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ABSTRACT

We report the performance of a bolometric system designed to measure the anisotropy of the cosmic micro-
wave background (CMB) radiation on angular scales from 0°3 to 3°. The system represents a collaborative
effort combining a low-background 1 m diameter balloon-borne telescope with new multimode feed optics, a
beam modulation mechanism with high stability, and a four-channel bolometric receiver with passbands cen-
tered near frequencies of 3 (90), 6 (180), 9 (270), and 12 (360) cm ™! (GHz). The telescope has been flown three
times with the bolometric receiver and has demonstrated detector noise limited performance capable of reach-
ing sensitivity levels of AT/Tys ~ 10~ ° with detectors operated at T = 0.3 K.

Subject headings: cosmic microwave background — instrumentation: photometers

1. INTRODUCTION

Measurements of the spectrum and isotropy of the cosmic
microwave background (CMB) probe the evolution and homo-
geneity of the early universe. The spectrum of the CMB is
consistent with a blackbody with a temperature of
2.735 + 0.06 K at frequencies from 1 to 20 cm ! (Mather et al.
1990; Gush, Halpern, & Wishnow 1990). Measurements of the
isotropy of the CMB have found only a dipole component to
the brightness distribution. Present upper limits to anisotropy
on angular scales from arcminutes to the quadrupole are in the
range of AT/Teyg < 1-5 x 1075 (Boughn et al. 1992; Mein-
hold & Lubin 1991; Meyer, Cheng, & Page 1991; Readhead et
al. 1989; Smooth et al. 1991). The observed isotropy of the
CMB contrasts with the abundant structure seen at optical
wavelengths. Measurements of the CMB anisotropy provide
one of the few critical tests of theoretical models of the forma-
tion of this structure in the early universe (Bond 1989). The
angular scale of an anisotropy seen today can be related to the
distance scale of the perturbation that generated it in the past.
Angular scales from 10’ to several degrees cover a range of
distance scales from clusters of galaxies to beyond the largest
structures seen in the universe today.

Experiments searching for CMB anisotropy have been
steadily improving. New detector technologies already provide
the necessary sensitivity to search for anisotropy below
AT/Toup = 1075, Instruments designed to utilize these detec-
tors must provide stable, low-background environments with
excellent rejection of radiation from the Earth, and from
anthropogenic radio frequency interference. In addition both
thermal and nonthermal sources of emission in our Galaxy
must be identified and either shown to be negligible or sub-
tracted. Finally, compact extragalactic objects provide yet
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another layer of anisotropic emission which must also be
understood and accounted for. The choice of measurement
frequency is not critical for most types of cosmology, but has a
dramatic effect on apparatus, observation strategies, and the
amount of noncosmological background.

We have developed a bolometric receiver and multimode
optics which fly on an existing (Meinhold & Lubin 1991)
balloon-borne telescope to simultaneously measure the anisot-
ropy in the CMB in four millimeter wavelength bands on
angular scales from 0°3-3°. The scientific results from the first
two flights of the bolometric receiver are described by Fischer
et al. (1991) and Alsop et al. (1992a, b). There are several
reasons for this design. First, simultaneous measurements of
the sky at several frequencies are necessary in order to identify
the spectrum of any anisotropic emission that is detected.
Second, millimeter wavelengths minimize galactic confusion
and allow the use of sensitive bolometric detectors. Third,
careful placement of the individual bands can provide ade-
quately low atmospheric emission at balloon altitudes. Fourth,
balloon-borne experiments at millimeter wavelengths on these
angular scales can use ~1 m diameter antennas. These mea-
surements complement the large angular scale experiments
conducted from spacecraft such as COBE and RELICT.

The relative brightness of the CMB and the competing
sources of emission determine the range of frequency which
provides the best opportunity for measurement of CMB
anisotropy. The brightness of the 2.735 CMB and an anisot-
ropy in the CMB of AT/T = 103 are shown in Figure 1.
From near millimeter to submillimeter wavelengths the domi-
nant source of astrophysical confusion is likely to be thermal
emission from interstellar dust (ISD) in our Galaxy. The curve
labeled ISD in Figure 1 is an estimate of the average brightness
of ISD at high Galactic latitudes based on measurements from
the IRAS satellite at 100 cm ™!, and balloon-borne measure-
ments at millimeter to submillimeter wavelengths (Hauser et al.
1984; Page, Cheng, & Meyer 1990; Meinhold & Lubin 1991).
The ISD spectrum assumes a dust temperature of 22 K and an
emissivity € oc v-3, where v is the frequency. The curve labeled
Synchrotron in Figure 1 (which has a slope of v%!) is an esti-
mate of the average brightness of synchrotron emission at high

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1992ApJ...388..242F

ANISOTROPY IN CMB RADIATION

Wavelength [mm)]
1

10 0.1
10”
- .. CMB .
= 10_11 P \\\ e N
7] L~ \\ ‘__.-
N r
g ?(;Eosphere % ISD
2 1 -13 m \ -
= 0 - \
-1 \
= AT/T = 10755 \ |
> _ T N
10715 SV
/'/ ’ \‘\ \\
" " Synchrotron NN |
10—17 L R | . A
1 10 100

Frequency [cnr!]

F1G. 1.—Estimates of the diffuse brightness of emission sources important
for a balloon-borne anisotropy experiment at frequencies from 1 to 100 cm™™.
The curves include: the cosmic microwave background (CMB), an anisotropy
in the CMB at the AT/T = 10~ ° level (AT/T = 10~ %), thermal emission from
interstellar dust (ISD), galactic synchrotron radiation (“Synchrotron”), and
atmospheric emission at an altitude of 30 km (Atmosphere 30 km). The point
marked “S. Pole” is an estimate of the atmospheric emission from the ground
at the south pole in the 3 cm ™! (90 GHz) window. The galactic emission curves
are calculated for Galactic latitudes above 40°. The atmosphere is calculated
for an observation at an elevation angle of 45°.

Galactic latitudes (Weiss 1980). At frequencies much below 3
cm ™! (90 GHz), nonthermal synchrotron and bremsstrahlung
emission will become the dominant sources of competing
Galactic emission. Typical contrast in the galactic components
is less than 0.1, so these curves represent upper limits to aniso-
tropic emission.

Atmospheric emission is a source of added background
loading and noise for all but satellite experiments. The atmo-
spheric emission for a typical balloon altitude of 30 km is
shown in Figure 1. This curve is calculated for an elevation
angle of 45°, using a standard atmospheric model (Goody
1964; Woody 1975) smoothed by a Gaussian filter with a con-
stant fractional bandwidth of 0.15. For comparison, the point
labeled “S. Pole” in Figure 1 is the measured atmospheric
emission at the south pole in the atmospheric window at a
frequency of 3 cm ™! (90 GHz).

Simultaneous multiband response is essential to unam-
biguously identify a CMB anisotropy in the presence of other
sources of emission with different spectral and temporal signa-
tures. We have designed a dichroic filterband photometer
which provides these qualities by dividing the radiation col-
lected from the same spot on the sky into several frequency
bands. The centers and widths of four bands were designed to
maximize the ratio of CMB anisotropy signal to atmospheric
emission. The model filter used in the calculation is character-
ized by a flat inband response, a step function cutoff at low
frequencies, and a Gaussian roll off with a fractional width of
0.05 at high frequencies. The center frequencies of these bands
are 3.0, 5.8, 8.9, and 12.8 cm ™!, with fractional bandwidths of
0.33, 0.43, 0.40, and 0.35, respectively. These bands will be
referred to as the 3, 6,9, and 12 cm ™! bands.
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2. INSTRUMENT REQUIREMENTS

Measurements of the anisotropy in the CMB require sensi-
tive observations of very low contrast spatial features with a
unique spectrum, in the presence of emission sources with dif- -
ferent spectra. The requirements for a successful instrument
include a stable modulation scheme for comparing the bright-
ness of different patches of sky, a telescope with low sidelobe
response and low emissivity optics, a sensitive receiver with
adequate spectral resolution to discern the spectrum of any
observed signal, and set of diagnostic measurements which are
sensitive to a wide range of possible systematic effects. Each of
these issues is discussed briefly below.

In order to maximize the sensitivity of our measurement to
anisotropic signals in the presence of a much larger uniform’
background we chop the azimuthal position of the telescope
beam by several beamwidths on the sky and detect only the
signal which is synchronous with the chop. The ~6 Hz chop-
ping frequency is high enough to avoid low-frequency noise
and low enough for sensitive bolometric response. Signals at
the chopping frequency that arise from sources other than the
CMB and have a slowly varying amplitude will be called
offsets. The chopped telescope beam is repetitively stepped or
scanned in azimuth to observe a limited region of the sky. This
second level of modulation will be referred to as a scan. The
advantage of the periodic scan is that true sky signals will
appear at specific harmonics of the scan frequency. Offsets
which change more slowly than a given harmonic can be
removed from the data without loss of information about the
sky on angular scales corresponding to that harmonic.

Emission from the Earth which is accepted in the sidelobe
response of the telescope can cause offset signals. The sidelobe
response must be small enough that temperature variations in
the Earth’s brightness do not produce changing offsets than are
large compared to an anisotropy in the CMB. A worst-case
estimate of the required sidelobe response can be made by
assuming that all of the radiation from the Earth is modulated
by the chop. The ratio of a 30 uK CMB anisotropy (AT/
T = 1073 at 6 cm ™ ') accepted in the ~10~* sr solid angle of
the main telescope beam to 300 K Earth radiation accepted in
a solid angle of 27 sris ~2 x 107 !2, This ratio would suggest
that — 120 dB rejection is required. In fact, the required rejec-
tion is unlikely to be this stringent. An accurate estimate of the
required sidelobe response depends on the spatial structure in
the Earth’s brightness and on the two-dimensional telescope
sidelobe response. Unfortunately, both of these quantities are
very difficult to estimate. In the design discussed below, control
of the sidelobe response is accomplished with an off-axis
optical design, oversized mirror surfaces, and baffles which
prevent Earthshine from directly illuminating the mirror sur-
faces.

Thermal emission from the telescope optics is a source of
photon noise and a potential source of offset signal. The
brightness of the emission from the mirrors will depend upon
the temperature and emissivity of the mirror surfaces. In the
balloon-borne environment, the optics temperatures approach
the 220 K temperature of the ambient air. At millimeter wave-
lengths, the emissivity of a metal surface € oc (v/0)'/?, where v is
the frequency, and o is the DC electrical conductivity. For
smooth pure aluminum € = 1073 at 3 cm~! (90 GHz) and
T = 220 K. A mirror surface machined in an aluminum alloy
has a somewhat higher emissivity. Optics with an emissivity of
2 x 1073 at 220 K will be from 0.4 to 6 times as bright as the
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CMB at frequencies from 3 to 10 cm™!. Variations in the
temperature of the mirror surfaces can generate offset signals if
the illumination of the mirrors changes synchronously with the
chop. Changes in the offsets due to changes in the mirror illu-
mination or drifts in the mirror temperature must remain small
compared to an anisotropy in the CMB on the time scale of a
scan. In the design described below, changes in the detector
offsets due to chopped mirror emission and beam spillover at
the mirror edges are minimized by the use of an extremely
stable mechanical system to chop the telescope beam. The tem-
peratures of all of the optical elements are also measured
during flight.

3. DESCRIPTION OF THE INSTRUMENT

The instrument which we have developed to meet the
requirements discussed above is based on a balloon-borne tele-
scope originally designed to search for CMB anisotropy with a
heterodyne receiver (Meinhold & Lubin 1991). A paper by
Meinhold et al. (1992) gives a complete description of the orig-
inal telescope optics, the receiver, the balloon gondola, and the
telescope pointing system. This section describes the new
multimode optical design, the secondary mirror chopper drive,
the in-flight calibration, the four-band photometer, the cryo-
stat, and the receiver electronics.

3.1. Optics

The optical system is the off-axis Gregorian telescope shown
in Figure 2. A large secondary mirror and a cooled, broad-
band feedhorn have been developed to accept multiple electro-
magnetic modes in a 0°5 FWHM field of view at frequencies
from 2.5 to 15 cm~!. This section describes the optical layout
and the method used to chop the beam on the sky, the details
of the fabrication of the mirrors, the design and fabrication of
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F1G. 2.—Sideview of the gondola with the outer frame cut away to expose
the inner frame holding the optical system and the detector cryostat. The
gondola is pointed using the azimuth reaction wheel mounted on the top of the
outer frame and by rotating the inner frame in elevation. The shaded region
indicates the —3 dB contours of illumination on the mirror surfaces. The
dashed lines indicate reflecting baffles which prevent Earthshine from directly
illuminating the optical surfaces.
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the feedhorn, and the measured beam patterns of the feedhorn
and the complete telescope.

The primary mirror is a f/1.0 off-axis section of a paraboloid
with a focal length L = 1 meter and an off axis angle of 38°.
The secondary mirror is an off axis section of an ellipsoid of
revolution. The lines that connect the secondary focus and the
primary focus to the center of the secondary mirror have
lengths L, = 24.8 cm and L, = 33.0 cm, respectively, and the
angle between them is n = 45°. The edge of the secondary
mirror is defined by the intersection of a circular cone which
has a 53° full angle with the ellipsoidal surface. The cone is
centered on the feedhorn axis with its apex at the secondary
mirror focus. The secondary mirror is positioned so that the
prime focus of the telescope is reimaged in the feedhorn at the
X marked on Figure 3.

The position of the telescope beam on the sky is chopped in
azimuth by rotating the secondary mirror through a small
angle about the optical axis of the feedhorn. This rotation
displaces the image of the feedhorn away from the prime focus
of the telescope. The angular displacement of the telescope
beam on the sky Af,,, = A¢ sin n(L,/L) = 0.24A¢, where A¢
is the angular rotation of the secondary mirror. Since the beam
pattern of the feedhorn is axially symmetric, this method of
chopping combined with the design of the secondary mirror
edge, maintains a constant illumination on the secondary
mirror and minimizes chopped spillover at the edge of the
secondary mirror. The beam position on the primary mirror is
chopped which places requirements on the stability of the
chopper drive which will be addressed below.

The primary mirror surface was fabricated at Bell Labor-
atories for the Lubin, Meinhold, & Chingcuanco (1990) experi-
ment. It was machined from a cast aluminum plate on an NC
milling machine using a 15 cm diameter ball end mill and then
lightly polished by hand. The machining grooves are visible
with a spacing of ~4 mm. The back of the mirror was
machined to provide a stiff lightweight support structure. The
total mirror weight is ~40 kg.

The surface of the secondary mirror was cut in 6061-T6
aluminum on a NC milling machine using a 5 cm diameter ball
end mill. The mirror surface was carefully polished by hand to
remove the machining grooves. After the mirror surface was
machined and polished, the back of the mirror was thinned to
a thickness of 6 mm on a lathe. The mirror was balanced
statistically and dynamically about the rotation axis by adding
a counterweight on the back. The weight of the finished mirror
is 1.3 kg. The moment of inertia about the rotation axis is ~ 80
kg cm?.

The feedhorn is an off-axis parabolic concentrator (Winston
cone) with a constant radius flare to reduce the acceptance of
radiation from large angles shown in Figure 3 (Mather 1981;
Santo et al. 1987). The concentrator defines a 14° FWHM
geometric beam and a throughput of 0.126 cm? sr (Winston
1970). The flare has a radius of curvature of 7 cm which extends
to an angle of 45° from the horn axis and a 3 mm radius lip
which extends to 90° from the horn axis. Since the flare is long
compared to the concentrator the geometric beam is further
limited to 12° FWHM. The horn will accept ~ 1, 4,9, and 16
modes in the 3, 6,9, and 12 cm ™! bands, respectively.

The feedhorn was electroformed on a gold plated aluminum
mandrel which had been shaped on a numerically controlled
(NC) lathe and polished by hand. The copper body was then
machined and the aluminum mandrel was then etched away.
The outer surface of the finished feedborn was coated with an
evaporated gold layer to reduce its emissivity.
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F1G. 3—Feedhorn cross section and measured beam pattern. The cross section shows the smooth walled collimating cone and long radius apodizing flare. The
location of the secondary focus is marked with an “X.” The beam pattern measurements show the angular response at 3 cm™~* (90 GHz) and 9 cm ™~ 1 (270 GHz). The
vertical line indicates the angle subtended by the edge of the secondary mirror. The dashed curve shows the theoretical response of a scalar feedhorn with the same

FWHM response for 90 GHz.

Two upward-looking scoop-shaped baffles were employed
to prevent Earthshine and radio frequency power (RF) from
directly illuminating the feedhorn or the mirror surfaces (Fig.
2). The first baffle surrounds the primary mirror, and the
second baffle surrounds the secondary mirror, the chopper
drive, and the cryostat. The baffles were made of sheet alumi-
num; the seams were sealed with metallic RF tape. The final
tests of the beam pattern were made with the baffles in place.

The beam pattern of the feedhorn shown in Figure 3 was
measured at frequencies of 3.0 cm ™! (90 GHz), and 9.0 cm ™!
(270 GHz) using a microwave oscillator and a harmonic gener-
ator as the radiation source. Both patterns show a well-defined
main lobe and exponentially attenuated sidelobes that are a
characteristic of the apodizing flare. The measured amplitude
and shape of the sidelobes are in good agreement with calcu-
lations using the geometrical theory of diffraction (Mather
1981). For comparison we also show the beam pattern
expected for a scalar feedhorn with the same FWHM beam
size which operates over a 50% bandwidth near 90 GHz. The
broad bandwidth of our feedhorn is achieved at a significant
cost in the sidelobe response. This disadvantage of our dichroic
system is partly compensated for by the large diameter of the
secondary mirror. The measured beam pattern has been used
to estimate that from 0.01 to 0.02 of the system throughput is
accepted from angles beyond the edge of the secondary mirror
in the four passbands. Most of this throughput is either filled
by the sky or is redirected upward by the secondary mirror
baffle to the sky. A small fraction is filled by the balloon, and
the gondola rigging when observations are made at an ele-
vation between 30° and 40°.

The beam pattern of the complete telescope shown in Figure
4 was measured at frequencies of 3.0 cm ™!, and 9.0 cm ! using
the same coherent radiation source as above. The telescope
was located on the ground in a large open space, the source
was on the roof of a 15 m high building that was 50 m away.
The beam pattern was measured by scanning the telescope
elevation from 15° to 55°. The main beam of the 3.0 cm™!
pattern is ~Gaussian with a width of 025 FWHM. The main

beam at 9 cm ™! has the same FWHM size, but has more
structure, which is probably due to standing wave resonances.
The far sidelobes of the 3 cm ™! pattern were measured in a
range between —70 and — 80 dB at angles between 20° and 40°
from the main beam. Measurements made with the secondary
mirror fixed at the extrema of the normal chopping motion
showed no significant change in the beam patterns. Sidelobe
response at this level will allow the telescope to accept a bright-
ness temperature of ~ 1 K integrated over the solid angle of the
Earth. The component of this radiation that is modulated by
the chop must remain stable over the time scale of the scan.
The size of the chopped component depends upon the coupling
between the structure in the beam pattern and the structure in
the Earth’s brightness. Our plans include measurements at low
elevations to estimate the size of this coupling.
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FIG. 4—Telescope beam pattern measured as a function of elevation angle
at 90 GHz (solid line), and 270 GHz (dashed line). Data for the range of angles
from 16° to 20° is missing. The response shown from 20° to 40° is an optical
signal but we can not exclude the possibility that it is due to low-level reflec-
tions from the ground or from buildings.
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F1G. 5—Cross-sectional view of the chopper drive as seen from above. The secondary mirror, the motor shaft, the inner yoke, and half of the length of the torsion
fiber (medium hashed regions) rotate in opposition to the motor housing, the outer yoke, and the other half of the fiber (coarse hashed regions). The remaining (fine
hashed) regions idicate the nonmoving parts of the structure which support the moving parts through ball bearings. The zero position of the mirror motion is fixed by

clamping the torsion fiber at the node between the mirror and the motor.

3.2. Secondary Mirror Chopper Drive

The drive for the secondary mirror rotates the mirror so as
to produce a sinusoidal motion of the beam on the sky. A
rotation of 574 gives a peak to peak chop on the sky of Af,,, =
123 p-p. As shown in Figure 5, the mirror is mounted on ball
bearings and is coupled to a counterrotating DC servo motor
by a torsion fiber which gives a resonance frequency near 6 Hz
to insure that very little torque is coupled to the gondola
frame. The zero position of the mirror motion is determined by
clamping the torsion fiber at the stationary node between the
mirror and the motor. Small adjustments to the zero position
are made by moving the other end of the arm with a screw
driven by a stepper motor. The amplitude and zero position of
the mirror motion can be adjusted during the flight.

The position of the mirror is measured with a rotary variable
differential transformer (RVDT) manufactured by Shavitz, Inc.
Feedback electronics controls the motor drive from the refer-
ence signal. The electronics have two loops: one which adjusts
the phase of the driven signal to keep the oscillation frequency
near resonance, and a second which controls the amplitude of
the mirror motion.

The fractional stability of the secondary mirror motion is
defined as the ratio of the RMS stability to the standard oper-
ating amplitude of 2°7. During laboratory tests the fractional
stability is ~4 x 10~ for the amplitude and 2 x 10~ 3 for the
zero position. The measured signals are averaged by low-pass
filters with a two-pole roll off with a time constant of 3 s and
monitored on the time scale of hours. The stability in zero
position and amplitude depend upon the condition of the bear-
ings, the amplitude of the motion, the elevation of the telescope
(worse at higher elevation), and the position of the node clamp.
The DC change in the chopper zero position is less than 0202
when the telescope elevation is changed from 15° to 55°.

3.3. Multiband Photometer

Radiation accepted by the feedhorn is recollimated by a
second parabolic concentrator to an f/2.4 beam, filtered by two
low pass filters, and then enters the photometer shown in
Figure 6. The photometer divides the radiation into four bands
using three dichroic filters. Additional blocking filters improve
the out-of-band rejection before each beam is recondensed
onto a bolometric detector. The entire photometer including

many of the filters, the bolometers and the load resistors, is
cooled to 0.3 K by a 3He refrigerator.

The first low pass filter is a 0.79 mm thick z-cut crystal
quartz window, to absorb the near-infrared power and conduct
it to the “He bath. The thickness of the quartz filter was chosen
to cancel reflections in the 3 cm ™! band. The second filter is a
0.75 mm thick disk of black polyethylene imbedded with 100
um diameter glass beads, which absorbs the remaining radi-
ation from 20 cm ™! to the visible (Sato et al. 1989). The quartz
and the glass bead filters are cooled to 2 K. The order in which
the bands are divided was chosen to maximize the small signals
available from the CMB at 3 cm ™! by transmitting the 3 cm ™!
band first and reflecting the 6, 9, and 12 cm~™! bands. The
dichroic filters chosen to do this are commercially available
multilayer capacitive mesh lowpass filters with high-frequency
cutoffs at 3.5, 7.2, and 10.5 cm ™! (Cochise Instruments, Inc.).
The mesh parameters and layer spacing were optimized for use
at normal incidence. In this dichroic application we used the
filters at a 22°5 angle of incidence. The photometer contains
additional filters which improve the out-of-band rejection.

F E D F3

6 cm’!

F16. 6.—Schematic diagram of the dichroic photometer. Filter F1 rep-
resents the combination of a quartz filter which blocks near-infrared radiation
and a glass bead filter which blocks from ~0.5 mm through the visible. Three
dichroic mesh filters D1-D3, tipped at a 22°5 angle of incidence divide the
incoming radiation into four spectral bands. Filter F2 is a capacitive mesh low
pass filter with a cutoff at 15 cm ™ !. Filters F4-F6 are high pass filters used at a
normal incidence to define the passbands. The filtered radiation is then con-
centrated onto bolometric detectors in passbands centered near 3, 6,9, and 12
cm™?, respectively.
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These include a multilayer capacitive mesh filter with a low-
pass cutoff at 15 cm ™! mounted at normal incidence at the
photometer entrance, and “thick grill ” high-pass filters made
by machining close-packed arrays of circular holes in metal
plate (Timusk & Richards 1981). Because of the stringent
requirements for high-frequency rejection in the 3 cm ™! band,
an additional multilayer capacitive mesh filter with a cutoff at
4 cm™! was included at normal incidence.

The detectors used in this experiment are composite bolom-
eters (Lange et al. 1983). The bolometers for the four passbands
are placed in an integrating cavity at the exit aperture of a
parabolic concentrator. The radiation is absorbed in a thin
metal film evaporated on a dielectric substrate. The thickness
of the metal film is chosen so that the surface impedance of the
metal/dielectric structure is matched to free space. The sub-
strates used in the first flight were 25 um thick 2.5 mm squares
of sapphire with a 83 A thick Ti absorbing film. For the second
flight we used diamond substrates and a 800 A thick Bi absorb-
ing film. In both cases resistance thermometers doped by
neutron transmutation were used to measure the substrate
temperature (Haller 1985).

The sensitivity of an optimized bolometer is limited by the
phonon noise contribution to the noise equivalent power
NEP 00 = +/(4kT>G), where k is Boltzmann’s constant, T is
the bolometer temperature, and G is the thermal conductance
of the connection between bolometer and the heat sink. When
the background does not significantly heat the detector, the
sensitivity can improved by reducing G until the phonon noise
is equal to the Johnson noise of the thermometer. The thermal
conductance of the detectors used in the first flight was domi-
nated by the two 4 mm long 8 um diameter brass electrical
leads thermal conductance of the electrical leads to the ther-
mometer which gave a thermal conductance G ~ 1078 W/K
near 0.3 K. The detectors used in the second flight had 8 um
diameter graphite fiber leads which gave G < 107° W/K. The
thermal conductance of these detectors was dominated by the
nylon threads used to support the bolometer substrate. When
operated at a heat sink temperature of 0.3 K and a chopping
frequency of 6 Hz these graphite fiber bolometers had an elec-
trically measured NEP,,., ~ 1.0 x 10~ W/,/Hz, a time con-
stant of 10 ms, and an electrically measured responsivity
Select x 108 V/W

The bolometers are wired in series with 20 MQ cold load
resistors and the bolometer voltages are measured with
preamp circuits which have a gain of 10* at 5 Hz and unity
gain at DC. The preamp electronics include detector bias
supplies for each signal channel. A single pole in the preamp
circuit rolls off the response above 50 Hz. After pre-
amplification, the detector signals are low-pass filtered with a
two-pole anti-aliasing Bessel filter with a —3 dB point at 50 Hz
and a gain of 10 at DC. Since the bolometers will rectify any
RF frequency, it is essential to prevent pickup from the telem-
etry transmitters or other sources from reaching them. The
preamp electronics are mounted directly on top of the cryostat
in an aluminum box which is carefully sealed with metal tape.
All wires entering the preamp box are filtered with RF filters
before entering the cryostat. Radial wires are connected
between the lip of the feedhorn and the cryostat wall to avoid
TEM mode propagation into the cryostat.

3.4. Cryostat

The side looking cryostat contains 4 liter liquid N, and “He
tanks with a 3He refrigerator mounted coaxially inside the
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cylindrical bore of the “He tank, all purchased from Infrared
Systems, Inc. During flight the N, and “He volumes are
pumped by the atmosphere to pressures near 10 Torr. The exit
end of the feedhorn is clamped to the “He cold surface at a
temperature near 2 K. The flared entrance to the feedhorn is
heated to 3 K by ambient temperature radiation entering the
cryostat. The 3He refrigerator maintains the photometer tem-
perature near 0.3 K. The entrance aperture of the cryostat is
sealed by a 50 um thick polypropylene vacuum window to
minimize the emissivity of ambient temperature material in the
beam. Because the polypropylene window is permeable to
healing gas, a 15 um thick polypropylene outer window is
mounted on the cryostat and nitrogen gas is flowed between
the windows to reduce the helium gas concentrations near the
vacuum window. This procedure also reduces the probability
of moisture condensation on the cool vacuum window at
launch.

The 3He refrigerator contains 3 STP liters of gas and has a
hold time of 24 hours in the laboratory with the “He bath not
pumped. Two mechanically operated heat switches are used to
connect the pump and evaporator volumes to the “He tank
during cycling. The photometer is mounted directly to the *He
coldplate but is held in place by Kevlar cords which raise all
the mechanical resonances of the photometer above 40 Hz.
During the flight the temperature is monitored with a carbon
thermistor.

3.5. Inflight Calibrator

The system responsivity is calibrated during the flight by
moving a partially reflecting membrane into the antenna beam
near the prime focus so that the chopper motion causes the
beam to move on and off the membrane. The membrane re-
flects a known fraction of the radiation from an ambient tem-
perature black flight load to the detectors as shown in Figure 7.
The membrane is a 12 um thick polypropylene film epoxied
between two semicircular alluminum rings. The membrane is

Feedh v

wihon

Secondary
Mirror

Partially
Reflecting

Laboratory Membrane

Load

FIG. 7—Cross-sectional view of the calibration scheme showing the reflec-
tive membrane, which fills half of the focal plane at the prime focus, the flight
load, and the secondary mirror and feedhorn. The membrane reflects a known
fraction (0.001-0.005) of the calibrator radiation into one lobe of the chopped
beam pattern. The —3 dB contours show the filling on the optic elements.
Laboratory calibration is carried out with laboratory loads located below the
prime focus.
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rotated into the beam on the end of an arm driven by a stepper
motor under control from the ground. The membrane is
moved into the beam in small steps which allows us to find the
position of maximum signal. The flight load is a 1 c¢m thick
sheet of Eccosorb which has been grooved to minimize reflec-
tions (Emerson & Cuming, Inc.).

Low-background bolometric detectors require an in-flight
calibration source which does not saturate the detector
response. The membrane calibrator reflects sufficient radiation
to allow a high signal-to-noise measurement without affecting
the operating point of the detectors. The average reflectivity of
the calibrator membrane is measured in the laboratory by
comparing the signals in each passband from the membrane to
the signals from blackbody sources of a known temperature
difference placed at the prime focus. The membrane reflectivity
determined in this way increases from 1073 to 1072 at fre-
quencies from 3 to 15 cm ™ *. The emissivity of the membrane is
20-100 times smaller than the reflectivity at the frequencies,
justifying the assumption of a purely reflective source.

3.6. Electronics

The flight electronics are divided into two separate systems.
The first system, described elesewhere provides the overall
gondola control and the telescope pointing (Chingcuanco
1989). The second serves the receiver, secondary mirror chop-
ping mechanism, and ambient temperature thermometers. The
receiver electronics includes preamp power, and cryogenic
thermometer circuits which measure carbon resistance ther-
mometers attached to the 3He, *He, and N, baths, and to the
open edge of the feedhorn. The chopper drive electronics
includes the RVDT readout, feedback, and command control
electronics described above.

The AD-590 ambient temperature thermometers from
Analog Devices, Inc., are used in two modes. Single sensors
measured the DC and AC components of the temperature of
the preamp case, the cryostat snout, the secondary mirror
chopper mechanism, the primary mirror, and the ambient air.
The DC thermometers have a resolution of 0.4 K. The AC
thermometers have a resolution of 10 mK, and a bandwidth
from 17 mHz to 1.6 Hz. Pairs of thermometers are used to
measure the temperature difference across the primary mirror
and the primary mirror baffles along the direction of motion of
the chopped beam. These differential measurements have a
resolution of 10 mK.

The four detector channels and the chopper position refer-
ence signal are digitized in the range from —10 to + 10 volts
with a 16 bit analog to digital converter (A/D) at a frequency of
250 Hz. This high digitization speed is used to facilitate inden-
tification and removal of spikes due to cosmic rays hitting the
bolometers. The rest of the analog signals are digitized in the
range from O to +5 volts with an 8 bit A/D at 31.2 Hz. The
digitized analog information plus several bytes of digital infor-
mation are combined into a 128 byte telemetry frame. The data
are transmitted as a 32 kbit s~ ! Bi-phase encoded serial data
stream.

The receiver and gondola control electronics utilize separate
FM/PM telemetry channels, at frequencies near 1.5 GHz, pro-
vided by the NSBF consolidated instrument package (CIP). In
addition, a separate transmitter operating near 1.5 GHz is used
to transmit pointing information from a CCD star camera. All
of these antennas are mounted below the gondola on the ends
of 2 m long PVC tubes to minimize their motion with respect
to the telescope.
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The bolometer signals and the chopper reference are recon-
structed on the ground from the digital information and pro-
cessed by four analog lock-in amplifiers. Chart recordings
are made of the signals and of the housekeeping data for deci-
sion making purposes during thc flight. The digital data are
also stored separately for later analysis. During the second
flight a VAX-3500 stored the data directly to hard disk and
provided digital processing of the detector signals. This pro-
cessing included cosmic-ray detection and blanking, and
digital lock-in amplifiers phase locked to the secondary mirror
motion. Commands are sent to the receiver and chopper elec-
tronics using the NSBF tone command system. The gondola
control system is operated from a separate ground station
which communicates with the point electronics over a 1200
baud asynchronous communications link. This requires a
separate up-link transmitter operated near 500 MHz.

4. CALIBRATION OF THE INSTRUMENT

The instrument makes a differential measurement of the sky
brightness in each passband by sinusoidally modulating the
position of the 0°5 FWHM Gaussian beam through an angle
of 123 on the sky at a frequency near 6 Hz. The digitized
detector signals are demodulated by computer using a lock-in
amplifier algorithm. An accurate calibration requires knowl-
edge of the spectral response of each passband, the shape of the
chopped beam pattern on the sky, and the responsivity of each
band to a known calibration source.

The spectral response of the instrument was measured with a
Fourier transform spectrometer. The measurement was made
by illuminating the entrance aperture of the flight-ready instru-
ment with the spectrometer output. Interferograms were col-
lected separately for each passband and Fourier transformed
to give the unnormalized spectral response. The instrumental
response was normalized to that of a separate bolometric
detector system which had approximately flat response to fre-
quencies from 2 to 30 cm~!. The relative instrumental
response spectra are shown in Figure 8. Because the dynamic
range of the spectrometer measurement is limited to approx-
imately —25 dB, and the out-of-band response must be mea-
sured to the —40 dB level of the in band signal, the low-level,
high-frequency leakage was measured separately from the
main passband. The high-frequency response was measured

100+

Relative Response

4l
102

Frequency [cn!]

FiG. 8.—Relative spectral response of the four bands. The response of each
pand has been normalized to unity.
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TABLE 1 1 T T 1 |
INTEGRATED BRIGHTNESS OF EMISSION SOURCES® — Venus 6 (:m'1
- L . Calculation 4
Band Center Q 0.6 1.3 deg. Calc
(cm™") APcyp™* Pyp*? APy ;*f Pyt g
3 s 0.35 0.90 6.0 1.6 oy L -
6o, 36 20 100 23 g 02
9 e 3.6 47 190 60 (a7 -~ --
12 i 1.8 150 400 440 O
= 021 7
* Emission sources from Fig. 1 integrated over measured passbands. =
® CMB Anisotropy of AT/ T = 1075, i)
° In units of 1071 W cm ™2 sr. v, -0.61 —
4 Interstellar dust emission with Ty, = 22K, and € oc v*-5.
¢ Raleigh-Jeans blackbody source of temperature difference AT = 1 K.
f In units of 1072 W cm ™2 sr. -1 I | | 1
& Atmospheric emission at an altitude of 30 km, and 45° elevation. .15 -1 -05 0 05 1 1.5

out to 30 cm ™! by introducing thick grill blocking filters at the
spectrometer output which were chosen to minimize the
inband power for each passband. Limits to the high-frequency
reponse above 30 cm ™! were estimated separately by measur-
ing the integrated response above 30 cm ™! from a high-pass
filtered blackbody source chopped in temperature between 77
and 300 K.

The measured spectral response of each passband has been
used to calculate the power expected in each band from a CMB
anisotropy with AT/Tgyp = 1073, emission from ISD at high
galactic latitudes, a blackbody source with a temperature dif-
ference of 1 K in the Raleigh-Jeans limit, and atmospheric
emission at an altitude of 30 km and an elevation of 45° as is
shown in Table 1. The frequency dependance of the calculated
power is sufficiently different that it will be possible to discrimi-
nate between these different sources, given measurements with
sufficient signal-to-noise ratio.

The chopped beam pattern depends upon the unchopped
beam pattern, the shape of the chopped motion, the frequency
response of the detection system, and the weighting function of
the lock-in amplifier algorithm. The chopped beam pattern has
been calculated assuming a 0°5 FWHM Gaussian beam, a
sinusoidal chop with an amplitude of 0265, a detection system
with a flat frequency response, and a lock-in algorithm which
uses a square wave weighting function. The chopped beam
pattern, calculated with the above assumptions, closely
matches the pattern measured by scanning across the planet
Venus during the first flight as is shown in Figure 9.

Accurate determination of the responsivity of each passband
is accomplished by measuring the signal from a calibration
source which fills a known fraction of the chopped telescope
beam. The primary calibration is carried out in the laboratory
and then transferred to the flight by use of the membrane
calibrator. The reflectivity of the membrane is measured in the
laboratory with the receiver, the calibrator, and the secondary
mirror in the flight configuration. A neutral density filter
mounted inside the cryostat in front of the photometer trans-
mits 0.02 of the incoming radiation which limits the back-
ground loading and signal level on the detectors. A large
blackbody load cooled to 77 K is placed so as to intercept the
beam which would normally be transmitted, through the mem-
brane, to the primary mirror. The measured signal voltage
from the membrane in the laboratory is

Vo = SReff(T;_l —-77K), (1)

where S is the system responsivity in Volts/Kelvin, R is the

Scan Angle (degrees)

F16. 9—Chopped beam pattern of the telescope. The solid line shows a
measurement of the chopped beam pattern made by scanning over the planet
Venus. The dashed line shows the calculated response assuming a 0°5 FWHM
Gaussian beam, a 1°3 p-p amplitude sinusoidal chop, flat frequency response
from the detection system, and demodulation by a square wave reference.

reflectivity of the membrane, and Ty, is the temperature of the
flight load in the laboratory.

The responsivity S is obtained from a separate measurement
by chopping the beam between two blackbody loads mounted
at the prime focus and side by side along the direction of the
chop. One load is held at a temperature of 273 K with an ice
water bath, and the other at a temperature near 293 K with an
ambient water bath. The temperatures of both loads are mea-
sured with mercury thermometers to an accuracy of +0.5 K.
The entrance apertures of the loads are covered with a 25 um
thick polypropylene window to prevent condensation inside
the loads. In order to improve the linearity of the detectors for
such large signals, the electrical bias power on the bolometers
is made large compared to the change in optical power
between the 300 K water bath measurement and the 77 K
membrane measurement. The DC electrical responsivity of
each detector is measured to correct for the residual 1%—-10%
change in responsivity between these measurements.

The effective reflectivity of the membrane is measured
several times before each flight. Because the filter bands were
changed between the first and second flights by the removal of
the 3.3 mm band, the reflectivities also changed. The measured
membrane reflectivities are listed separately for the two flights
in Table 2. The measured values are within a factor of 2 of the
calculated reflectivity of a 12 um thick dielectric film, illumi-

TABLE 2

MEMBRANE REFLECTIVITY

REFLECTIVITY
(1079
BAND CENTER
(cm™1) 1989 Nov* 1990 Jul® Calculated®

K 1.0 (removed) 0.45

[ 19 2.4 1.5

9 2.6 3.1 2.6
120 52 59 45

* Measured before first flight of 1989 November.
® Measured before second flight of 1990 July.
¢ Calculated reflectivity of a lossy dielectric film described in text.
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nated at an angle of 45°, with the index of refraction n = 1.5
and the absorption coefficient a(v) = 0.01 + 0.05v (cm™?) of
polypropylene (Afsar 1987). Here v is the frequency in cm™ ™.
These values are calculated from the nominal band centers of
3,6,9, and 12 cm ™! and are underestimates in the 3 and 6
cm™! bands because the reflectivity grows steeply toward
higher frequencies.

The responsivity of the system is determined during the
flight by measuring the bolometer signals and the temperature
of the flight load. The membrane reflectivity measured in the
laboratory is then used as a transfer standard to calculate the
responsivity of the system to a Rayleigh-Jeans blackbody
filling one half of the sky. The measured signal on the detectors
due to the membrane in flight will be

Ve = SRet‘f(TLf - Tsky) > V)]

where Tj; is the temperature of the flight load, and T, is the
antenna temperature of the total background loading in each
passband. The antenna temperature of the background is esti-
mated by accounting for each of the emission sources present
during the flight. The accuracy of this estimate is not critical
because Tp; ~ 220 K and T, ~ 5-10 K. A factor of 2 error in
T, results in a 10% calibration error.

S

5. FLIGHT PERFORMANCE

The first flight was launched at 22 UT on 1989 November 15
from the National Scientific Balloon Facility (NSBF) at Fort
Sumner, New Mexico. The 750 kg telescope achieved a float
altitude of 29 km. The ambient pressure and temperature were
~15 Torr and ~210 K, which are typical of that altitude.
Observations made over a period of 10 hours at float altitude,
included scans of Venus and Jupiter, four scans of the Galactic
plane, and a 40 minute search for anisotropy in the CMB near
the north celestial pole. Tests were also made for systematic
sources of noise in the demodulated detector signals.

The noise in the detector signals was consistent with detec-
tor noise plus the expected spikes due to cosmic rays hitting
the detectors. These events occurred approximately once every
10 s per detector on average at float altitude. Because the
events are uncorrelated with the chop, the events do not con-
tribute to the demodulated signals but do increase the noise
level.

We have not attempted to develop a detailed model for the
cosmic-ray pulse height spectra observed on the bolometers.
Instead, we give a phenomenalogical description drawn from a
review by Simpson (1983), and a book by Longair (1986).
Protons are the dominant fractional constituent (0.9) of
cosmic-ray particles in the interstellar medium. At latitudes
near 40°, the Earth’s magnetic field traps protons with kinetic
energies below ~5 GeV. The resulting integrated cosmic-ray
flux of primary protons with energies above 5 GeV is ~0.1-0.5
(cm? sr s)~! at altitudes above 30 km. Protons passing through
matter will deposit a minimum ionization energy of 1-2 MeV
cm? g~ 1, given by the Bethe-Bloch function. We thus expect a
mean event rate of 0.05-0.25 Hz and a minimum energy depo-
sition of 10-20 KeV in our bolometer substrates which have an
area and a thickness of 0.16 cm? and 25 um, respectively. An
energy deposition of 20 KeV in the bolometers used for this
experiment will produce transient temperature and voltage
changes of ~ 100 uK and 5 uV, respectively. A small number of
pulses below the minimum ionization estimate are expected
from events which graze the edge of a substrate or perhaps
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from secondary photon events generated by proton inter-
actions with the aluminum cryostat or gondola frame.

The cosmic-ray identification was possible because the data
were sampled rapidly enough to resolve the pulse response of
the detector and preamplifier. The pulse detection algorithm
high-pass filtered each detector signal. The filter had a four
pole high-pass cut off for frequencies below 20 Hz which
removed any signal components due to the chopper motion.
Cosmic-ray events were identified if the sample to sample gra-
dient of the filtered detector signal exceeded a fixed threshold.
The gradient threshold was typically set near the 500 nV level,
referenced to the detectors, which was ~7 times the RMS
scatter expected from detector noise ¥, =~ 10 nV/ﬁE and the
50 Hz bandwidth of the electronics. If a cosmic ray was identi-
fied, the data were marked as contaminated for the next 100
samples or 10.52 s. Full chopper cycles which contained data
were deleted. The resulting detector noise level was measured
to be within 20% of that measured in the laboratory and less
than 10% of the data was found to be contained.

The fractional stability of the secondary mirror amplitude
and zero position were both better than 2 x 10~ half an hour
after reaching float altitude. Unfortunately, after 5 hours at
float altitude, the chopper amplitude decreased because the
motor bearings gradually froze due to improper lubrication.
This limited the sensitivity of the instrument near the end of
the flight.

The responsivity of the system was measured several times
during the flight. The data were demodulated by multiplying
by a square wave reference. The measured scatter in the
demodulated bolometer cycles averaged over a 1 s period is
used as an estimate of the short-term system noise. The
chopped sensitivity is calculated as the ratio of the short-term
noise to the measured responsivity. The measured chopped
sensitivities of the four bands are given in Table 3.

The membrane calibration method assumes that the same
fraction of the beam throughput which is intercepted at the
prime focus by the membrane would be intercepted by a source
filling half the sky. This can be tested by comparing the signal
from the calibrator to the signal from a planet. If the size and
temperature of the planet and the telescope beam shape are
known, then one can calculate the fraction of the beam filled by
the planet and thus the expected signal. During the first flight,
the telescope scanned across Venus at an elevation of 11°
above the horizon. The angular diameter of Venus on 1989
November 16 was dy,,,, = 27"4. The effective antenna tem-
perature of Venus is estimated from the measurements of Ulich

TABLE 3

MEASURED SENSITIVITY

SENSITIVITY
(mK cyp/ \/ Hz)
BAND CENTER

(cm™1) 1989 Nov* 1989 Nov® 1990 Jul®
K P 17 19 (removed)
[ 2.8 33 092
[ 8.0 9.3 0.99

| 10 12 7.6

2 Responsivity measured with membrane calibrator during first flight of
1989 November.

b Responsivity measured with scan across Venus during first flight of 1989
November.

¢ Responsivity measured with membrane calibrator during second flight of
1990 July.
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(1981) and Whitcomb et al. (1979) to be 365, 300, 290, and 275
K in the 3, 6, 9, and 12 cm ™! bands. The sensitivity of each
band, calculated from the scan of Venus, is listed in Table 3
and is within 20% of that derived from the membrane
calibration.

The demodulated detector signals in all four bands had a
small offset level of 1-2 mKy, for much of the flight. During the
first flight we tested the dependence of the offset signals on the
telescope elevation. We found that the offset signals vary in
rough proportion to cosecant of the elevation angle 6. The fac-
tors of proportionality are 0.14, 0.23, and 0.43 [mKg,/sin (0)] in
the 6,9, and 12 cm ~! bands, respectively. The elevation depen-
dence of the offset in the 3 cm ™! band was not measurable.
This spectrum increases more steeply than Raleigh-Jeans at
higher frequencies but is not as steep as the predicted atmo-
spheric emission for these bands. It is possible that the
observed dependence is due to a combination of atmosphere
and diffracted Earthshine.

The second flight was launched from the NSBF facility at
Palestine, Texas, at 1:40 UT on 1990 July 2. The instrument
was modified by the removal of the 3 cm™! band and the
substitution of improved bolometers into the 6 and 9 cm ™!
bands. The package weight, balloon volume, float altitude, and
flight duration were essentially the same as the first flight.
Astrophysical observations during the second flight were
limited to a 1.3 hr search for anisotropy in the CMB by a
software problem that affected the telescope pointing system.
The data from the second flight were demodulated by multi-
plying by a sinusoidal reference which reduces the response to
high-frequency noise near odd harmonics of the chopper fre-
quency. Further tests were made for systematic sources of
noise in the demodulated detector signals.

The chopped sensitivities of the instrument were measured
during the second flight and are listed in Table 3. The sensi-
tivities of the 6 and 9 cm ~! bands were improved, over the first
flight, by factors of 3 and 7, respectively. The responsivity was
stable to 3% during the time at float altitude. The fractional
stability of the secondary mirror amplitude and zero position
were 4 x 10”*and 2 x 1073, respectively.

In the 1990 July flight the demodulated detector signals had
offsets of 5-7 mKgy,. These offsets were not as stable as those
during the first flight as is shown in Figure 10. In order to
identify the source of the offset drifts we have measured the
relative amplitude of the drifting component in each band. We
find the spectrum of the amplitudes to be steeper than Raleigh-
Jeans and to be roughly consistent with the calculated spec-
trum of ozone emission integrated over our filter bands.
Another, less likely, possibility is that Earthshine accepted in
an unmeasured sidelobe which has higher response at high
frequencies could produce this signature. Fortunately, the time
scale of the drifts is significantly longer than the 20 s time scale
for pointed integrations in the scan of azimuthal position. This
allows us to high pass filter the data to remove the long-term
drifts while preserving sensitivity to spatial structure on
angular scale up to 5° (Alsop et al. 1991b).

The measured Raleigh-Jeans offset signals in all bands are
roughly proportional to the secondary mirror amplitude and
zero position with coefficients of proportionality of 1 and 5
mKGy,/degree, respectively. The zero position coefficient and
the measured stability of the zero position imply that there
should be drifts in the offset signals of 30 uKg; rms on the time
scale of 3 s. This is close to the level of sensitivity which can be

ANISOTROPY IN CMB RADIATION 251

1_ ]

Smin -—

J——

1k Filtered 1990 July _|

Time
F1G. 10—Comparison of offset drifts in the 12 cm ™! band measured during
the 1989 November and 1990 July flights. The third graph shows the offset
signal from the 1990 July flight after being filtered to remove the long-term
drifts. The filtered data retain sensitivity to spatial structure on angular scales
up to 5°.

reached in a 20 s integration in the 9 cm ™! band which is the
band most sensitive to changes in the temperature of a
Raleigh-Jeans source. Data analysis has shown that the sec-
ondary mirror amplitude and zero position do not correlate
with the scan position on the sky and therefore that these drifts
will integrate away as a small additional source of noise.

Based on the encouraging results of the first two flights a
third flight was conducted on 1991 June 4 from Palestine Texas
at an altitude of 35 km to reduce the atmospheric emission.
The instrument was improved with new dichroic filters to
increase the optical efficiency and the high-frequency blocking.
The analysis of data from the third flight is in progress.
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