
Covering wavelengths between 1 micron and 1 millime-
ter, the IR region of the electromagnetic spectrum con-

tains a wealth of astronomical information. That range
covers the radiation from dust, protostellar regions, plan-
ets, and the cosmic microwave background (CMB), as well
as the vibrational and rotational spectra of molecules and
solids. Such sources can radiate at many different IR
wavelengths.

Astronomical IR measurements provide a powerful
way to extend our understanding of fundamental astro-
physical problems. Broad spectral-band IR instruments
measure the dominant mechanisms for radiant energy
transfer in the universe and provide insights into the for-
mation and structure of planets, stars, galaxies, and galac-
tic clusters. They also measure the geometry, structure,
and content of the early universe. In addition, narrow-
band spectroscopic observations provide information
about the composition, density, temperature, and velocity
of many sources that emit in the IR.

Ground-based observations and major space missions
are currently producing vast amounts of data from radia-
tion in this rich part of the spectrum. Most observations
are made with detectors that convert the oscillating pho-
ton field to a steady output signal, which is then amplified.
Major industrial development efforts based on invest-
ments in military technology have produced mature arrays
with ever larger numbers of detectors for astronomy at IR
wavelengths shorter than 40 mm. Arrays produced for
longer wavelengths—mainly from national laboratories or
universities—are less developed, but improving rapidly.
Because of advances at both shorter and longer wave-
lengths, the speed of many astronomical observations has
increased by orders of magnitude. Much progress is also
being made on the heterodyne mixers used to measure
spectral lines. Those devices mix the frequency of the in-
cident photons with a local oscillator to produce a differ-
ence frequency low enough to be amplified. A detector then
produces a steady output voltage.

To appreciate the amount of in-
formation that the IR band can now
provide using modern-day detectors,
see figure 1. The multiwavelength IR
image from NASA’s Spitzer Space
Telescope tells a very interesting story,
not revealed in the optical image
taken at the Cerro Tololo Inter-Amer-
ican Observatory in Chile. Centarus A
is an elliptical galaxy that has appar-

ently captured a smaller spiral galaxy. Simulations show
that a disk of interstellar dust and gas freed from the spi-
ral during the collision can become folded and twisted, so
as to produce the parallelogram shape seen at the center.
Extremely strong radio emission from the center of Cen-
tarus A indicates the presence of a supermassive black
hole, which may be feeding on the remnants of the spiral.
The IR image combines data at wavelengths from 3.6 to 
24 mm to emphasize the emission from dust rather than
from stars. 

Techniques similar to those of optical astronomy find
application throughout the IR. The spectral resolving
power R, defined as the average wavelength divided by the
wavelength interval, varies widely. Band-pass filters and
arrays of directly illuminated, closely packed detectors are
used on large telescopes to image thermal sources with R
between 3 and 5. Gratings or interferometers are included
for spectroscopic imaging with R from 103 to 104. The goal
is to make diffraction-limited observations, with many pix-
els and over a range of wavelengths, limited only by pho-
ton noise from the astronomical signal in the band of in-
terest. Cooling the filters, spectrometers, and baffles to
cryogenic temperatures minimizes the background signal
from unwanted blackbody radiation. 

At longer IR wavelengths, radio techniques are more
common. Heterodyne down-converters followed by multi-
channel RF filter banks are used for high-resolution spec-
troscopy (with R from 105 to 106) and for aperture-synthesis
interferometry, in which the signals from a number of tele-
scopes combine to create high spatial resolution. 

Some properties of an array help produce high-quality
images: a large number of high-sensitivity pixels, for high-
speed mapping of signals from different regions of the sky;
a precise registration of those pixels to simplify recon-
struction of spatial images; and temporal stability, which
allows astronomers to assess backgrounds accurately. De-
tector arrays are packaged into instruments—variously
called cameras, photometers, spectrometers, or receivers—
for use on telescopes. Such systems may be dedicated to
single observations or available to the community in a user
facility.

The scope of this article encompasses detectors for im-
portant astronomical instruments that are in use or under
development. The developments of very new detector con-
cepts are not reviewed here.1,2
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Challenges and opportunities
Absorption and refraction by water vapor and other at-
mospheric gases restrict ground-based observations to cer-
tain wavelengths up to 30 mm and beyond 300 mm, using
IR telescopes located at high, dry sites. Adaptive optics sys-
tems, which correct for atmospheric scintillation, are be-
coming important for short-wavelength measurements on
large ground-based telescopes (see PHYSICS TODAY, Feb-
ruary 2003, page 19). Thermal emission from measure-
ment systems, though, is an important limitation. Space
platforms using cooled optics are, by comparison, much
more powerful.3

Many different materials and modes of operation are
required to ensure that detectors are optimized for each
wavelength range. As the signal wavelength of interest in-

creases, semiconducting arrays of photon detectors give
way to semiconducting and superconducting arrays of ther-
mal detectors. Similarly, semiconducting photon hetero-
dyne mixers give way to superconducting thermal mixers
and then superconducting junction mixers. Box 1 illustrates
the sensitivity of various technologies to regions of the IR
spectrum and the relevance of those materials to several
dominant astronomical sources, from the visible to the mi-
crowave. Box 2 describes the physical mechanisms used to
detect such sources.4 For the shorter-wavelength end of the
IR spectrum, most instruments are based on photon detec-
tors. At the longer-wavelength far-IR end, bolometers sen-
sitive to the heating caused by photon absorption are used.

Photon detectors (1–200 mm)
Photovoltaic (PV) arrays of indium antimonide are now

well developed to detect wave-
lengths out to 5 mm. Megapixel-
class arrays have been used with
great success on many ground-
based telescopes, and arrays with
256 × 256 pixels are performing
well on the Spitzer Space Telescope5

as shown in the table at left. These
arrays have high quantum effi-
ciency, low readout noise, and low
dark current.

Laboratory tests on 2048× 2048
pixel PV arrays of the ternary com-
pound mercury cadmium telluride,
Hg1⊗xCdxTe, are yielding results
that surpass even those on Spitzer.6

The cutoff wavelength depends on
the composition fraction x. The
HgCdTe arrays are produced by mo-
lecular beam epitaxy on lattice-
matched cadmium zinc telluride
substrates. The absorbing CdZnTe
substrate is often removed afterward
to extend the short-wavelength re-

Figure 1. Colliding galaxies. Two views of the elliptical galaxy Centarus A as it swallows a smaller spiral galaxy. In the visi-
ble image (left), light from stars produces the dominant, bright halo. A dense band of foreground dust blocks the light from
stars behind it. The IR image (right) reveals more complexity—it is the first picture of the interior structure of this galaxy. Dif-
ferent colors represent different spectral ranges: Emission near 4 mm from the stars is shown in blue; the green regions are
associated with emission at 8 mm from complex organic molecules in the dust; and the red component, near 24 mm, is ther-
mal radiation coming from the dust itself, warmed by starlight. The bands of dust within the image appear in yellow, as the
red (dust) and green (organics) blend. Star-forming regions, where thermal emission from warm dust is dominant, appear as
bright red dots within the disk. (Visible image courtesy of the National Optical Astronomy Observatory and Eric Peng,
Herzberg Institute of Astrophysics/Dominion Astronomical Observatory); IR image courtesy of NASA/Jet Propulsion Labora-
tory and Jocelyn Keene, Caltech.)

Array Type
Spectral

Range (mm)
Pixel 
Count

Dark 
Current
(e⊗⊗/s)

Tempera-
ture (K)

Noise 
(e⊗⊗)

Quantum
Efficiency

Spitzer (2003)

InSb 2.8–5 131 072 0.5 15 6.8* 0.86

Si:As IBC 5–26 180 224 2.4 6 6.6* 0.55

Si:Sb IBC 14–38 32 768 <40 4 30* 0.25

Ge:Ga 51–106 1024 156 1.5 92* 0.18

Stressed Ge:Ga 140–174 40 500 1.5 280* 0.15

JWST (2011)

Hg0.55Cd0.45Te 0.6–2.3 46 137 344 <0.001 37 5† 0.95

Hg0.70Cd0.30Te 2.4–5 20 971 520 <0.001 37 5† 0.95

Si:As IBC 5–28 3 145 728 �0.1 ≤ <19† >0.7

*Read noise only, integrations <200 s. †Total noise, integrations 1000 s.

Materials and Performance Levels for Detectors on the Spitzer Space Telescope and
the James Webb Space Telescope



sponse into the visible range. This detector technology has
reached extraordinary levels of sensitivity, with dark cur-
rent levels about 0.001 electrons per second and a total
noise level of about 5 electrons, integrated over 1000 s. The
near-IR instruments on the James Webb Space Telescope
(JWST) will include 12 such arrays providing 67 million
pixels for imaging and spectroscopy. More complete data
are shown in the table on page 42, which illustrates the
dramatic progress made between major space missions
and the trends in array properties as a function
of wavelength. 

Many ground-based telescopes use megapixel
arrays of both InSb and HgCdTe for observations
as diverse as sky surveys, spectroscopic studies of
star formation, and wide-field photometric imag-
ing. Examples of array-based instruments7 are the

NIRC-2 on Keck, the GNIRS on Gemini, the CRIRES on
the VLT, and the FLITECAM for SOFIA. The image shown
in figure 2, obtained using a 16-megapixel array on the Uni-
versity of Hawaii’s 2.2-m telescope, illustrates the remark-
able resolution achievable in deep, wide-field, near-IR
imaging—the image is a single 30-minute exposure.8 The
earliest generation of single-detector instruments would
have required lifetimes to raster over the same area and
register even a fraction of the information obtained here.
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Figure 2. This near-IR image of a region in the
nebula M17, dominated by dust and singly ion-

ized hydrogen, was obtained using the University
of Hawaii’s 2.2-m telescope through the 1.1–1.4 mm

transmission window in Earth’s atmosphere. 
Hydrogen recombination lines and starlight scat-

tered by dust make up the dominant radiation
sources in this region of the sky. The image shows
young dust-imbedded stars not readily apparent at

visible wavelengths. The 16-megapixel mercury
cadmium telluride array is a prototype for the

near-IR arrays on the James Webb Space 
Telescope, scheduled to launch in 2011.7

(Courtesy Donald Hall, University of Hawaii.)

Box 1. Astronomical Sources, Space Missions, and Detectors

Panels in the figure shown here illustrate
major types of astronomical sources that

emit from the visible wavelengths to micro-
waves, current and future space missions de-
signed to collect emission from those
sources, and the different flavors of detec-
tors, each sensitive to a different range of
wavelengths.

In the top panel, Planck blackbody curves
span a range of wavelengths calculated from
the objects’ representative temperatures. In
the visible to near-IR range, stars are repre-
sented by blackbody curves for 5000 and
10 000 K; warm dust, in close proximity to
stars, by 1000 K; planets, by Jupiter at 120 K;
and interstellar dust, heated by starlight, by 20
K. Emission from all of these sources is red-
shifted to longer wavelengths when they are
observed at cosmological distances. The cos-
mic microwave background, at 2.73 K, is
viewed at only one redshift—it is the same in
all directions. 

Of the missions shown in the central
panel, the Hubble Space Telescope (HST), the
Spitzer Space Telescope, and the Wilkinson
Microwave Anisotropy Probe (WMAP) are
now in orbit. ASTRO-F is scheduled to launch
later this year. The airborne Stratospheric Observatory for Infrared Astronomy (SOFIA), which will carry instruments with a
wide range of wavelengths, begins flying in 2006. The Herschel Space Observatory and the Planck Surveyor are scheduled for
launch together in 2007. The James Webb Space Telescope (JWST) is scheduled to launch in 2011. WMAP, ASTRO-F, and
Planck will produce all-sky surveys. The other missions are designed for smaller surveys and pointed observations. The line
below each name indicates the spectral range it is designed to measure. The bottom panel lists the spectral sensitivities of
widely used detector technologies: silicon CCD arrays, photovoltaics, impurity-band photoconductors, conventional photo-
conductors, bolometers, and high-electron-mobility transistors.
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Extrinsic photon detectors with blocked impurity
bands (impurity-band photoconductors or IBCs) are used
for wavelengths beyond 5 mm. Spitzer is producing excel-
lent results from 256 × 256 and 128 × 128 pixel arrays of
arsenic-doped silicon for wavelengths from 5 to 26 mm, and
128 × 128 pixel antimony-doped silicon arrays for wave-
lengths from 14 to 38 mm.5,9,10 Tests of larger (1024 × 1024)
format Si:As arrays planned for the mid-IR instrument on
the JWST are now under way. 

To couple the signal collected from IR-sensitive detec-
tor material to silicon-based electronics, physicists assem-

ble both the PV and IBC detector arrays into hybrid de-
tector packages that contain a low-noise multiplexing elec-
tronic readout (see figure 3). This microlithography-based
approach allows developers to build detectors with large
numbers of pixels in a device that survives repeated cycles
to low temperature.  Electrical contacts in the form of in-
dium “bump bonds” channel the photogenerated charge
from each pixel on the detector wafer to the gate of a ded-
icated MOSFET on the readout wafer. A simple integrat-
ing circuit with three to seven transistors per unit cell pro-
vides low-noise signal processing with little power

Intrinsic (bandgap) photoconductors. In a photon detector,
photons with energy larger than a characteristic electronic
binding energy create mobile charge carriers that move in a
bias field and generate a measurable current in an external cir-
cuit. The bandgap of the material sets the maximum de-
tectable wavelength—the long-wavelength cutoff. Shot noise
that arises from the dark current due to thermally excited car-
riers sets a maximum operating temperature. In an intrinsic
photoconductor, photo-generated holes in the valence band
and electrons in the conduction band create output current
until they recombine. This effect is the basis of the extremely
important silicon CCD, a detector much used in the visible
spectrum but less so in the IR.

Photovoltaic devices. These semiconductor IR detectors
are made using p–n junctions. A double layer of charge devel-
ops close to the junction to satisfy the requirement that the
Fermi energy have the same value everywhere. Photons gen-
erate electron–hole pairs that diffuse from a thin absorbing
layer toward the field generated by the charge layers. This
mechanism is used in solar cells, for instance. Astronomical
PV arrays are back-biased to increase the well depth of the
pixel and thereby increase its ability to store charge. Arrays
made from indium antimonide cut off at a wavelength of
5 mm, and mercury cadmium telluride detector arrays perform
well out to about 10 mm.

Extrinsic (impurity) photoconductors. In a doped semi-
conductor, photons with energies larger than impurity-atom
ionization energies excite either electrons into the conduction
band or holes into the valence band. At the high doping den-
sities that are necessary for devices to absorb IR efficiently in
thin epitaxial layers, however, the impurity states interact by
the Stark effect and form an impurity band. Nominally, a de-
tector using this band would be noisy due to a temperature-
independent dark current. In doped silicon photoconductors,
though, it is possible to introduce an intrinsic layer of very
pure silicon beneath one of the electrodes. This layer blocks
the impurity band current yet allows electrons excited to the
conduction band to be collected as signal. 

When these so-called impurity-band conduction devices
are doped with arsenic, they produce excellent arrays for
wavelengths between 5 and 28 mm. The less well-developed
antimony-doped arrays are used out to 40 mm. Extrinsic ger-
manium detectors are used at still longer wavelengths, al-
though impurity-band blocking is not well developed in ger-
manium. Astrophysical arrays made from bulk gallium-doped
germanium are sensitive out to 110 mm. When a uniaxial
stress is applied to germanium, it lifts the valence-band de-
generacy caused by cubic symmetry and extends the cutoff
wavelength to 200 mm.

Longer-wavelength photon detectors. Detector physicists are
currently exploring extrinsic photoconductivity in epitaxial layers
of gallium arsenide to extend photon detectors past 200 mm with-
out having to apply stress. Indications suggest that impurity-band
blocking might be easier to implement in GaAs than in Ge. More-
over, several promising developments exploit the even smaller
energy bandgaps in superconducting metal films to extend detec-
tor photo-response to millimeter wavelengths.2

Bolometers. In a bolometer, the electron excitations caused
by absorbed photons produce a temperature rise that can be
detected by a resistive thermometer. Bolometers are currently
used for astronomy at wavelengths beyond about 100 mm. The
components of a typical bolometric detector—a metal film to
absorb radiation and a thermometer to measure the tempera-
ture rise, both supported by a dielectric membrane—are in
strong thermal contact with each other and weakly coupled to
a heat sink. Bolometric detectors can have high absorption ef-
ficiencies and produce a well-behaved linear response, but
they require operating temperatures of 0.1–0.3 K to reduce the
thermodynamic noise (Johnson noise and energy fluctuation
noise) below the photon noise limit for photometry. Bolometers
are potentially very useful for long-wavelength spectroscopy,
but existing versions are too noisy for ideal performance.

Bolometers have traditionally been made using doped Si or
Ge resistive thermometers, each with an individual junction
field-effect transitor (JFET) amplifier operated near 100 K. But
hand assembly, thermal complexity, a small amplifier noise
margin, and an inability to multiplex the output signal make
the construction of high-performance systems a challenge. The
voltage-biased superconducting transition-edge sensor (TES),
which can be produced by lithography, is becoming the tech-
nology of choice for many bolometer systems. The resistance
R of a superconducting thermometer increases rapidly with
temperature at the transition. Consequently, when a fixed bias
voltage V is placed across the TES, the bias power V 2/R pro-
duces a strong negative electrothermal feedback. The negative
feedback dramatically improves linearity and bandwidth, and
immunizes the detector’s response to changes in external pa-
rameters such as the absorbed optical power and the temper-
ature of the heat sink. Researchers are developing multiplexed
readouts for TES arrays using superconducting quantum inter-
ference devices (SQUIDs) that dissipate little power and have
a large noise margin.

Heterodyne mixers. These devices mix the electromagnetic
field of an incoming photon with a local oscillating field to
produce a signal at the difference, or beat, frequency. Such
mixing, or heterodyne down-conversion, shifts the signal to a
frequency easier to amplify and preserves the phase informa-
tion. After amplification, a multichannel filter bank, or corre-
lator, capable of multiplexing thousands of frequency chan-
nels, detects the intermediate frequency signal. 

Photon mixers with fast recombination times are used at IR
wavelengths. Superconducting hot-electron bolometer mixers2

are used to detect far-IR wavelengths out to 300 mm. Super-
conductor–insulator–superconductor (SIS) tunnel junctions2

are very useful as heterodyne down-converters at wavelengths
beyond 300 mm. High-electron-mobility transistor (HEMT)
amplifiers are used at the front ends of both diode detectors
and heterodyne receivers at wavelengths longer than about
3 mm. The amplifier gain reduces the importance of noise from
subsequent signal processing. Heterodyne down-converters and
HEMT amplifiers, like other phase-conserving linear photon 
amplifiers, are limited by quantum noise, which becomes in-
creasingly important at shorter wavelengths, where the photon
energy is larger.
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dissipation. The circuit typically samples the signal many
times to average down readout noise. At the end of an in-
tegration period, a reset pulse applied to the integrating
MOSFET repeats the cycle. The pixels integrate charge
while isolated from the output amplifier, thus avoiding
Johnson noise, which only enters during the reset period.
This direct-pixel access differs from the lateral charge-
transfer multiplexing common in CCDs.

Extrinsic germanium photoconductors doped with
gallium or antimony are sensitive to wavelengths beyond
40 mm. A 32 × 32 Ge:Ga array with a band centered at
70 mm on Spitzer is producing large amounts of data.11 The
PACS instrument on the Herschel Space Observatory will
have a similar number of pixels. In the absence of IBC
structures, these germanium arrays must be assembled by
hand from bulk material. In the Spitzer array, bars of 
gallium-doped germanium, arranged in a 1 × 32 detector
format, individually connect to a co-planar, 32-channel,
low-temperature multiplexing readout chip. Stacking
those components on top of each other creates a two-
dimensional array. Spitzer also uses an array of stressed
gallium-doped germanium detectors to detect a band cen-
tered at 160 mm. These detectors are assembled into a
2 × 20 pixel format, with individual spring clamps to apply
uniform, well-controlled stress.11 The Spitzer gallium-
doped germanium detectors represent a major advance 
in a difficult technology. To work around problems with
hysteresis and sensitivity to ionizing radiation, as-
tronomers have developed special observing techniques.
Despite the challenges, designers of space systems often
select these detectors over the bolometric alternative be-
cause the required operating temperatures are so much
easier to achieve. 

Spitzer builds on international experience from ear-
lier missions. Launched in 2003, Spitzer is returning enor-
mous amounts of data from arrays of photon detectors that
operate in spectroscopic and photometric bands from 3.6
to 160 mm.12 Many of the first scientific observations are
surveys made over a wide range of wavelengths designed
to identify and characterize populations of IR sources. 
Focused scientific programs are beginning and include in-
vestigations of the formation and evolution of planetary
systems and identification of the sources responsible for
the cosmic IR background. Spitzer will help address an
enormous number of detailed questions as astronomical
researchers gain access to telescope time. The mission life-
time, limited by the store of liquid helium cryogen, is ex-
pected to extend a bit beyond 5 years.

Bolometers (100 mm–1 mm)
Radical new technologies are paving the way for a new
crop of bolometric arrays for far-IR and submillimeter-
wavelength measurements from ground-based, airborne,
and space telescopes. These arrays usually have directly
illuminated, close-packed pixels. The field is rapidly evolv-
ing. Semiconducting technology with individual amplifiers
is used for arrays containing several hundred pixels
(SHARC-II on the Caltech Submillimeter Observatory tel-
escope and HAWC on SOFIA) and multiplexed semicon-
ducting technology is used with 2048 pixels (PACS on 
Herschel). Multiplexed superconducting transition-edge

sensor (TES) technology is being assembled with
5120 pixels (SCUBA-2 on the James Clerk Maxwell
Telescope). Scientific goals of these instruments 
include measuring the emission from cool dust, 
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Figure 4. Bolometric focal plane assembly for the SPIRE
instrument on the Herschel Space Observatory. The band-
pass filter has been removed to show an array of horns
that channel light onto a planar array of bolometers simi-

lar to the one shown in the inset. A support made of Kevlar braids thermally iso-
lates the entire assembly—filter, horns, and bolometers—so that it can operate at
300 mK. This basic approach is now being scaled to arrays of 103 spider-web
transition-edge sensor (TES) bolometers. The spider-web bolometer shown in the
inset was developed for cosmic microwave background observations on the
Planck Surveyor; the 3.4-mm-diameter web of metallized silicon nitride absorbs
millimeter-wavelength photons but has a small cross section for cosmic rays. The
doped-germanium chip thermometer at its center is attached by indium bump
bonds. (Spider-web image courtesy of Minhee Yun and Anthony Turner, Jet
Propulsion Laboratory; assembly image courtesy of Turner and Mark Weilert, JPL.)

Figure 3. This hybrid
array consists of a de-
tector wafer attached
to a silicon MOSFET
readout multiplexer
wafer by an array of
indium bump bonds
that electrically con-
nects them. Each con-
ducting bump transfers
the charge collected
from one pixel of the
detector to its dedi-
cated amplifier on the
readout wafer. That ar-
chitecture is now stan-
dard for IR wave-
lengths shorter than
40 mm. In the mercury
cadmium telluride hybrid package shown, the complete
2048 × 2048 array device is about 40 mm square. (Photo
courtesy of Rockwell Scientific Co.)



especially at large redshifts, and studying the rate and
mechanism of star formation. Such sources radiate more
energy at far-IR wavelengths than is directly observed at
UV or visible wavelengths.

Multiple-wavelength focal planes of horn-coupled 
spider-web bolometers with doped-germanium resistive ther-
mometers and junction field-effect transistor (JFET) ampli-
fiers were used to measure the CMB using high-altitude 
balloon-based experiments, such as BOOMERANG, MAX-
IMA, and Archeops, and the ground-based ACBAR project,
which were important scientific precursors of the Wilkinson
Microwave Anisotropy Probe (WMAP) spacecraft. Horns
are cones of metal that collect input radiation and chan-
nel it to the detector; the thin web structure on the bolo-
meter minimizes its thermal load. The High Frequency In-
strument on the Planck mission will use 24 spider-web
bolometers and 12 polarization-sensitive bolometer
pairs,13 all operated at 0.1 K, to measure both the temper-
ature and polarization anisotropy of the CMB. Powerful
ground-based bolometric polarization anisotropy experi-
ments, now under development, will use many hundreds
to thousands of TES bolometers. Measurements of the
CMB have shown that the geometry of the universe is 
Euclidean (space is flat). These measurements provide ac-
curate values for many cosmological parameters and offer
strong support for an inflation-motivated cosmological
model of the universe dominated by dark energy. Scien-
tists expect measurements of the polarization anisotropy
to yield information about the production of gravity waves
at the time of inflation.

The two very different examples in figures 4 and 5 il-
lustrate the diversity of bolometric detectors for long wave-
lengths. Figure 4 shows an 88-pixel, horn-coupled focal-
plane assembly developed for the SPIRE instrument 
on Herschel,14 along with a typical spider-web bolometer.
At long wavelengths, it is difficult to cool baffles suffi-
ciently to control their thermal emission, a problem that
horn-coupled focal planes minimize. These focal planes

typically have many fewer detectors, but nearly compara-
ble mapping speeds. The system in figure 5, designed to
measure the polarization of the CMB, shows an antenna-
coupled bolometer with microstrip bandpass filters.15 Such
bolometer circuits promise dual polarization and multi-
color detection in each pixel of a large-format array. 

By implementing novel output multiplexing ideas,
physicists have increased by an order of magnitude the
number of pixels in bolometric arrays now under con-
struction compared to those made just a few years ago.
Bolometers being prepared for the PACS instrument on
Herschel use very-high-impedance, ion-implanted silicon
resistive thermometers coupled to a MOSFET multiplexer,
similar to those found in photon detectors. Superconduct-
ing quantum interference device-based multiplexers, 
together with TES bolometers, achieve better noise per-
formance. NIST has developed a time-division multi-
plexer16 that uses SQUIDs both for the switches and the
output amplifier. In a frequency-division multiplexer being
developed by groups at the University of California, Berke-
ley,17 and elsewhere, the TES bolometers are biased at dif-
ferent frequencies and the bolometer currents summed at
the input of a SQUID amplifier. A lock-in demodulator ex-
tracts the signal from each pixel.

Dramatic developments in materials, system archi-
tectures, and microfabrication have led to IR detector ar-
rays with far larger pixel numbers. Such arrays map re-
gions of the sky more quickly and accurately than could
have been imagined even a decade ago. Although individ-
ual pixels are beginning to reach the fundamental limits
set by photon noise, further improvements in the pixel
numbers and operating characteristics are possible and
likely to prove very useful. 

References
1. For more detail on specific detectors, projects, and detector

design concepts, see the many articles in J. C. Mather, ed.,
Optical, Infrared, and Millimeter Space Telescopes, Proc.

46 February 2005    Physics Today http://www.physicstoday.org

c

b

b

a

e

d

Figure 5. Transition-edge sensor bolometers, designed to measure the polarization anisotropy of the cosmic microwave
background. Long used for far-IR heterodyne mixers, superconducting integrated circuits are being developed for arrays of
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bolometer legs. (Courtesy of Mike Myers, University of California, Berkeley.)
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