cavity to maximize the electric field at the absorber [56]. The initial design of the reconcen-
trating feeds tapered down to the waveguide diameter before entering the integrating cavity.
This was done because, historically, Winston concentrators in many moded systems were

used at millimeter wavelengths; many moded systems obey geometric ray tracing optics. In
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the geometric optics limit, light enters the integrating cavity and reflects until it is either
absorbed by the detector (or the cavity wall) or goes back out the cavity entrance. The
probability of detection would then go roughly as ~ Agpsorber/Anote from which it can be
seen that making the cavity hole as small as possible is advantageous.

On the other hand, ACBAR (and many other contemporary millimeter instruments)
operates single moded; in which case the Gaussian beams do not obey geometric optics.
We believe that the beam suffers reflection from the small cavity entrance hole as well as
diffraction upon entering the integrating cavity; both of these effects reduce the optical
efficiency of the system. To test this we gradually opened up the diameter of the entrance
to the integrating cavity until the diameter was as large as the absorber and measured
the optical efficiency in each case. This resulted in an additional improvement in relative
optical efficiency of ~ 40% at 150 GHz and ~ 80% at 350 GHz. This is a significant
improvement because light that is not absorbed by the detector is reflected back through

the feed structure, thus degrading the system sensitivity.

2.1.3 Filtering

The ACBAR filter bands were selected to maximize the ratio of astrophysical signal to the
sum of detector and atmospheric noise. Although the atmospheric transmission from the
South Pole is arguably the best on the earth’s surface for millimeter-wave observation, care
still must be taken to avoid the deep molecular lines that pervade the atmospheric spectrum.
Figure 2.5 shows a model of transmission spectrum at the South Pole in the winter generated
with the AT? atmospheric model program. This model assumes an elevation of 2835 m,
temperature of —60°C, precipitable water vapor of 0.25 mm, and pressure of 530 torr. Also
shown are the three frequency bands of ACBAR in 2002. The lines at 183, 325, and 380
GHz are generated by rotational transitions of water vapor and the lines at 56, 119, and 368
GHz are due to a rotational transitions of molecular oxygen [41]. The forest of narrow lines
is due almost entirely to ozone. Figure 2.6 shows the brightness temperature contribution
to each of the 2002 spectral bands from the atmosphere.

To determine the ACBAR frequency bands we used this model atmospheric transmission
spectrum and combined it with an estimate of the atmospheric fluctuation noise as described

in Lay and Halverson (2000). For each of our spectral bands we estimated the detector

2E. Grossman, Airhead Software, Boulder, CO 80302
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Figure 2.5: Model transmission spectrum for the South Pole during the winter (thin line)
generated with the AT atmospheric modeling program [40]. Overplotted are the average of
the 2002 ACBAR observing bands at 150, 220, and 280 GHz (colored lines). The spectral
bands have been normalized to 0.8 for ease of visibility.
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Figure 2.6: Zenith brightness temperature contribution to each of the 2002 frequency bands
assuming a sky temperature of 260 K. The plot shows the continuum contribution along
with a forest of narrow transition lines of ozone and other minor species. This plot was
made by convolving the measured spectral bands of ACBAR with the model South Pole
emission spectrum generated with the AT atmospheric modeling program.
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Figure 2.7: Shows the ACBAR spectral bands for 2002 over plotted on the thermal (solid)
and kinetic (dashed) SZ intensity spectra. The model cluster parameters used are: Compton
y parameter of 10™%, optical depth of 7 = 0.01, and peculiar velocity of 500 km/s.

noise of our system and found the ratio of astrophysical signal to the quadrature sum of
the detector noise and atmospheric noise as a function of band center and bandwidth. The
150, 280, and 350 GHz bands were optimized for detection of the SZ thermal effect by
maximizing the SZ signal to the total estimated noise contribution as a function of band
center and bandwidth. The 220 GHz band was optimized for detection of the SZ kinetic
effect (which has the same spectrum as primary CMB anisotropies) while minimizing the
contribution from the SZ thermal effect. In practice, however, relativistic corrections to the
thermal spectrum will prevent the 220 band from cancelling the thermal emission for all
cluster electron temperatures. Because of the constraints placed by atmospheric emission
lines, the 150, 280, and 350 GHz bands are also well optimized for primary CMB fluctuations
as well. Figure 2.7 shows the spectrum of the kinetic and thermal SZ effects along with the
measured ACBAR frequency bands. One can see that the 220 GHz band straddles the SZ
thermal null resulting in very little thermal contamination for measurements of either the
kinetic SZ effect or primary CMB anisotropy.

As described above, the lower edges of the frequency bands are set by the diameter of
waveguide cutoffs in the feed structures. The upper edges of the bands are defined with
resonant metal-mesh filters [62] which are provided by the Astronomy Instrumentation

group at Cardiff University. Metal-mesh filters suffer from resonant leaks at harmonics of
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the cutoff frequency; these leaks must be blocked with additional filters. If left unblocked
these high-frequency transmission leaks will couple to either warmer stages of the cryostat,
or worse yet, hot objects outside the cryostat.

High-frequency leaks are particularly insidious because the thermal emission of warm
objects in the Rayleigh-Jeans limit rises as ©? and the higher frequencies couple to multiple
spatial modes (AQ/A? > 1). If high-frequency leaks are not blocked at cold temperatures,
their cumulative effects can rapidly increase the loading on the detector as well as couple to
undesirable high-frequency astrophysical sources such as dust. These higher order modes
also cause significant problems in polarization sensitive experiments by increasing cross-
polarization response.

To block high-frequency leaks in ACBAR we use a combination of additional reflective
metal-mesh filters and absorptive dielectric filters. There are very few filters available other
than resonant metal-meshes for frequencies below about 1 THz. The ACBAR feed structure
employs a combination of two metal-mesh filters to block the harmonic leaks of the band
defining edge filter. The band defining edge filter and one blocking metal-mesh are mounted
at 240 mK and the third metal-mesh and dielectrics are installed at 4 K (see Figure 2.4).

At very high frequencies the transmission of metal-mesh filters opens up. To block
this high-frequency transmission we installed Pyrex disks in the 4 K feed structures which
absorb light between 40 cm~! and around 2000 cm~!. The thickness of the Pyrex (and all
of the dielectrics) is tuned for maximum transmission. For a slab of lossless dielectric in
free space, the condition for maximum transmission (or equivalently, minimum reflection)
is

_m
2n’
where n is the index of refraction of the material and m is an integer. The thickness of all
of the dielectric filters in ACBAR is tuned to first or second order.

Land

The combination of Pyrex and metal-mesh filters will still transmit above 2000 cm™
so we also installed a 55 cm~! Yoshinaga filter [123] (otherwise known as an alkali halide
filter). The Yoshinaga filter is a combination of powdered Thallium Bromide salt and
carbon lampblack embedded in polyethylene. This filter is quite useful because it absorbs

everything above 55 cm™! (at least as far as 300 K blackbody emission is concerned). The

full contingent of filters is listed in Table 2.2 starting from the detector.
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All of the filters at 4 K and colder are held in place with threaded filter caps as seen in
Figure 2.4. The filters are thermally sunk to their respective feeds using beryllium copper
spring washers inside the filter caps. Proper heat sinking of the filters is very important
because (at low temperatures) the heat capacity of the focal plane is dominated by the
dielectrics in the filters. We also employ a blackened re-entrant light baffle across the
thermal break between the 4 K feeds and 240 mK feeds. We use a thin layer of Stycast®
epoxy mixed with carbon lampblack known as “Bock Black” as the blackening agent [12].
This is applied to the 240 mK side of the light baffle to reduce optical loading from stray
light coupling from high-frequency multimoded leaks exiting the sub-Kelvin feed.

During early feed structure testing, we measured a substantial (~ 3%) high-frequency
leak in the system. We believed that some fraction of the leak could be from stray light
making its way around the metal-mesh filters in the sub-Kelvin feed. The spacer between
the two filters was originally made from OFHC copper because we were concerned about
heat sinking the filters (see Figure 2.4). We decided to replace the copper spacer with a light
absorbing material to try to damp any high-frequency light from making its way around the
filters. We had new spacers fabricated from what we believed to be machinable Eccosorb
but turned out to be grey polyurethane. The effect was as desired; the high-frequency leak
vanished. The final feed design includes polyurethane spacers between the band-edge and
first blocking metal-mesh filters.

The set of filters thus described provides sufficient filtering for the feed structure, but
the cryostat itself requires additional filters to reduce thermal loading on the 4 K helium
stage from the 300 K vacuum jacket. In 2002 we used a single 14 cm ™! metal-mesh blocker
(2100 mm clear aperture) at 77 K to reduce the load from 300 K (see Figure 2.8). In 2001
we had an additional Yoshinaga filter at 77 K but we determined this filter was adding
significant optical loading to our detectors and was thus removed. Although filters at 77 K
are necessary to reduce helium boil off, they can be a tremendous source of optical loading
and can even dominate over the loading from outside of the cryostat (as was the case
for ACBAR in 2001). The key considerations for filters at 77 K are to minimize in-band
absorption and/or reflection and to attempt to block all high-frequency multimoded leaks
at cold temperatures before they are intercepted at 77 K.

The transmission spectra of ACBAR were measured with a Fourier transform spec-

3Emerson & Cuming, Billerica MA



36

| Filter | Temp (K) | 150 GHz \ 220 GHz \ 280 GHz \
Blocker #1 | 240 mK 255 GHz 360 GHz 420 GHz
Edge 240 mK 169 GHz 235 GHz 300 GHz
Yoshi 4K 1.6 THz 1.6 THz 1.6 THz
Pyrex 4K 1.2 THz (0.019”) | 1.2 THz (0.026”) | 1.2 THz (0.021”)
Blocker #2 4K 234 GHz 360 GHz 420 GHz
Waveguide 4K 131 GHz (0.053”) | 204 GHz (0.034”) | 252 GHz (0.0275”)
Blocker #3 77K 420 GHz 420 GHz 420 GHz

Table 2.2: Filter elements of ACBAR in the 2002 configuration. Frequencies denote ap-
proximate 50% transmission point of blocker, edge, and waveguide filters but correspond to
roughly 10% points of Pyrex and Yoshi. Numbers in parentheses are thicknesses for Pyrex
and diameter for the waveguide. The 77 K filter is one large metal-mesh filter mounted on
the nitrogen can that all of the feeds look through. This upgraded filter arrangement differs
from the 2001 configuration which did not have Blockers #2 or #3 or the Pyrex but instead
used black-poly disks at 4 K. In 2001 the Yoshinaga filter was located in front of the feed
structure at 77 K and contributed significantly to the internal loading of the system; it was
replaced with smaller Yoshinaga disks within the feeds at 4 K for 2002.

Foam Window

420GHz Mesh Filter

._%/— 300K Vacuum Can

——= 77K Shield

il
i

—_2

4K Shield

Figure 2.8: Shows the arrangement of the ACBAR warm filter optics in 2002.
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trometer (FTS) at the South Pole and are shown in Figure 2.7. The measured transmission
spectrum, f;(v), of band 7 has been corrected for the emission of the FTS source (v? for RJ

sources). The band centers are determined by

vi = fz/fi(y)dy'
J fi(v)dv)

Measurements of bandwidth, such as the span in frequency at half the maximum value,
tend to be qualitative since they depend strongly on the smoothness of the spectrum and
its gross features. Spikes in a high resolution spectrum will affect the overall normalization,
and hence, the half power points. In Table 2.3 we present the measured band centers and
approximate bandwidths of the ACBAR 2002 frequency bands. The optical parameters
during 2001 were approximately the same as those listed for 2002.

A very important parameter for characterizing an optical system is its optical efficiency,
7, otherwise referred to as the quantum efficiency; this is the fraction of incident optical
power that is transmitted through the filter stack and absorbed by the detector. Losses due
to absorption or reflection from filters or poorly matched optical structures will degrade
the optical efficiency of a system. The optical efficiency provides a normalization to the
measured transmission spectrum from which a band averaged optical efficiency is calculated.

The optical efficiency can be determined by measuring the optical power incident on a
detector by looking into two blackbody loads at different temperatures. One then compares
the measured optical power difference with the optical power calculated by convolving
the transmission spectrum with the spectral intensity of the two loads. The spectrum

normalization optical efficiency is thus defined as

i = Q1— Q2
" [ fH)B(v,Ty) — B, )] A(v)Q(v)d’

where B(v,T) is the black body spectral energy density of an object at temperature T,
@ is the measured optical power, and A(v)Q(v) is the system throughput which is equal
to A2 in the limit the system is single moded. For this measurement we used Eccosorb?
microwave absorbing foam (AN-72) at both room temperature (300 K) and liquid nitrogen
temperature (77 K).

The band average optical efficiency is calculated by integrating the product of n; and

4Emerson & Cuming, Randolph, MA 02368
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Channel | Bolo Ry Gy I6} v Avg/vg | 7 T
name name Q) | (pW/K) (GHz) (%) (%) | (ms)
D5 150-02 | 128.3 390.4 1.10 | 150.1 21.0 40.5 | 2.2
D6 JPL-14 | 93.8 563.1 1.21 | 150.7 17.9 39.4 | 5.2
D4 150-07 | 1394 351.6 1.12 | 150.3 21.0 39.8 | 2.3
D3 JPL-18 | 82.3 338.6 1.17 | 150.7 19.9 39.6 | 7.2
D2 345-05 | 159.8 668.4 0.99 - - - -
B1 150-08 | 158.6 342.8 1.10 | 150.8 19.9 39.0 | 4.6
B2 150-12 | 198.4 365.4 1.07 | 151.1 17.9 43.9 | 2.0
B3 219-01 | 187.5 334.0 1.06 | 150.9 18.4 379 | 2.2
B6 150-09 | 216.4 325.7 1.05 | 150.4 18.4 371 | 3.4
B4 219-06 | 181.9 366.4 0.98 - - - -
C4 219-08 | 179.3 359.9 1.14 | 222.1 15.2 26.2 | 7.2
C3 JPL-12 | 89.5 595.2 1.19 | 221.5 13.5 33.3 | 9.0
C2 219-11 | 1144 324.0 1.20 | 224.2 13.4 289 | 2.3
C1 219-05 | 188.4 332.6 1.03 | 220.6 12.2 40.1 | 4.8
C6 274-02 | 144.4 859.7 1.05 - - - -
A4 274-05 | 136.6 692.8 1.16 | 279.7 18.2 334 | 1.8
A6 274-03 | 159.0 539.9 1.11 | 282.3 18.3 28.1 | 14
A3 274-07 | 121.4 587.7 1.17 | 283.1 19.6 31.8 | 1.8
A5 274-09 | 134.0 699.5 1.17 | 2854 15.2 29.2 | 2.0
A2 JPL-11 | 92.2 650.3 1.16 - - - -

Table 2.3: ACBAR bolometer and optical parameters for the 2002 season. Dark bolometers
have hyphens in the optical parameters. The detector impedance follows R(T') = Roe®/T
and the A for all of the bolometers is approximately 41.8 K. The thermal conductivity
is defined as G(T) = Go(T/Ty)? where Gy are normalized to Ty = 300 mK. vq is the
measured band center and Av is the approximate half power bandwidth. 7 is the average
optical efficiency across the Av bandwidth. 7 are the effective optical time constants under

operating conditions.
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| Channel | Taped | 200 GHz | 300 GHz | 380 GHz | 500 GHz |

150 GHz | 0.23% | 0.59% 0.22% 0.19% 0.11%
220 GHz | 0.07% | 23.57% 0.72% 0.08% 0.07%
280 GHz | 0.03% | 25.71% 6.88% 0.06% 0.04%
350 GHz | 0.09% | 10.40% 28.77% 0.22% 0.14%

Table 2.4: Measured thick grill results for the 2001 season. Shows the ratio of the measured
signal voltage for each thick grill (denoted by its nominal cutoff frequency in GHz) to the
unfiltered signal voltage. The “Taped” column refers to the signal measured with a piece of
aluminum tape over the source aperture rather than a thick grill and represents a baseline
point for each frequency. The bold values are the most important for that frequency because
they are the closest grill to the nominal upper band edge.

the transmission spectrum across the frequency band and dividing by the bandwidth. This
number is also somewhat qualitative because it depends on one’s choice of the limits of
integration and assumed bandwidth. The band averaged optical efficiencies for ACBAR’s
2002 configuration are also given in Table 2.3 where we have used the approximate half
power points of the spectra as the limits of integration.

Another important characteristic of a feed system is the integrated above-band response
(otherwise known as a “blue leak”). This measures the power response at frequencies above
the nominal band edge that will couple to undesirable sources. To measure the out-of-band
response of ACBAR we use a chopped thermal load with a small aperture and measure the
signal with and without thick grill filters of varying cutoff frequency. Thick grill filters are
plates of metal which have been densely drilled with many cylindrical waveguide holes. The
filter acts like waveguide passing all light above the waveguide cutoff (modulo the filling
factor of the drilled holes). Table 2.4 summarizes the average results of the thick grill
tests for a chopped RJ source. The inclusion of additional blocking filters in 2002 reduced
the high-frequency leakage to a level not measurable above the noise. Note that the thick
grills do not isolate the frequency of the leak but merely give a lower frequency bound.
Determining the actual magnitude of a leak requires knowing its frequency and correcting

for the v? brightness of the source.

2.1.4 Detectors

ACBAR detects optical power with extremely sensitive micro-mesh spiderweb bolome-

ters developed by the Micro Devices Laboratory at JPL for the Planck satellite [75, 112].
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Figure 2.9: Closeup image of a bolometer very similar to those used in ACBAR. The spider
web absorber is easily seen along with the NTD thermistor chip in the center. Image
courtesy of J. J. Bock of the Microdevices Laboratory at JPL.

These detectors are optimized to detect broadband emission across millimeter-wavelengths.
Bolometers provide the highest sensitivity and largest bandwidth in the far infrared through
sub-millimeter wavelength range. The ACBAR bolometers are background photon noise
limited (see the Noise section below) which allows us to take advantage of the excellent
atmospheric conditions of the South Pole without being dominated by detector noise.

The ACBAR bolometers have silicon nitride micro-mesh absorbers with neutron trans-
mutation doped (NTD) germanium thermistors. A picture of a bolometer very similar to
the ones used in ACBAR is shown in Figure 2.9. The spiderweb geometry has very low
heat capacity; this results in short detector time constants as well as reduces the cosmic ray
cross section while efficiently coupling to millimeter-wave photons.

In steady state, a bolometer will obey the power balance equation

Tholo
P+Q= G(T)dT,

Thase

where P = IV is the electrical power applied to the bolometer, ) is the incident optical
power, G(T) = Go(T/Tp)? is the thermal conductivity referenced to some temperature 7Tp,

Thase 1S the baseplate temperature to which the bolometer is heat sunk, and Tj., is the
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operating temperature of the bolometer. Typical values of Gy normalized to 300 mK for
ACBAR range from 300-700 pW /K. The impedance of the NTD thermistor at temperature
T is given by

R(T) = RoeVA/T,

where Ry depends on the geometry of the thermistor and A is a property of the doping of
the Germanium. Typical values for ACBAR are Ry ~ 150 Q and A ~ 41.8 K.

These bolometers are normally current biased by placing them in series with load re-
sistors with impedance large compared to the operating impedance of the thermistor and
applying a bias voltage across the stack. Bolometers respond to increases in optical power
by heating up, which lowers the impedance of the thermistor and causes a drop in the out-
put voltage. The drop in detector impedance means there is less electrical power applied
resulting in a slight cooling. This is referred to as electrothermal feedback and results in a
shortening of the detector response time.

The time constant, 7, of a bolometer determines how quickly it will respond to changes
in power [97, 73]. The nominal time constant of a bolometer of heat capacity C' and thermal
conductivity G is 7 = C/G. The effect of electrothermal feedback is to increase the effective
thermal conductivity. This results in a smaller effective detector time constant, 7. = C/Ge,
where G is given by Ge = G — I*(dR/dT). This is usually rewritten as G, = G — oI*R
with o = R7Y(dR/dT). For NTD thermistors obeying the impedance versus temperature
relation above, we have a ~ —16 K1 for detectors with A = 41.8 K operating at 350 mK.
The effective detector time constant is a single pole filter in the detector responsivity, S(w),

to variations in optical power of frequency w as

So

- 1+ iwTe

S(w)

The value of the DC responsivity, Sy, for the operating conditions of ACBAR is typically
~ —2.5 x 108 V/W. The time constants of the optical bolometers during operation are also
listed in Table 2.3.

The time constants of the detectors were measured on the telescope using a chopped
compact thermal source mounted behind a hole in the tertiary mirror. The frequency of
the chopper is varied from 5 to 200 Hz and we perform a digital lock-in to measure the

detector signals at each chop frequency. The signals are then corrected for the measured
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transfer function of the electronics and fit to the equation above to determine the in situ
detector time constants. A more detailed discussion of measured detector time constants is
provided in the Transfer Function Appendix.

The properties of a bolometer can be measured by slowly ramping the bias voltage and
measuring the output voltage of the detector to produce a load curve. Analysis of load
curves can provide all of the bolometer parameters of interest (Rg, A, Gy, () including the
absorbed optical power. The analysis of load curves is discussed in detail in the Appendix.
Examples of load curves, responsivity curves, and detector noise versus bias measured with
ACBAR on the telescope in 2002 are shown for each of the four rows of detectors in Figures
2.10 through 2.13. The non-ohmic shape of the load curve is due to the applied electrical
power heating the thermistor and causing a decrease in DC signal voltage. The bias current
applied to the ACBAR detectors on the telescope is about 2—3 nA which puts the operating
point near the peak of the load curve. This is beneficial because it makes the response
of the detector insensitive to small changes in atmospheric loading while achieving near
minimum detector noise (as discussed below). The measured bolometer parameters for all

of the ACBAR detectors used in the 2002 season are listed in Table 2.3.

2.1.5 Telescope Optics

The Viper telescope (Figure 2.14) is located at the South Geographic Pole and is adminis-
tered by the Center for Astrophysical Research in Antarctica. Viper is an off-axis aplanatic
Gregorian telescope which has a re-imaging tertiary mirror to reduce the effective focal
length. Viper has a 2 m diameter primary mirror and additional 0.5 m skirt around the
primary to reduce ground spillover. There is a chopping flat mirror located at the image of
the primary formed by the secondary mirror which sweeps the beams approximately 3° on
the sky without modulating the beams on the primary.

The re-imaging tertiary on the Viper telescope was originally designed for low frequency
(45 GHz) observations of the CMB for which abberations were not significant. The tertiary
had to be redesigned to provide sufficient optical quality across a large field of view at
ACBAR’s higher frequencies. The redesign of the Viper telescope optics is described in
more detail in the Appendix. After the redesign, the telescope has an effective focal length
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Figure 2.10: Load curves from one channel (D row - 150 GHz) of ACBAR on 03/21/02.
These are for the four optically loaded detectors while on the Viper telescope with a base-
plate temperature of 232 mK looking at 60° elevation. The different line types separate the
four detectors in each row. The upper left panel is the signal voltage versus bias current
load curve. The upper right panel shows the impedance of the detectors versus applied
electrical power. The lower left panel is the DC responsivity of the detectors versus bias
current. The lower right panel is the detector N EP which includes both the Johnson and
Phonon noise contributions versus bias current. The detector is shunted by two 30 Mf2 load
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resistors as illustrated in Figure 2.23.
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Figure 2.11: Same as Figure 2.10 but for the B-row of 150 GHz detectors.
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Figure 2.12: Same as Figure 2.10 but for the C-row of 220 GHz detectors.
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Figure 2.13: Same as Figure 2.10 but for the A-row of 280 GHz detectors.

Figure 2.14: The Viper telescope without an instrument installed.
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Figure 2.15: Most of the Viper telescope optics along with the ACBAR dewar. The light
rays are the geometrical optic rays for full illumination of the primary and are shown to
illustrate the tight clearance around the prime focus.

of 3.44 m yielding a plate scale of

1

PS =
Feyy

~ 10’ /cm.

This means that the 16 mm separation of feeds on the ACBAR focal plane will produce
beams separated by roughly 16’ on the sky.

Figure 2.15 shows a schematic of a subsection the Viper telescope optics along with the
ACBAR receiver. The rays drawn are the extreme geometric optical rays to illustrate the
tight clearances of the system; the actual Gaussian beam widths are much more narrow
than the lines drawn. With full illumination of the 2 m primary, the focal plane is fed at
f/1.7 in the geometric optics limit. The dewar is mounted on a sliding pillow-block mount
with a linear actuator for controlling the distance between the tertiary and the dewar for
focusing.

The chopping flat mirror sweeps the beams across the sky approximately 1° for every
2.2° of chopper rotation. The position of the chopper is read out with an encoder and
is controlled to trace a triangular chop with a PID loop. The triangle wave results in a

constant velocity chop across the sky. During the 2001 season we used an RVDT encoder®

5Schaevitz Sensor, model #R30A
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as both the control signal and position signal which turned out to be a critical mistake.

The RVDT suffered from two major problems that caused the dominant source of point-
ing error. First, a drift in the zero point voltage of the encoder caused the position on the
sky corresponding to zero volts to change with time. This drift was rather slow (about
10" per month) and we were able to fit for it because we observed bright galactic sources
multiple times per day. The second more serious problem was that the gain of the encoder,
in volts per degree of rotation, fluctuated with time on the level of about 8%. The gain of
the chopper was roughly bimodal, falling into a high gain or low gain state. The only way
to determine the gain state the chopper was to look at the separation of a bright object
(in volts) between two adjacent channels and determine the scaling. The gain was observed
to change during the course of a multi-hour observation and thus the 8% gain uncertainty
will produce an error of approximately 7’ at the edge of the chop. The RVDT encoder gain
is also nonlinear which significantly complicates the conversion of volts to degrees with a
drifting voltage offset and fluctuating gain. To remedy this we installed an optical encoder®
for 2002 which solved all of these problems. The gain of the optical encoder is very linear
with the quadratic term approximately 0.1% of the linear term and no measurable gain
fluctuation. The RMS pointing error during 2001 was approximately 1.3’ and the RMS for
2002 is slightly less than 30”.

The telescope is enclosed in a large conical ground shield that reflects telescope spillover
to the sky. This reduces both loading and modulated sidelobe signal. We determined that
the ground shield only obstructs observations below ~ 25° elevation by measuring the angle
at which skydips deviated from the nominal equation. However, one section of the ground
shield — known as the “moon door” — lowers to allow observations of low elevation sources;
this is necessary to observe planets which do not rise higher that ~ 30° above the horizon
at the pole. Unfortunately, the duration of unobstructed observation of a source through
the moon door is limited to ~ 90 minutes per day. This is enough time to make high signal
to noise maps of bright sources such as planets.

Viper sits atop a six legged diagonal mount with a walkway to the control room. It was
discovered during summer of 2001 observations that as the sun circles around the horizon
the thermal contraction of the support legs causes a differential tilt of a few arcminutes. To

mitigate this effect we wrapped the support legs in reflective foil to reduce their emissivity.

SGurley Precision Instruments, model #A25S
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Differential thermal contraction is not an issue during winter observations when the sun is
below the horizon.

The telescope rides on three wheels atop a hardened steel azimuth bearing. This bearing
is leveled to a few arcminutes with respect to the celestial equator and the residual tilt must
be corrected for in the pointing model. In addition, the telescope is approximately 1 km
away from the actual geographic pole; this is also accounted for in the pointing model. The
actual geographic coordinates were measured using a GPS unit to be —89°59'34.9” latitude
and 45°31'30” west longitude.

The elevation is controlled by a combination of two screw actuators. The “fine actuator”
controls the elevation of the telescope during observations with a 45° range and the “course
actuator” is set to either the lower position (allowing 0° to 45° elevation) or the upper
position (allowing 45° to 90°). A servo-controlled PID loop controls the positioning of the
AZ and EL positions with power supplied by Techron amplifiers. All temperature sensitive
components of the telescope are temperature controlled to ~ 300 K. All of the mirrors are
equipped with heaters for sublimating the thin layer of ice that accumulates over time.
Blowing snow collects on most mirrors and must be cleaned off daily because it contributes
to chopper synchronous offsets as well as signal attenuation, as discussed below.

We developed a telescope pointing model using frequent observations of both galactic
and extragalactic sources. This allows us to reconstruct the position of each beam on
sky using the reported AZ and EL encoder positions. The pointing model incorporates the
distance of the telescope from the geographic pole, the tilt of the azimuth ring, flexure of the
telescope with elevation, and the collimation offsets between the radio beams and nominal
telescope boresight position. As discussed below, the RA and DEC chopper functions are
then used to translate the measured chopper position into an instantaneous beam position

for all 16 optical channels.

2.2 Cryogenics

2.2.1 Dewar

The ACBAR dewar (Figure 2.16) is a liquid helium/liquid nitrogen cryostat. The environs
at the South Pole are quite harsh with the outside temperature routinely dropping below

-100°F during the austral winter. To minimize the frequency of cryogen transfers, we made
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Figure 2.16: Schematic of the ACBAR dewar.

the cryogen capacity of the dewar as large as would reasonably fit on the telescope structure.
The dimensions of the ACBAR dewar are @20” in diameter and 36" in length (excluding
cryogen fill tubes). Both the helium and nitrogen tanks hold 25 liters of liquid and the 4
K cold space is @14.15"” by 8.25” high. During normal operation the liquid helium holds
three days including fridge cycles (described below) and the liquid nitrogen holds about one
week.

Because the ambient temperature outside is so cold, we mounted adhesive sheet heaters
to the dewar and electronics boxes as well as surrounded the instrument with custom-made
insulating blankets to keep the temperature above 260 K; a single cool-down to -100°F
could permanently damage the electronics. This nominal temperature is still quite cold

and could freeze ordinary rubber o-rings. A leak in the dewar during the winter would
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halt observations for at least a few weeks. Hence, we needed o-rings with a low operating
temperature and low permeability to helium gas. We selected Ethylene Propylene (EPDM)
o-rings” which are rated to below 250 K. After nine months of observing, ACBAR had a
mere 15 torr of pressure at room temperature upon warm-up. We noticed that the o-rings
had permanently deformed after nine months of observing and so we replaced all of them
for the second season.

The ACBAR 4 K radiation shield design uses a re-entrant section to meet the 4 K
scalar feed plate rather than mount a large filter in the top of the 4 K shield with the
feeds looking through it. This design has two main advantages. First, only the 16 small
waveguide apertures of the feeds enter the 4 K cold space; these are heavily filtered which
greatly reduces stray optical power in the 4 K space that could load the fridge or bolometers.
The second benefit comes from the reduction of RFI entering the 4 K space by forming a
contiguous Faraday shield.

A number of factors influenced the decision to use a foam vacuum window on the dewar
rather than a thin sheet of dielectric (such as Mylar). Our first concern was scattering
of the beam from thin dielectrics which would result in increased spillover and modulated
sidelobe response. The dewar window is also quite large (4” clear aperture; see Figure 2.8)
and we were concerned about the strength of the window as well as its permeability to
helium gas. We measured the off-axis scattering, transmission, and helium permeability
of many materials and selected 1.2” thick Zotefoam PPA30 as our window material. This
foam is a nitrogen extruded polypropylene that has very good transmission (~ 99% at 150
GHz) and low scattering at millimeter wavelengths. The foam is quite strong and has an
unmeasurably low permeability to helium gas. We used Stycast to seal the foam to an
aluminum mounting ring. The window deformed permanently when the dewar was first

evacuated with an inward deviation of ~ 0.75” for the 4" aperture.

2.2.2 Fridge

The sensitivity and speed of bolometers depend strongly on their operating temperature.
We want to run the bolometers at an operating point where the detector noise is below
the expected photon background limit. This requires a base temperature below ~ 300 mK

which is not difficult to achieve with a 3He sorption fridge. 3He fridges have historically

"Valley Seal Co., Woodland Hills, CA 91367
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Figure 2.17: Schematic of the *He/>He/3>He fridge built by Chase Research employed in
ACBAR for cooling the detectors to 240 mK. Figure courtesy of S. Chase.

operated from pumped liquid helium baths. The added complexity of pumping on the
ACBAR helium bath while mounted on the telescope was unattractive and thus we sought
an alternative solution for our detector cooling requirements.

In collaboration with the Polatron [88] and Bolocam [31] projects, Chase Research has
developed a three stage “He/3He/3He fridge system — affectionately referred to as the °He
fridge — that achieves base temperatures below 240 mK from an unpumped helium bath
and was selected for cooling the ACBAR bolometers. The fridge is described in detail in
Bhatia et al. (2001) and is shown schematically in Figure 2.17.

The fridge is cycled by first condensing *He and using the enthalpy of that liquid to
condense the 3He in the ultracold stage. The *He section is then re-cycled and used to
condense the *He in the intercooler stage. The “He liquid is exhausted in this process
and does not contribute to steady-state base temperatures. During normal operation the
intercooler stage operates at ~ 370 mK for approximately 32 hours and the ultracold stage

operates near 240 mK for a longer duration. The fridge is recycled when the intercooler is
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Figure 2.18: Shows all of the temperatures of the fridge during a cycle while attached to the
focal plane. Lines below 4 K correspond to (royal) ultra still, (red) bolometer stage, (aqua)
inter still, (black) heat exchanger. Lines above 4 K are (red) *He pump, (orange) inter
pump, (royal) ultra pump, (green) inter pump heatswitch, (navy) *He pump heatswitch.
The vertical axis is temperature in Kelvin and the horizontal axis is time in seconds.

exhausted and takes about three hours from the start of the cycle to below 250 mK. A plot
showing the temperatures of the various fridge elements during the cycle is shown in Figure
2.18. Figure 2.19 shows load curves taken on the intercooler and ultracold stages without
the focal plane attached. The load curves were generated by dissipating a known amount
of power on a resistive heater mounted to each cold still and measuring the corresponding
still temperature with a GRT thermometer.

Sorption fridges work on the principle that lowering the pressure above a liquid allows
the molecules with more kinetic energy to escape thus cooling the liquid until the vapor
pressure equals the pressure above the liquid. This is the same principle that makes cooking
pasta at higher elevations difficult because water boils at a substantially lower temperature.
This effect has an added benefit for ACBAR at the Pole because the 9,200’ elevation pumps
the liquid helium bath and drops its temperature to ~ 3.9 K instead of the 4.2 K at sea level

pressure. This small change in baseplate temperature greatly improves the condensation
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Figure 2.19: Fridge load curves for both the intercooler and ultracold stages of the ACBAR
fridge. The plots show the temperature of the stages as a function of applied electrical
power. Power is only applied to one stage at a time.
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Figure 2.20: Shows the stability of the bolometer baseplate temperature over the course of
a 5 hour observation. The RMS of the temperature is about 0.1 mK. Digitization noise in
the A/D can be seen in the data.

efficiency of the fridge cycle which doubled the hold time of fridge compared to the hold
time achieved in Berkeley during system integration.

The bolometer baseplate temperature provided by the ultracold still is remarkably sta-
ble. Figure 2.20 shows the temperature of the baseplate over the course of a 5 hour observa-
tion. One can see that there is very little drift in the baseplate temperature and the scatter
has an rms of o ~ 0.1 mK. Because ACBAR is mounted directly on the telescope, we were
concerned about variations in baseplate temperature with the angle of the telescope. We
requested that copper sinter be included in the stills to improve the coupling of the liquid in
the stills to the metal housing. Figure 2.21 shows the baseplate temperature as a function
of zenith angle during the course of a skydip which shows that there is very little change in

bolometer baseplate temperature over 75° of dewar angle change.

2.2.3 Thermal Isolation and Heat Sinking

The limited cooling capacity of the fridge requires us to restrict the thermal loading on
the bolometer stage to a few microwatts of power. The challenge is to rigidly support the
massive copper focal plane as well as read out all 24 bolometer channels and associated
thermometry while keeping the thermal load on the fridge to a few uW.

Figure 2.22 shows an image of the ACBAR focal plane structure. The scalar feeds are
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Figure 2.21: Shows the temperature of the ultracold bolometer baseplate during a skydip.
The variation in temperature is less than 1 mK over 75° of elevation change.
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Figure 2.22: Picture showing the different elements of the ACBAR focal plane.
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mounted on a gold plated aluminum plate which is rigidly fixed to the 4 K helium cold
plate via @0.5” gold plated copper rods. The structural support of the cold focal plane is
provided via Vespel® stand-offs machined to @0.25” and 0.015” thickness with aluminum
end caps. Vespel is a low thermal conductivity plastic which can be easily machined to
thicknesses as small at 0.01”. We use the cooling power of the 370 mK intercooler still as
a thermal buffer ring between the 4 K horn plate and the 240 mK detector stage. This
intercepts most of the thermal power that would otherwise overwhelm the small heat lift of
the ultracold stage.

There are multiple types of Vespel available with different temperature indices for the
thermal conductivity. Vespel SP-1 (brown) has a thermal conductivity below 4 K of ap-
proximately 1.8 x 1077121 W cm~'K~! and Vespel SP-22 (black) is 1.7 x 1075720 W
em 1K1 [25]. We use SP-1 between 4 K and 370 mK and SP-22 between 370 mK and 240
mK. We estimate the thermal loads from the Vespel legs to be ~ 40 uW on the Interhead
(370 mK) and < 0.1 uW on the Ultrahead (240 mK).

Flexible thermal straps (see Figure 2.22) are used to couple the fridge stills to the two
thermal stages. These are made from nickel-plated copper-braid shields that were lying
around the lab in which indium is embedded at each end for clamping. We originally used
OFHC copper straps between the fridge and focal plane cold stages but found that the me-
chanical resonances of the fridge strongly coupled to the focal plane inducing microphonics
in the signal band.

All of the isothermal wiring inside ACBAR is Teflon-coated gold-plated copper wire
and all of the wiring that traverses multiple temperature regions is Teflon-coated stainless
wire. Both of these are surgical quality wires manufactured by Cooner Wire?. The stainless
wiring is bundled into six twisted pairs within a common stainless shield (corresponding to
the six bolometer channels per bias) with no outer jacket. Stainless wiring has low thermal
conductivity but also has relatively high resistance; all of the wiring for high current devices
(such as pump heaters) must be doubled up to reduce the thermal power dissipation in the
wiring. All of the wires joining stages at different temperatures are heat sunk at each stage

th

by embedding the wires in a gold-plated copper tab with Stycast™ epoxy. The stainless

wiring is estimated to contribute less than 50 W of power on the intercooler stage and

8DuPont Engineering Polymers, Newark, DE 19714-6100
9Chatsworth, CA 91311
0Emerson & Cuming, Randolph, MA 02368
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around 0.5 W on the ultracold stage.

2.2.4 Thermometry

ACBAR uses three different types of thermometers inside the cryostat; all of these are
manufactured by Lake Shore Cryotronics, Inc'!. For temperatures between ~ 4 K and 300
K we use two-wire silicon diode thermometers. These are used on both cryogen tanks, the
JFET module, all three fridge pumps, and the two heat switches. On the cold stills of
the fridge, we use calibrated four-wire germanium resistance thermometers (GRT) which
are useful for temperatures below 4 K. The ultracold bolometer stage is equipped with a
calibrated four-wire Cernox RTD which is only accurate to ~ 5 mK but has a useful dynamic
range from 230 mK to a few hundred Kelvin. This Cernox thermometer is particularly
useful because we can monitor the temperature of the bolometer stage during cool down as
well as measure its temperature during normal operation with the same sensor. Note that
a typical Silicon diode thermometer biased with 10 pA dissipates ~ 20 pW at sub-Kelvin
temperatures which, as seen in Figure 2.19, would warm the bolometer baseplate well above

300 mK.

2.3 Electronics

2.3.1 Signal Electronics

The ACBAR electronics system is designed to provide DC bias across the bolometers and
read out all 24 channels with clean signal bandwidth from DC to ~ 100 Hz. Figure 2.23
shows a schematic of the ACBAR signal electronics chain. The DC bias board supplies a
low noise voltage between 0 to 0.5 V symmetrically across the bias resistor stack. There
are four bias voltages — one for each row of detectors — which can be set independently
and are applied to six detectors each. Two sets of twisted pair stainless wires (one set for
redundancy) bring each of the bias voltages to the focal plane where they are broken out
to six detectors each. All isothermal cabling on the focal plane is gold-plated high-purity
copper.

In addition to the optically loaded bolometers, each of the four biases is also applied to

a “dark bolometer” (a bolometer which has been blanked off with a blackened load at 240
HyWesterville, OH 43082
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Figure 2.23: A schematic of the ACBAR signal electronics chain. Dashed vertical lines
denote thermal boundaries.

mK) and a “fake bolometer” (a resistor in place of the bolometer) for use as monitors of
baseplate thermal drifts and electronics noise.
Each bolometer is in series with two 30 M2 precision etched metal film load resistors

which were custom made by Mini-systems, Inc.!?

The load resistor package is surface
mounted to a PCB board (shown in Figure 2.24), which is epoxied directly to the back of
the bolometer module at 240 mK. Also mounted on the PCB board is an EMI filter on each
side of the bolometer composed of surface mount 47 nH inductors'® and 10 pF capacitive
feed-through filters'* which provides filtering above a few hundred MHz directly on the
bolometer module.

The bolometer signal voltages are sent to the JFET modules on twisted pair stainless
wires. All bolometer signals of a common bias are carried out in a single bundle of six
twisted pairs. Each side of the bolometer voltage is sent into one side of a matched NJ132
JFET follower pair. The JFETs were manufactured by Interfet!> and were matched to
have less than ~ 20 mV difference in offset voltages. The JFETs buffer the bolometers by
reducing their output impedance. This significantly reduces the susceptibility to sources

of current noise such as microphonic pickup and RFI. The JFET module is housed in a

blackened box mounted on the 4 K cold plate. It is thermally isolated from a 77 K cold

12 Attleboro, MA 02703

BmuRata part #LQP21A47TNG14
“muRata part #NFM839R02C100R470
5Garland, TX 75042
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Figure 2.24: Schematic of the ACBAR bolometer module PCB board which provides load
resistance and RFI filtering directly at the bolometer. Figure provided by R. S. Bhatia.
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finger that extends from the nitrogen can through a hole in the helium can (see Figure 2.16)
with G-10 fiberglass legs. A heater on the JFET module warms the temperature to the
operating point of ~ 110 — 120 K.

Radio frequency interference (RFI) entering the 4 K vacuum space can couple to the high
impedance wiring on the focal plane and heat the detectors, thus degrading their sensitivity.
To prevent this, all wires entering the 4 K vacuum space pass through additional RFT filter
modules mounted in the wall of the liquid helium radiation shield. The filters used in
these modules are muRata EMI 7-filters'® which have been embedded in castable Eccosorb.
These RFI filter modules were measured to attenuate signals above 1 GHz at ~ —60 dB
[64].

The signal wires then exit the dewar and enter the warm electronics signal box where
they are filtered and amplified. The signal boxes have RF shielding gaskets at all mating
surfaces. The raw signals are amplified by a factor of 200 and then the DC and AC com-
ponents are separated with a filter at ~ 16 mHz (10 s time constant). The AC signals are
further amplified another factor of 200 (for a total gain of 40,000) and low pass filtered
at 650 Hz. The signals are then sent to VXI data acquisition system housed in a heated
enclosure on the back of the telescope primary mirror. There the signals are sampled at
~ 2400 Hz and averaged over 8 samples to save disk space. This averaging puts the Nyquist
frequency at 150 Hz. The signals are finally converted to digital form and written to disk.

The complete transfer function of the ACBAR signal chain is described in detail in the

muRata part #VFM41R01C222N16-27
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Appendix. We transfer the data to the US using the TDRSS network. This allows the
local science team to monitor the state of the instrument and analyze data within a day
of acquisition. This rapid turnaround proved invaluable because we were able to identify

problems very quickly rather than discovering them after the end of the season.

2.3.2 Microphonic Response

Early into the system integration at U.C. Berkeley, we discovered a forest of lines in the
noise spectra of all high impedance channels. We measured the in situ electronics noise to
be very clean using a low impedance short across one of the pairs of JFET gates in place of
a detector. We believed these lines were due to microphonic pickup in the system and this
was borne out by further investigation.

Variable capacitance between vibrating wires will drive a current through our high
impedance detectors resulting in a noise spike at the resonant frequency. To measure the
microphonic response of the system, we used mechanically vibrating load called the “Whom-
per”; similar to a speaker with a mass attached to the coil. We bolted the Whomper to
the dewar and swept the vibration frequency between a few Hz to a kHz while measuring
the noise spectrum of the detectors. This test revealed many strong resonances within our
signal band.

The two ways to reduce microphonic response are 1) lower the output impedance of
the detectors with FET buffers, or 2) tighten down the wiring to push the microphonic
response to frequencies well above the signal band. We had already employed option #1
with a JFET stage mounted to the 77 K cold finger on the cold plate. Unfortunately, the
path length from detectors to the JFETSs left approximately 2 feet of high impedance wiring
that was free to vibrate. We made every effort to secure the high impedance wiring but
the microphonics persisted. This was particularly insidious because we could not measure
the microphonic response with the bolometers at room temperature because our detectors
have very little impedance at 300 K.

To locate the source of the microphonics we constructed “fake bolometers” using 30 M2
load resistors as the detectors and installed them on the focal plane. We then attached the
Whomper to the open room temperature dewar and measured the noise spectrum while
trying to isolate the source of the microphonics. The dominant sources of microphonic

response were discovered to be the vibration of the entire 240 mK stage of the focal plane
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and the JFET module. To reduce the vibration of these we installed a set of radial kevlar
supports which we tensioned by compressing belleville spring washers. Kevlar has the
unfortunate property of expanding upon cooling so the spring washers were necessary to
keep tension on the stages as the strands relax. The kevlar system successfully moved the

microphonic resonances of the system well above the ACBAR signal band.

2.3.3 Computer Control and Housekeeping

ACBAR can be configured for either manual or computer control of all system elements
by flipping large toggle switches for ease of use with gloved hands. Under manual control,
all settings are modified with turn pots. Under computer control the settings are changed
with a digital bus. The digital bus allows remote setting of all of the following: bolometer
bias levels, all heaters on fridge and cold stages, calibrator temperature and modulation
frequency, and all thermometer settings (reference impedance and excitation voltage). This
allows the observer to control virtually all aspects of the instrument from within the main
station dome located approximately 1 km away from the telescope. All of the housekeeping
information is read by the VXI crate at 2 Hz and saved to disk. This includes all bias levels,
thermometry readings, DC levels of all 24 bolometers, and the two-axis tilt meter mounted

on the telescope.
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Chapter 3 Observations and Performance

3.1 The South Pole Environment

ACBAR observes from the Viper telescope located at the Southern Geographic Pole in
Antarctica. The South Pole provides a remarkable platform for terrestrial far-infrared
observations [60]. The Amundsen-Scott South Pole Station is located on top of the Ross
ice shelf at an elevation of 9,300’ which lowers the column depth of atmosphere above
the telescope. The pressure elevation at the Pole routinely exceeds 11,000’ because of the
thinning of the polar atmosphere as air bulges as the equator. The extreme cold freezes out
most of the precipitable water vapor from the atmosphere greatly reducing emission and
absorption from the sky. The ambient temperature averages around -80°F in the Austral
winter with a precipitable water vapor less than 0.32 mm 75% of the time [60]. In addition,
the atmosphere is very stable with long periods of good observing weather punctuated by
occasional weather events (usually associated with a warming of the ambient temperature)
[61]. The entire Southern celestial hemisphere is available year round allowing indefinite
integration times on small patches of sky. These attributes combine to make the South Pole

arguably one of the best locations on the planet for far-infrared observation.

3.2 Observational Parameters

A full characterization of the system requires precise measurement of the projected beams
on the sky; both the right ascension (RA) and declination (DEC) position of the beams
as the chopper swings and how the beams themselves change with chopper angle must be
measured. We measure these beam properties by making raster maps of compact objects
at multiple RA offsets to position the source at different chopper locations. Because these
raster map sets take a very long time, the telescope pointing can change a significant fraction
of a beam width over the course of an observation. Thus, many of these maps are required

to determine the true chopper functions as well as characterize the telescope pointing model.
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| Source | Other Name | RA (J2000) | DEC (J2000) |

RCW38 | IRAS 08573-4718 134.768° -47.510°
RCW57 NGC 3576 167.886° -61.362°
MAT6a | IRAS 12073-6233 182.501° -62.832°

Table 3.1: Reported IRAS coordinates of the galactic HII regions used to develop the
ACBAR/Viper pointing model.

3.2.1 Chopper Functions

The RA and DEC of each beam as a function of chopper angle can be measured on any bright
and reasonably compact source because, for this measurement, we are only interested in the
location of the center of the beam as a function of chop and not the details of how the beam
itself changes. However, the source cannot be so large or have complicated sub-structure
such that the measured centroids depend on small changes to the beam shape. For these
observations we use the bright galactic HII regions RCW38, RCW57, and MAT6a; we have
listed the IRAS reported coordinates for these sources in Table 3.1. The complete chopper
maps are made by starting with the source near the center of the chop and performing a
full raster map with 1’ declination steps through the entire array. The telescope is then
shifted in RA to put the source at a different chop position as recorded by the chopper
encoder voltage. We make raster maps with RA spacings of about 0.5° sec §, where § is the
declination of the observation, across the full ~ 3° chop to build up the chopper functions.
The beam centroids are determined by fitting a Gaussian to the source position in each of
the raster maps.

The RA and DEC as functions of chopper voltage are well fit by second order polynomials

of chopper voltage in the form

a(V)=ay+ a1 V' + as V"
S(V) =680+ 61V + 6.V
Vi=[V—-AV(1)]/9(),

where the zeroth-order terms are boresight position offsets for each channel, first-order terms
are linear coefficients for the number of degrees per volt of chop, and the second-order terms

are the quadratic corrections.
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Figure 3.1: Measured chopper voltage offset for 2001 versus time. The large jump in offset
back to zero volts around day 186 is a result of re-zeroing the encoder. The two lines are
polynomial fits to the chopper voltage with time for the two periods. Note that in 2001
the full chopper range of motion was +1 V over ~ 3° which means that a 0.2 V offset
corresponds to a shift in position of approximately 18’ on the sky.

There are two additional variables in these functions which unfortunately were time
variable for 2001; these remained static for 2002 because of an overhaul of the chopper
encoder system. The AV(t) term is a drift in the zero point voltage of the RVDT chopper
encoder with time. This voltage drift caused the actual angular position of the chopper
corresponding to zero volts on the encoder output to drift with time, meaning that 0V was
not a fixed angle on the sky. Fortunately, we performed limited raster maps of galactic
sources multiple times a day and are able to parameterize the drift in chopper voltage with
time from the change in source location within the maps. Figure 3.1 shows the measured
drift in chopper voltage with time for the 2001 observing season.

The second time-varying term, g(t), is the gain correction of the chopper encoder with
time and is a far more serious problem than the monotonic slowly drifting voltage offset. It
was noticed in 2001 that the difference in source chopper voltage between two fixed pixels
(AVyc = Vag — Vios and AVpp = Vps — Vps) varied with time for raster maps made with
the source near the center of the chop. This implied that the chopper encoder gain (the
voltage difference for a fixed change in chopper rotation angle) was not a constant. The
encoder gain is seen to vary by as much as 10% (see Figure 3.2) and has been observed to
change during the course of a single raster map. The variation in chopper gain is roughly

bi-modal with a high and low state. A 10% change in chopper gain over the course of a 3°
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Figure 3.2: Measured source position voltage differences AV o = Vasz — Vg (pluses) and
AVpp = Vg3 — Vps (diamonds) versus time for approximately one month during 2001.
The two differences are highly correlated indicating the variation is due to gain fluctuations
common to both differences and not merely scatter due to centroiding uncertainty. Note
that the slight difference between AVyc and AVpp (which are equally spaced on the focal
plane) is due to distortion in the optical system.

chop means that the position of the beam at the edge of the chop can be off by as much as
9’ (roughly two beam widths) from the expected position. This position uncertainty has a
very detrimental impact on our ability to search for compact objects in 2001 and was the
dominant source of pointing error during the season.

The only way to measure the current gain state of the chopper is to make a raster
map and compare the measured two-channel chopper voltage difference to the nominal
value. Fortunately, the frequent galactic source maps also provide a reasonably frequent
measurement of the gain. However, without a bright object in the blank field maps to
determine the in situ encoder gain, we are forced to discard any observation for which the
gain measured from galactic sources on either side of an observation disagree (indicating
a gain change occured) or during periods of time when the gain is seen to vary on short
time scales. As mentioned above, the RVDT encoder on the chopper was replaced with an
absolute optical encoder which eliminated both the voltage offset drift and gain variation

problems for the 2002 season.
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3.2.2 Beam Sizes

Accurately measuring the beam sizes on the sky is important for calibrating the instrument
and generating window functions. Ideally, this requires a source with angular size much less
than the beam but can also be done using a source with well-characterized extended emission
that can be deconvolved from the resulting beam map. In addition, the source should be
very bright so that an accurate map can be made in a short period of time; this prevents
pointing jitter from the telescope from contributing significantly to the measured beam size.
The planets Mars and Venus satisfy these criteria with sizes less than an arcminute and
(depending on distance) fluxes greater than 100 Jy at all frequencies; these are our objects
of choice for measuring beam parameters. Figure 3.3 shows a raster map of Mars made on
07/17/01 when it was very near the Earth and Figure 3.4 shows a raster map of Venus on
09/22/02.

Using the measured chopper functions, one can convert a raster map into proper sky
coordinates and measure the solid angle of the beam. A raw raster map is first flat fielded
to remove chopper offsets before calculating the solid angle. To flat field the maps, we mask
out the pixels in the region of the source and then remove a common offset and third order
polynomial from each RA stare. The effect of this procedure is illustrated in Figure 4.7
which shows a raw raster map on RCW38 and the corresponding flat fielded image.

The solid angle is then found by integrating the source voltage over the flat fielded map

and dividing by the source amplitude:

1 1

Qbeam =

/ V(Q)dQY =

Vnorm norm

Z V;'jAOéiA(Sj,
ij

where V,,orm is the best fit Gaussian voltage amplitude of the beam map, and Aa and Ad
are the right ascension and declination widths of each bin, respectively. The measured beam
sizes from the 07/17/01 Mars raster map are listed in Table 3.2. Mars subtended 19” on
the sky for this observation which results in an error of < 0.5% in the measured solid angle.
The average beam FWHM from the table are 4.80/, 4.00, 3.97’, and 5.66" at 150, 220, 280,
and 350 GHz, respectively. For 2002 we used the planet Venus to measure the beam sizes.
These are listed in Table 3.3 from an observation of Venus on 09/22/02. The average beam
FWHM in 2002 were 4.69', 4.25', and 3.95" at 150, 220, and 280 GHz, respectively.

The 150 and 350 GHz beam sizes differ substantially from the design of 4. The 150
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| Chan | Freq (GHz) | Q (x107° sr) | FWHM () |

Al 280 1.86 4.41
A2 280 1.47 3.92
A3 280 1.33 3.74
A4 280 1.38 3.81
B1 220 1.78 4.31
B2 220 1.44 3.88
B3 220 1.51 3.84
B4 220 1.43 3.97
C1 150 2.43 5.05
C2 150 2.12 4.71
C3 150 2.10 4.69
C4 150 2.17 4.76
D1 350 3.26 5.84
D2 350 3.60 6.14
D3 350 2.94 5.55
D4 350 2.49 5.10

Table 3.2: Measured 2001 beam sizes from Mars on 07/17/01. The angular diameter of
Mars was 19” which is substantially smaller than the beams. The FWHM quoted in the
table is calculated assuming a Gaussian shape with Opwry = 1/ (41n2)Q /7.

| Chan | Freq (GHz) | Q (x107° sr) | FWHM () |

A4 280 1.74 4.26
A6 280 1.49 3.95
A3 280 1.47 3.92
A5 280 1.28 3.65
D5 150 2.29 4.89
D6 150 2.23 4.83
D4 150 1.97 4.53
D3 150 2.08 4.67
B1 150 2.22 4.82
B2 150 2.12 4.71
B3 150 1.89 4.44
B6 150 2.08 4.66
C4 220 2.05 4.63
C3 220 1.88 4.44
C2 220 1.38 3.80
C1 220 1.64 4.13

Table 3.3: Measured 2002 beam sizes from Venus on 09/22/02. The angular diameter of
Venus was 37.0” which is substantially smaller than the beams. The FWHM quoted in the
table is calculated assuming a Gaussian shape with pywrayr = +/(41n2)Q /7.
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Mars Raster 07/16/01
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Figure 3.3: Raster map of Mars at an elevation of approximately 26.5° taken on 07/16/01.
The angular diameter of Mars was 19” on this date.
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Venus Raster 09/22/02
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Figure 3.4: Raster map of Venus at an elevation of 19.8° taken on 09/22/02. The angular
diameter of Venus was 37" on this date.
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GHz beams suffer from diffraction because of the aggressive edge taper on the 2 m primary
mirror. The ~ 20% spread in 150 GHz beam size is consistent with the level expected for
a -18dB edge taper. In retrospect, under-illuminating the primary at 150 GHz would have
achieved effectively the same beam size without the risk of spillover. The very large 350
GHz beam sizes are somewhat of a mystery because the beams exiting the dewar are very
close to specification to produce a 4’ beam. It is believed that the surface roughness of
the mirrors contributes to the smearing, but an abrupt change between 280 and 350 GHz
seems unrealistic. It is also possible that the fine dusting of snow on the mirrors scatters
the beam and this is bolstered by the fact that the 350 GHz chopper synchronous offset is
most sensitive to the accumulation of snow on the mirrors.

One may also note from the beam size tables that the beam size varies within a frequency
column/row indicating some curvature of the focal plane. The focus of the dewar is set with
a linear actuator mounted between the telescope structure and the dewar cart which rides on
rails parallel to the optic axis. We chose the dewar focus position that, on average, resulted
in the maximum signal from galactic source raster maps. Since the optical throughput is
conserved, the maximum signal voltage should correspond well with minimum beam size.
We made a particular effort to minimize the beam size of the 150 GHz channels because it
is our strongest science frequency.

While analyzing galactic source chopper maps from 2001, we noticed that the voltage
amplitude of a source depended on its location in the chop. Upon further investigation we
found that the measured solid angle of a source also changed with chop angle indicating
that the beams are distorted as the chopper rotation changes the optical path through
the telescope. This effect means that the calibration will change as a function of chop for
compact objects but remain effectively constant for beam filling sources (if the throughput
is conserved).

To be more specific about how the effects of a changing beam size depend on the source
distribution, consider the following examples. Assume the beam gain is Gaussian and is
given by

—

B(f) = Goe "/ (V/Jy),

where 0 = 0,3 + 0,9, 62 = 02 + 9:3, Gy is the gain in V/Jy, and op is the Gaussian width
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of the beam. For a point source with intensity profile of

— —

1(6) = S00(6)  (Jy/sp),

where ¢ is the Kronecker delta function and the total source flux density is So = [ I (6)d26
(Jy), the voltage map of the source is the convolution of the beam and source profiles and
is given by

— —

V() = B(6) % I(A) = GoSoe /275 (V).

Similarly, for a compact Gaussian object of width og with intensity profile

~ S0 _p2/202
1(0) = mﬁ b°/205 (Jy/sr),

(again with integrated flux density So = [ I (§)d29) the voltage profile from the source is

- 2mo?
G050 6—92/27r(o§+a]23)

Vo) = 2r(0% + 0%) (V).

~—

—

Lets also consider a uniform intensity distribution given by I(0) = X (Jy/sr), where ¥ is a

constant, in which case the voltage map is

=

V(0) = 2Gof2p (V).

If the bolometer responsivity and source flux density remain static, the condition for
throughput conservation is Go{)p is constant. Performing the integral of the voltage map

over solid angle on the sky in both the point source case and Gaussian source case gives
/ V(0)d*0 = So(GoQp)  (V sr).

We see that the integrated signal will be constant regardless of the change in beam size if
throughput is conserved. The actual voltages in the map will depend explicitly on the value
of the gain (Gy x le) which in turn depends on chopper angle. However, for a diffuse
source (much larger than the beam size) of intensity X, the voltage map only depends on the
product Go€2p which is independent of chopper position if the throughput is conserved. It

is therefore important to 1) verify that the throughput is conserved with chopper rotation,
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and 2) depending on the spatial extent of the source under observation, correct for the
change in gain with chopper angle.

To test the conservation of throughput we made complete raster maps of galactic sources
at multiple chopper offset positions and measured whether the integrated signal was con-
stant for all chopper offset positions. Ideally, one would like to use a bright point source
for this measurement, but the limited availability of planets and bright quasars made this
impossible. Most of our chopper map data is from RCW38 which has complex extended
structure and is not a good candidate for verifying throughput conservation since the chang-
ing beam size will couple to different regions of the source. The compact HII region MAT6a
[92] is better suited for this measurement because of its limited extended emission. The
integrated source voltage of MAT6a versus chopper position are found to be quite flat
indicating good conservation of throughput.

In late September 2002, we performed a sequence of beam maps on Venus. The winter
telescope operator (“winter over”) noticed that some ice crystals had accumulated on the
dewar window and carefully scrapped them off with a finger nail. From the Venus maps on
either side of the ice removal we discovered a significant change in some of the beams; the ice
on the curved surface of the window acted like a lens, distorting the focal plane. The average
beam sizes before the ice removal were 4.89’, 4.30', and 4.23' FWHM at 150, 220, and 280
GHz, respectively. After the ice removal the average beams measured 4.69’, 4.25", and 3.95’.
The solid angle of a few of the beams towards the middle of the focal plane changed by
almost a factor of two. In addition, the positions of some of the beams were shifted by a
few arcminutes on the sky. Both of these effects tend to smear the effective beam size of the
coadded maps and reduce the sensitivity to compact sources. Unfortunately, the presence
of ice on the window and its effects were only discovered after the CMB observations.

The accumulation of ice on the window appears to have been a very gradual process.
Although we were only able to view planets at the very end of the 2002 season, we can
monitor the change in beam size with the galactic source raster maps. Using raster maps
on RCW38 we found that the change in beam size was roughly monotonic with time during
the course of CMB observations. For beam filling sources like the CMB, we do not need
to change the calibration with varying beam size but must correct for the changing CMB
window functions [59]. The calibration for point sources, however, will change linearly

with solid angle. Using the measured galactic source solid angles it should be possible to
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partially correct the calibration for those channels most affected by the ice. Because most
of the 150 GHz beams were not strongly affected by the ice we opt to leave the calibration
fixed and use the measured beam sizes of quasars in the final coadded maps for determining

the window function.

3.2.3 Chopper Synchronous Offsets

When the chopper is running the bolometer signals are dominated by a roughly parabolic
chopper synchronous offset (see Figures 3.5 and 3.6). Since the chop across the sky is roughly
constant latitude at the horizon, we would expect an offset at other elevations because the
beams no longer sweep at constant elevation. The amplitude of the temperature offset due

to motion through the atmosphere at 45° elevation is approximately equal to

T, T Ad
st~ sk () (55) (T
where Ty, is the temperature of the atmosphere, 7 is the atmospheric opacity, Ad is the
elevation change from the chop which is 1.2’ for a +1.5° chop at 45°. The key point is
that as the chopper swings, the beam will travel through a higher air mass and thus see a
temperature increase of a few mK. However, one sees from Figure 3.5 that the temperature
change can be much larger than the predicted amplitude as well as change sign, indicating
the offset is due to something other than the path of the beams across the sky.

The offset structure is observed to depend on a number of factors. Modulated spillover,
accumulation of snow on the telescope, and atmospheric conditions appear to be the dom-
inant sources of offset amplitude. The first two offset sources are somewhat within our
ability to control and we take steps to mitigate their effects. To reduce modulated mir-
ror spillover we mounted a blackened circular light baffle between the tertiary mirror and
the chopper. This light baffle is somewhat smaller than the projected area of the chopper
and intercepts beam power which would otherwise spillover and modulate as the chopper
rotates. The baffle significantly reduced the offset amplitude as can be seen in Figure 3.6
which shows the offsets before and after baffle installation in 2001. As discussed below in
the optical loading section, this warm baffle contributes to the loading of the system because
it intercepts beam power at ambient temperature. We decided that the increase in loading

was worth the reduction in possible systematics and thus left the baflle installed.
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Figure 3.5: Shows the measured average RJ sky temperature offsets of all optical channels
during observations of the CMB5 blank field (elevation 55°) versus chop on 04/14/02 (solid
lines) and 06/19/02 (dashed lines). All channels are set to the same vertical scale for ease
of comparison. The frequencies are 280, 150, 150, and 220 GHz from top to bottom. The
350 pm zenith opacity for this observation was approximately 2.0 on 04/14/02 and 1.0 on
06/19/02.
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Figure 3.6: Chopper synchronous offsets before and after baffle installation on 02/04/01.
Shows the measured temperature versus chop for all optical bolometers before (solid) and
after (dashed) baffle installation. The columns are (from left to right) 280, 220, 150, and
350 GHz.



77

Snow accumulation is another large contributor to the chopper synchronous offsets. The
mirror surfaces collect blowing snow as well as develop a thin layer of frost. The rate of
accumulation depends on the ambient temperature and the amount of blowing snow. As the
chopper rotates, the beams sweep across the secondary mirror, view different projections of
the chopper mirror, and move slightly (a few cm) on the primary mirror. The warm snow
then contributes an optical signal to the system as the beams move across it. The only

solution to this is to clean and defrost the mirrors frequently.

3.2.4 Snow

In addition to contributing to offset structure, snow accumulation also attenuates astro-
nomical signals. The method of signal loss is either power absorption or scattering by
crystals with size comparable to A. This signal attenuation was discovered by comparing
the measured amplitude of galactic sources versus chopper offset amplitude. To test the
effects of snow on signal attenuation we performed raster maps on RCW38 with the mir-
rors quite snowy and then repeated the observation with the mirrors cleaned. The average
signal ratios for RCW38 with the mirrors snowy versus clean were 70%, 45%, and 20% at
150, 220, and 280 GHz, respectively, indicating a strong frequency dependence consistent
with absorption. The beam solid angles are effectively unchanged between the snowy ver-
sus clean measurements indicating the scattering would have to be relatively isotropic to
explain the signal loss without an appreciable broadening of the beams. This signal loss
is very serious (particularly in the high frequency channels) and needs to be mitigated by
identifying periods when the data may be contaminated from snow attenuation.

To develop a criteria for cutting data with snow contamination, we investigated the
correlation of chopper offset amplitude with source signal and found a strong correlation
at high frequency and a much weaker correlation at low frequency (see Figure 4.8). This
frequency dependence allows us to tune the level of tolerable snow attenuation to the science
goal being investigated. For example, the weaker dependence at 150 GHz means that a more
aggressive snow cut threshold can be used for science only incorporating the low frequency
channels, such as CMB power spectrum estimatio