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Abstract

The APEX-SZ instrument is designed for the discovery and study of galaxy clusters at mm-wavelengths using the Sunyaev Zel’dovich
effect. The receiver consists of 320 superconducting transition edge sensor (TES) bolometers cooled to 250 mK with the combination of a
three stage He sorption fridge and mechanical pulse tube cooler. The detectors are instrumented with a frequency domain multiplexing
readout system. The receiver is mounted on the 12 m APEX telescope located at 5100 m on the Atacama plateau in Chile. For the first light
engineering deployment of December 2005, the receiver was configured with a 55 element wedge of the bolometers and operating in the
150 GHz atmospheric window. During the engineering run we achieved significant milestones in our instrumentation development
efforts, including celestial observations with a monolithically fabricated TES bolometer array cooled with a mechanical cooler and suc-
cessful implementation of a SQUID-based MHz AC-biased readout. These technology demonstrations point the way toward future large
TES bolometer array instruments. Here we describe the results of this deployment and future plans for the APEX-SZ instrument.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The APEX-SZ galaxy cluster survey instrument is a 320 ele-
ment transition edge sensor (TES) bolometer array receiver
designed to conduct a large mass-limited survey of galaxy
clusters using the Sunyaev-Zel’dovich (SZ) effect. The
instrument was deployed for an engineering run and saw
first light in December 2005 on the 12 m Atacama Path-
finder EXperiment (APEX) telescope. The APEX telescope
was commissioned in September 2005 at its site in the Chil-
ean Atacama desert; see Güsten et al. (2006a); Güsten et al.
(2006b) for detailed descriptions of the APEX project. The
APEX-SZ survey instrument is scheduled for its first science
observing run in Fall 2006.

The Sunyaev-Zel’dovich effect (Sunyaev and Zeldovich,
1970) is a distortion of cosmic microwave background
(CMB) photons as they pass through clusters of galaxies.
The surface brightness of this effect is largely independent
of redshift, allowing detection of galaxy clusters with
mm-wavelength detectors at all redshifts at which clusters
are present. APEX-SZ is a powerful new SZ survey instru-
ment, with a mapping speed significantly faster than the
present generation of SZ experiments. With APEX-SZ, we will
survey 100–200 square degrees to an rms of 10 lK per arc-
minute pixel. We expect to discover and catalog thousands
of previously unknown galaxy clusters in a mass-limited
survey. This will enable us to study the evolution of struc-
ture formation in the universe and constrain cosmological
parameters, such as the matter density and the dark energy
equation of state, that are associated with structure
formation.

A description of the instrument, including the receiver,
telescope, Chajnantor site, optics, detectors, and readout
is given in Section 2, the instrument configuration for the
first engineering run is given in Section 3, first light instru-
ment characterization, including instrument noise charac-
terization and optical beam parameters, are described in
Section 4, we discuss the current status and plans in Section
5, and conclude in Section 6.

2. The APEX-SZ instrument

The APEX-SZ instrument is an imaging array receiver
incorporating monolithically fabricated transition-edge
sensor (TES) bolometers. The initial configuration of

band-defining filters is tuned to an observation frequency
of 150 GHz (2 mm wavelength), with possible future obser-
vations at 90 and/or 220 GHz. The bolometer array con-
sists of six triangular wedges, each containing 55
spiderweb absorber-coupled Al/Ti bilayer TES bolometers
(Lee et al., 2003). A total of 320 detectors will be instru-
mented in the survey configuration. The detectors are
cooled by the combination of a He pulse tube cooler and
a three-stage He sorption refrigerator to a temperature of
250 mK. They are AC biased and read out by SQUID-
based electronics with shunt-feedback (Spieler, 2002) for
low impedance and increased dynamic range. The system
is being upgraded to an 8-channel frequency-domain mul-
tiplexed (fMUX) readout for the upcoming Fall 2006 sci-
ence run. The instrument is mounted in the Cassegrain
receiver cabin of the APEX telescope. Reimaging optics in
the Cassegrain cabin allow the APEX-SZ focal plane to
instantaneously image a 22 0 field of view (FOV) with 6000

FWHM beams. The receiver as installed in the APEX tele-
scope is shown in Fig. 1.

2.1. Telescope and Chajnantor site

The Atacama Pathfinder EXperiment (APEX) telescope
(Güsten et al., 2006; Güsten et al., 2006) is a 12-m diameter
submillimeter telescope designed for observations up to
1.2 THz (250 lm). The telescope, is located near Cerro
Chajnantor at an elevation of 5100 m, on the Atacama pla-
teau adjacent to the Atacama Large Millimeter Array
(ALMA) site in northern Chile. Designed and built by Vertex
RSI, the APEX telescope is a prototype ALMA antenna, with
the addition of two Nasmyth cabins, and is intended for
single-dish observations with a complement of both hetero-
dyne and bolometer array receivers. The primary mirror
panel alignment has been measured with holography and
aligned to an rms surface accuracy of 17–18 lm. The
superb optical quality, along with arcsecond pointing accu-
racy and secondary mirror supports designed to minimize
stray light scattering, make the telescope very well suited
to a mm-wavelength SZ survey instrument.

The Chajnantor site has been well characterized as part
of the ALMA site testing program, and has been found to
have both low levels of precipitable water vapor and very
good atmospheric stability (Radford and Holdaway,
1998; Lay and Halverson, 2000), both necessary for
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mm-wave low-contrast observations of the CMB and SZ
effect on arcminute angular scales. The site has been suc-
cessfully used for mm- and cm-wavelength CMB experi-
ments (TOCO (Miller et al., 2002)), CBI (Padin et al.,
2002). It is the chosen site for the Atacama Cosmology

Telescope (ACT) (Kosowsky, 2003) and the CMB polariza-
tion experiments POLARBeaR and Q/U Imaging Experi-
ment (QUIET). Excellent site conditions exist for most of
the year. However, the ‘‘Bolivian winter,’’ a weather pat-
tern which transports moisture westward from the Bolivian
Andes resulting in increased precipitable water vapor
(PWV) levels and frequent precipitation, prevails from late
December through March. This period is not ideal for a
mm-wave SZ observations but proved useful for our engi-
neering run and instrument characterization.

2.2. Optics

The design features of the APEX-SZ reimaging optics
include a flat, telecentric f/2.3 focal plane, diffraction lim-
ited performance over a 22 0 FOV, a cold (4 K) Lyot stop
to limit spillover on the primary, and a cryostat angle of
30–45� from the telescope optical axis. This angle allows
the use of a mechanical pulse-tube cooler, which must be
kept within 30� of vertical during observations.

As shown in Fig. 2, the APEX-SZ focal plane is coupled to
the sky via conical feedhorns and two 4 K high-density
polyethylene (HDPE) lenses located inside the cryostat,
plus three ambient temperature aluminum mirrors. This
achieves a diffraction limited 22 0 FOV. The 1.4fk spaced
feedhorns are arranged in a hex close-pack focal plane con-
figuration. The first element of the APEX-SZ reflective rei-
maging optics design is a 1440 mm diameter off-axis
paraboloid on the cabin floor 1970 mm below the Casse-
grain focus. This is followed by a 620 mm folding flat

Fig. 1. The APEX-SZ receiver installed in the APEX Cassegrain cabin in
December 2005.

Fig. 2. The APEX-SZ reimaging optics layout. The Cassegrain focus, at top, is reimaged via a 1440 mm diameter paraboloid, 620 mm folding flat, and
980 mm · 1160 mm ellipsoid to an intermediate focus outside the receiver window, and a cold 4 K Lyot stop located inside the cryostat window. Two cold
4 K HDPE lenses collimate and re-image the light onto a f/1.4 telecentric focal plane.
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and a 980 mm · 1160 mm ellipsoidal mirror near the rei-
maged focus that creates an image of the primary
800 mm from the mirror. This aperture image is used as
a 4 K Lyot stop inside the receiver cryostat. Two HDPE
lenses between the Lyot stop and focal plane create a flat,
telecentric focal plane at f/1.4. All mirrors and lenses are
conics, with no extra aspheric terms. The FOV is limited
to <22 0 by the 750 mm hole in the primary. The 72 mm
Lyot stop diameter truncates the beam at �0.8 of the pri-
mary diameter. This small-diameter Lyot stop allows the
use of existing capacitive mesh filters for IR blocking.
The 150 mm diameter cryostat vacuum window employs
a two-inch thickness of Zotefoam which has negligible
absorption at millimeter wavelengths.

2.3. Detectors

The entire APEX-SZ detector focal plane is fabricated in six
triangular monolithic sections of 55 bolometers. Each ele-
ment (Fig. 3) has a transition-edge sensor placed at the center
of a 4 mm gold spiderweb absorber. This configuration gives
an optical time constant of roughly 6–8 ms. The TES is a thin

bilayer of aluminum and titanium, with film thicknesses
tuned to give 470 mK superconducting transition tempera-
ture and size chosen to give 1.2 X normal resistance. The
TES is physically coupled to a large, 3 lm thick ring of gold,
which adds heat capacity to the bolometer slowing its electri-
cal time constant for consistency with the optical response
time. The average thermal conductance of the bolometers
is set by a gold finger to be �G ’ 250 pW=K.

2.4. Readout

The science deployment of APEX-SZ will use a frequency-
domain multiplexer which requires only a single supercon-
ducting quantum interference device (SQUID) to read out
a module of eight bolometers (Spieler, 2002; Lanting et al.,
2004). All of the system elements were tested in the engi-
neering run (see Section 3), allowing the full multiplexer
to be deployed for the science observations. This consider-
ably reduces the readout system cost and cold-component
complexity.

A schematic diagram, Fig. 4, shows the basic compo-
nents of the readout system. The bolometers are sinusoidally

Fig. 3. Photograph (left) of one spiderweb bolometer on the 55 element APEX-SZ wedge. The transition edge sensor is at the center of the spiderweb and
shown in the close-up photograph (right) with the circular gold ring visible in the bottom half of the photo.
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voltage biased at frequencies ranging from 300 kHz to
800 kHz. The biases are provided by a set of direct digital
synthesizers with 12-bit amplitude accuracy and each bolom-
eter in a readout module is biased at a different frequency.
The TES is electrically biased in its superconducting transi-
tion. Negative electro-thermal feedback (Irwin, 1995) main-
tains a stable TES operating resistance and increases its
linearity. The sky signal changes the bolometer resistance
and amplitude modulates the current through the bolometer
such that the signal from each bolometer is transferred to
sidebands adjacent to its bias frequency. Thus, the signals
from different bolometers within a module are uniquely posi-
tioned in frequency, so they can be summed and connected
through a single wire to the input coil of a 100-element series
array SQUID manufactured by NIST (Huber et al., 2001).

Each bolometer is part of a series-resonant LC circuit
which is tuned to the appropriate bias frequency. This
allows the bias frequencies for all bolometers in a module
to be applied through a single wire, as the tuned circuit
selects the appropriate frequency for each bolometer. Only
two wires are needed to connect the bolometers of a readout
module on the 0.25 K stage to the �4 K stage on which the
SQUIDs are mounted. The comb of amplitude modulated
carriers at the SQUID output is transmitted to a bank of
demodulators that mix the signals back down to base-band.
The signals are then filtered and digitized, and all outputs in
the array are sampled synchronously. More information
about the readout system can be found in Ruhl et al. (2004).

3. Engineering deployment configuration

In December 2005 APEX-SZ was deployed to the APEX tele-
scope site near Cerro Chajnantor. Three days of instrument
characterization were possible before the telescope was
shut down for Christmas and generator maintenance. In
January 2006 an additional two weeks was allocated for
instrument characterization, ending January 30. Storms
throughout January reduced time available for useful
sky-observations. While the Bolivian winter is not the ideal
time for astronomical observations, it is sufficient for
instrument characterization including measurements of
beams with bright point sources, scan-synchronous spuri-
ous signals, detector noise properties, atmospheric fluctua-
tions, and a general proof-of-concept for the instrument.

3.1. Instrument configuration for engineering deployment

For the engineering deployment, a staged version of the
APEX-SZ receiver was installed. The configuration was cho-
sen so that all the major systems of the receiver could be
tested while still allowing for modifications of the detectors
and other systems before the science deployment. A photo-
graph of the receiver installed in its engineering configura-
tion is shown in Fig. 1.

One of the six bolometer wedges, consisting of 55 TES
bolometers, was installed and operating. All of the features
of the frequency-domain multiplexed configuration shown

in Fig. 4 were in-place for the engineering configuration,
with the exception that the bolometer channels were not
joined together above and below the inductor–capacitor-
bolometer legs of the circuit (corresponding to the long
dashed lines on the left in the figure). In this configuration,
the series inductor and capacitor, which together resonate
at the bias frequency, effectively tune out the inductance
of the wires connecting the bolometer. The configuration
is a step towards the fully multiplexed system, as the com-
ponents we find most challenging (AC-bias, low noise mix-
ing, cold high-Q notch filter) are all in place.

Of the 55 pixel channels, several were disconnected
between the SQUID and TES to allow measurements of
readout system stability and noise. Three additional chan-
nels suffered wiring faults, rendering them inoperative. This
left 48 functioning pixels, of which �43 were tuned, biased,
and operating properly for a typical observation, including
two ‘‘dark channels’’ with feedhorns covered.

The engineering run utilized the full APEX-SZ optics chain,
providing single-color observations at 150 GHz. The recei-
ver cabin mirrors were adjusted by micrometer during the
cryogenic cool down period. The instrument saw first light
December 23, 2005. The offsets for individual bolometer
pixels were determined using raster scans of Mars, which
appeared as a point source with an antenna temperature
of �5 K. With the offsets known, the optical system was
focused by adjusting the position of the secondary mirror.

4. First light instrument characterization

4.1. Noise characterization

The characterization of end-to-end receiver noise was an
important goal for this engineering run. This characteriza-
tion allows for the validation of the detector and readout
system, vibration environment during telescope motion,
and RF shielding.

The expected noise contributions for one representative
channel are shown in Table 1 and a measured noise spec-
trum is shown in Fig. 5. These data were recorded with

Table 1
The noise expectation for channel ‘e7:rb7’ with the closed receiver window
providing a warm load

Noise source Equation NEP contribution
aW=

ffiffiffiffiffiffiffi
Hz
p

Warm readout electronics 3:3pA=
ffiffiffiffiffiffiffi
Hz
p

� V bias 10.

SQUID 2:5pA=
ffiffiffiffiffiffiffi
Hz
p

� V bias 8.

Bolometer Johnson noise
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 kBT boloP elec

p
16.

Bolometer thermal phonon
noise

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 kBT 2

boloGT

q
61.

Photon shot noise
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 hmP incident

p
87.

Photon correlation noise

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c

P 2
incident

Dm

q
139.

Here kB is the Boltzmann constant, h is Planck’s constant, m = 150 GHz is
the band center, Dm = 23 GHz is the bandwidth, Vbias = 3lVRMS and the
other parameters are described in the text. GT is the thermal conductance
at the bolometer temperature, about 300 pW/K.
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the receiver window closed and the telescope slewing, so as
to reproduce the vibration environment while excluding
atmospheric fluctuations. The total loading is calculated
to be 48 pW, with Pelec = 10 pW coming from electrical
bias power and Pincident = 38 pW coming from the hot
warm load of the closed receiver window. The noise
includes broadband white contributions from Johnson
noise in the readout electronics, SQUID, and bolometer.
These components are attenuated at high frequency by a
400 Hz anti-aliasing filter preceding the analog-to-digital
converter in the readout chain. These white noise sources
do not modulate the carrier and appear uncorrelated
between the two sidebands of the carrier. The total white
Johnson noise contribution is 20 aW=

ffiffiffiffiffiffiffi
Hz
p

. Within the
optical bandwidth of the bolometer, thermal phonon noise,
photon shot noise, and photon correlation noise all modu-
late the bolometer resistance and dominate the noise spec-
tra. To calculate the photon correlation noise we have
arbitrarily assumed a correlation factor c = 0.3. Refer to
Lamarre (1986), Marcus Runyan et al. (2003) for more
detailed discussions of photon correlations.

The noise expectation is superimposed on the noise spec-
trum measurement shown in Fig. 5. For these data the only
processing is a 3rd order polynomial subtraction which
removes the largest components of an overall temperature
drift. The spectrum is in good agreement with expectation,
considering the uncertainties in the parameters. The slight
over-estimation of the noise may indicate the overall load-
ing is slightly lower than assumed. A spike is visible at
1.4 Hz, corresponding to the pumping frequency of the
pulse-tube cooler. This source is correlated across all chan-
nels and is easily removed. The noise spectrum for the
SQUID readout system alone is obtained from a channel
with no bolometer attached and also shown in Fig. 5.

Low frequency 1/f noise is visible below 1 Hz in this
spectrum and attributed primarily to temperature drifts.
This signal is largely correlated across the array and can
be mitigated by subtracting a common mode signal. The
sinusoidal voltage bias for the bolometers exhibits a low-
frequency sideband that may contribute to 1/f noise, but
its knee is considerably lower in frequency.

The APEX telescope is shared by several receivers and the
assortment of electronic equipment can present a challeng-
ing RF-environment. During sky-observations in Decem-
ber and January occasional (few per minute) spikes and
step functions were visible in the APEX-SZ pixel timestreams.
These ‘glitches’ were correlated across the array and most
frequent when the receiver window was open to the sky.
RF-interference is suspected and steps are being taken to
improve the RF-shielding between the optics chamber
and detector/SQUID regions of the cryostat for the next
deployment. The glitches can be flagged and removed from
the timestreams.

4.2. Optical performance

During the engineering run, we characterized the optical
performance of the instrument, including beam shapes,
optical efficiency, optical loading, crosstalk, and the pres-
ence of atmospheric fluctuations in the data. Beam shapes,
focus adjustments, and array pointing offsets were deter-
mined by raster scans of Mars, Jupiter, and Saturn. Optical
loading was determined by analyses of skydip data, and
observations of known loads, including Eccosorb disks
and planets. Optical efficiencies across the array were esti-
mated from comparison of known planet fluxes to cali-
brated optical power presented at the detectors. Finally,
although weather conditions during the Bolivian winter
observations were not optimal, we were able to preliminar-
ily characterize atmospheric fluctuation power in the data,
and start to develop tools for mitigating its effects.

At the best focus position, the array mean beamwidth
was 5900, with a range of 48–7500, after deconvolution with
the 3500 planet disk diameter, see left panel of Fig. 6. These
measurements compare favorably with the 5800 mean and
51–7000 range predicted by ZEMAX physics optics propa-
gation for a perfectly aligned optical system. Measured
beamwidth variations are due to fitting uncertainties in
the coarsely spaced raster pattern data and variations in
optical aberrations across the wide FOV.

We created a combined beam map of Jupiter by co-add-
ing beam maps of individual bolometers with appropriate

Fig. 5. Measured noise spectrum (solid line) for bolometer channel ‘e7:rb7’. These data were recorded with the receiver window closed and the telescope
slewing, so as to reproduce the vibration environment expected during science observations while excluding atmospheric fluctuations. The smooth curve is
the theoretical expectation and the dashed line is the measured noise spectrum from a readout channel with no bolometer attached.
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angular offsets and calibrations. The composite map (right
panel of Fig. 6) has a resolution of �6000, close to that
expected. The sidelobes are reasonably well behaved,
although there is evidence of optical crosstalk, discussed
below. Laboratory measurements of the beam just outside
the cryostat window also yielded beam patterns consistent
with those predicted by ZEMAX.

Optical efficiency and loading were calculated from
observations of known loads. Measurements prior to
deployment, using a cold (77 K) neutral density filter in
front of the dewar window, and a small 300 K Eccosorb
disk yielded optical efficiency measurements of gopt � 30%.
However, measurements in the field based on unresolved
planet observations yielded efficiencies gopt � 10–17%.
During skydip measurements we also discovered significant
crosstalk between light (sky viewing) pixels and dark pixels,
with a ratio of 20% in dark-to-light pixel response. We
hypothesize that �0.6 of the power incident on a given
bolometer cavity was radiated to and absorbed by other
detectors on the wedge, thus accounting for the reduced
measured optical efficiency from calculations based on
point-like loads (planets) versus the lab measurements
where the test load was resolved, and seen by adjacent pix-
els. Optical efficiency measurements using the Moon on
dark detectors, and subsequent finite-element electromag-
netic simulations were consistent with this. The simulations
indicate the bolometer wedge’s poor optical performance is
due to low spiderweb sheet resistance of only 25 X/sq and a
mistuned backshort distance of roughly 525 lm in silicon.
We are altering the wedge and cavity geometry to reduce
crosstalk and improve optical efficiency; see Section 5.

Optical loading measurements from skydip data yielded
airmass brightness temperatures of 7, 15, and 30 K for pix-

els near the center of the array for three different nights, cor-
responding to atmospheric opacities of s = 0.03, 0.06, and
0.12, respectively. While reliable data from the telescope
PWV monitor were not available, the derived opacities were
consistent with observed weather conditions during the run.
Observations were stopped frequently due to water precip-
itating on the primary. Extrapolating to a zero airmass
loading we found loading on the order of 10 K due to the
warm optics (primary, secondary, and tertiary reflective
optics). This is consistent with loading expected due to spill-
over and pickup due to rms surface errors.

Correlated noise due to atmospheric fluctuations was
present in the data, and during some observations domi-
nated the instrument noise at all frequencies of interest.
While we anticipate this noise will be reduced during sci-
ence observations outside of the Bolivian winter, the data
were useful for testing principle component analysis based
removal of correlated noise; our preliminary results indi-
cate that we can reduce atmospheric noise by more than
an order of magnitude with this method as shown in Fig. 7.

5. Current status and plans

The APEX-SZ receiver is currently back in North America
being upgraded and characterized for its science deploy-
ment, scheduled for late Fall 2006. All detector channels
share the same filter stack and thus will be deployed ini-
tially with the single-color 150 GHz configuration. Future
runs may use a different band-center. The major receiver
upgrades are (1) improved bolometer cavity design to
improve optical efficiency and cross-talk, (2) installation
of six bolometer wedges, constituting 320 TES bolometers,
(3) implementation of the full frequency-domain multi-
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plexed readout system, with eight bolometer channels per
SQUID readout module, (4) improved RF-shielding to fur-
ther mitigate electromagnetic interference.

Six new bolometer wedges are being fabricated for the
science deployment. The bolometers differ from those used
in the engineering deployment in two ways. First, the gold
spiderweb absorber thickness has been adjusted to give a
sheet resistance of 250 X/sq. Second, the wedge thickness
will be changed to give a backshort distance of 740 lm in
silicon. These new values have been optimized with finite-
element electromagnetic simulations and are expected to
substantially improve the optical efficiency and pixel-to-
pixel crosstalk.

Implementation of the eight channel multiplexed read-
out requires two modifications to the system. The bolome-
ter channels are joined together (implementing the dashed
lines in Fig. 4) by redesigning a printed circuit board that
is used for mounting the inductors and capacitors for the
tuned LCR circuit. This modification is straight-forward.
Once the bolometer channels are joined together, induc-
tance from wiring between the LC circuit and SQUID is
no longer tuned out by the capacitor. This wiring will be
replaced with low-inductance striplines.

The RF-integrity of the detector and SQUID cavity in
the receiver is being upgraded by inserting an RF baffling
system between this cavity and the optics chamber which
is open to the sky through the receiver window.

These improvements are proceeding in parallel and are
expected to be implemented and tested in time for a late
Fall 2006 science deployment.

6. Conclusion

The APEX-SZ instrument was deployed on the APEX tele-
scope at the Chajnantor site in Chile December 2005–Janu-
ary 2006 for its first light engineering characterization. The
instrument was a scaled-down version of the full APEX-SZ

concept, having 1/6 of the focal plane instrumented with

an AC-biased readout system. Over the course of the �5
nights of useful observation weather, the bolometer, read-
out and optics systems were characterized. During this
deployment, typically�43 out of the instrumented 55 Tran-
sition Edge Sensor bolometers were recording astronomical
signals on the sky. The bolometers were biased with MHz
sinusoidal carriers, demonstrating all of the components
of the frequency-domain multiplexer system without the
final step of joining the bolometers together into a multi-
plexed comb. The system was cooled without expendable
cryogens using a mechanical pulse-tube cooler and three
stage He sorption fridge. These achievements are a large step
towards future large-scale bolometer array experiments.
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