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The 2002 HST servicing mission—
preliminary report of the study panel

investigating the possibilities for an
ESA-supplied instrument
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Infrared imaging with HST — NICMOS

mirror. The detectors of NICMOS are
three low noise, high QE, 256× 256
HgCdTe arrays. The instrument is cooled
with solid N

2
 and additional thermoelec-

tric cooling. The nominal mission life-
time is approximately five years. NICMOS
will contain a number of filters, polarizers
and grisms, which provide the spectro-
scopic capabilities in the bands between
0.8–2.5µm.

These optical elements can be selected
through three independent filter wheels
for each of the cameras. In the largest field
camera, grism spectroscopy will provide
a multi-object spectrographic capability
with a resolution of about 200. The me-
dium resolution camera provides a
coronographic imaging capability through
a 0.3 arcsec radius occulting spot and op-

The near-infrared camera NICMOS will be installed during the second M&R mission
scheduled for 1997. This article describes the basic technical capabilities of the camera.

Current and near future infrared imag-
ing instrumentation provide two kinds

of capabilities to the astronomer. Ground
based cameras now available are limited
in sensitivity due to the very bright sky
background. The seeing produced by the
atmosphere limits the spatial resolution.
Only for bright objects and small fields of
view can adaptive optics achieve high
resolution images with large telescopes.
On the other hand, space-based infrared
missions, such as IRAS, ISO or SIRTF—
which take advantage of the dark sky
background seen from space—are so far
limited to small telescopes.

A number of the scientific questions
addressed through infrared observations
could substantially benefit from high reso-
lution near infrared imaging of faint ob-
jects over an extended field of view. Ex-
amples are the formation and evolution of
galaxies in the early universe, the young
stars embedded in dust, other solar sys-
tems, supernovæ, and the study of objects
in our solar system. This goal can only be
achieved with an adequate camera on a
large telescope stationed in space, ie, HST.
The Near Infrared Camera and Multi Ob-
ject Spectrograph (NICMOS) is the sec-
ond generation instrument which will pro-
vide this capability.

The NICMOS camera
In the next M&R mission in 1997, the
infrared camera NICMOS will be installed
in one of the axial bays onboard HST. The
instrument contains three cameras which
are designed for simultaneous operation.
The three cameras are equipped with sepa-
rate optics which result in three adjacent,
but not spatially contiguous, fields-of-
view of different effective pixel sizes. The
‘fore-optics assembly’ fully corrects for
the spherical aberration of the primary

Scaled Voyager image of Saturn. Panel a) shows the original image at full resolution. Panels b), c) and d) show the same
image with pixel sizes and fields of view of NICMOS camera 1, 2 and 3, respectively. The images have been convolved with
preliminary models of the point spread functions before being binned into the appropriate pixel size.

b c d
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timized cold mask. This will be the only
working coronograph on HST after1997.
The flat-fielding will be achieved through
an internal field-offset mechanism and
will allow NICMOS to observe back-
ground fields without the necessity of re-
pointing the spacecraft. Details of the
instrument can be found on the WWW at:
http://nicmosis.as.arizona.edu:8000/
NICMOS.html

Imaging capabilities
The 256× 256 size of the detectors in
NICMOS require a trade-off between the
achieved resolution and the field-of-view.
The three cameras on NICMOS provide
the user with a choice of sampling of the
point spread function and the field of
view. The effective pixel sizes and fields
of view are listed in the table. NICMOS
will have a critically sampled PSF in the
high resolution camera at wavelengths
longer than 1.0µm and with the interme-
diate resolution camera at wavelengths
longer than 1.75µm. The sampling and
fields of the cameras are illustrated in the
figure. It shows an optical Voyager image
of Saturn and the same image convolved
with preliminary models for the PSF of
the three cameras and displayed with the
appropriate pixel size and imaging scale.

Grism spectroscopy
In order to achieve the largest possible
field of view and high signal-to-noise, the
grisms will be mounted in the filter wheel
for camera 3. Currently, it is planed to
mount two grisms which cover the wave-
length ranges between 1.0–1.8 µm and
1.8–2.5 µm.
Acknowledgment: We thank Rodger Thomp-
son for numerous discussions of NICMOS
capabilities.

Camera pixel  field in PSF critical
size  of view sampling at
in " in " λ in µm

1 0.043 11 × 11 1
2 0.075 19.2 × 19.2 1.75
3 0.2 51.2 × 51.2 no

The three NICMOS cameras.

Wolfram Freudling & Adeline Caulet
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A study for an ESA-provided
HST instrument for launch in 2002

ing up a detailed proposal for a possible
second ESA instrument to succeed the
Faint Object Camera.

The scientific nature of such an instru-
ment is at this point not constrained in any
way. The hypothetical new instrument
need not necessarily be a camera, nor
need it even fit into an axial instrument
bay as does the FOC. Programmatically
and financially the concept of a second
ESA HST instrument is linked to the third
suite of ‘medium sized’ missions pres-
ently under competitive study (M3), and a
stringent financial limit has been set. It is
planned to prepare a feasibility study for
such an instrument by the spring of 1996,
to be available at the same time as the
phase A study reports of the contenders
for the M3 mission.

A further key consideration is that any
new ESA instrument will follow on from
STIS, NIC and ACS and obviously have
to build upon and augment the new scien-
tific capabilities that these advanced in-
struments will bring to the HST observa-
tory.

In order to solicit the advice of the
astronomical community in identifying
an appropriate and worthwhile instrument
concept, a study panel of representative
HST users has been set up by ESA. The
group comprises:

F Paresce (ESO, Chair)
P Stockman (STScI)
J-M Deharveng (Marseille)
M Franx (Groningen)
R Kudritzki (Munich)
M Ward (Oxford)

with, as ex officio members,
P Benvenuti (ESA/ST-ECF)
R Fosbury (ESA/ST-ECF)
P Jakobsen (ESA/ESTEC, Secretary)
D Leckrone (NASA/GSFC)

 This group is currently attempting to fore-
cast the scientific needs of the HST obser-
vatory in the year 2002 and recommend-
ing ideas for new HST instruments ca-
pable of addressing the science drivers
which are anticipated for this period.

The current issue of the ST–ECF
Newsletter contains a foretaste of the de-
liberations of the study panel whose final
report to the ESA/NASA working group
is due towards the end of September.
After this, the study will focus on techni-
cal assessment and costing of the pro-
posed instrument concepts. There will be
a special session for discussion of these
issues at the Catania meeting of the Euro-
pean Astronomical Society late in Sep-

tember (see the advertisement in this is-
sue). We encourage anyone with ideas
and comments to contact any member of
the study panel.

To set the scene, the report starts with
a concise survey of the UV to near infra-
red observatory facilities anticipated in
the year 2002, both the major develop-
ments on the ground and the new instru-
ments on the HST itself. This is followed
by outline technical descriptions of two
concepts for panoramic, fully multiplexed
spectrographs: an image-sliced ‘conven-
tional’ spectrograph working from the J
to the K-bands and a radically new photon
energy-sensitive panoramic detector based
on superconducting tunnel junction tech-
nology. We also consider the technical
possibilities for a coronographic imager
which corrects for the known zonal errors
in the HST primary mirror. In addition to
our report, this issue of the Newsletter
includes a description of an HST
‘outrigger’ concept which would double
the spatial resolution of the telescope.

There is, of course, a close interplay
between our assessment of the scientific
cases appropriate to the early years of the
next century and the technical possibili-
ties which we believe might ripen in time
to carry out the investigations. Although
the panel has surveyed broad fields of
observational astronomy, the summary in
this report is restricted to a selection of
scientific ‘gems’ which would, we be-
lieve, constitute sufficient justification for
a new HST instrument.
Acknowledgments: The panel would like to
thank many people in the community who
have contributed and are contributing to the
completion of the study. In particular, we
mention Reinhard Genzel, Niranjan Thatte
and Alfred Krabbe from the MPE in Garching
for their willingness to show us their remark-
able 3D IR spectrograph and the data they are
obtaining with it. Mike Perryman, Tone Pea-
cock and the superconducting detector group
in the Astrophysics Division at ESTEC gave
us a clear, detailed lesson in the physics of
superconducting tunnel junctions. Tone also
presented us with a sobering picture of the
technical hurdles still to be overcome before
the STJ becomes a practical astronomical op-
tical/UV detector. Dante Minniti (ESO) con-
tributed to the scientific case and Jason
Spyromilio (ESO) helped us to make realistic
simulations of the performance of a 3D IR
spectrograph both on HST and on a large
groundbased telescope. Paolo Montegriffo
(ESO/Bologna) carried out the photometry
shown in figure 5 of the scientific case.

I t is now nearly two years since the first
HST servicing mission restored the
telescope and its instruments to their

full design capability. Following remark-
ably short orbital and science verification
phases—a tribute to the skill and planning
of the teams on the ground and the astro-
nauts of STS-61—the observatory re-
sumed full scientific operations early in
1994 and has continued to function and
produce outstanding data in an efficient
and technically almost flawless manner.

It is an appropriate time, therefore, to
stand back and consider the rôle of the
HST observatory into the next century in
the context of other astronomical devel-
opments, particularly the rapidly increas-
ing collecting area appearing in the large
groundbased optical/infrared telescopes
and the associated development of adap-
tive optics techniques. The unique char-
acteristics of HST are simply stated:
❏ a stable, near-diffraction limited point

spread function available over a wide
field;

❏ very precise and quiet pointing and
tracking (a few milliarcsecond rms jit-
ter) and

❏ uninterrupted access to the electromag-
netic spectrum from about 1100 Å to
2 µm—more than a decade in fre-
quency.

With the gradual replacement of the origi-
nal suite of scientific instruments during
future servicing missions, a substantial
fraction of the capabilities of the tele-
scope will be exploited during the con-
tinuing annual cycles of general observer
time. Three new advanced instruments
for HST are presently being procured by
NASA. The Space Telescope Imaging
Spectrograph (STIS) will, along with the
Near Infrared Camera (NICMOS), be in-
stalled during the 1997 servicing mission.
The newly-selected Advanced Camera
for Surveys (ACS) will fly in 1999.

What are the new opportunities for the
observatory in the beginning of the next
millennium?

ESA and NASA are currently discuss-
ing the possibilities for extending their
original Memorandum of Understand-
ing—covering eleven years from launch—
beyond April 2001. In parallel with these
discussions, ESA is considering the pos-
sibility of providing a new scientific in-
strument for installation during the planned
fourth servicing mission in 2002. A joint
ESA/NASA working group has been ap-
pointed and charged with the task of draw-

This issue of the Newsletter contains a preliminary report from the community-based study
panel appointed by ESA to assess the scientific and technical possibilities for a new HST
instrument which could fly on the servicing mission scheduled for the year 2002.
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the FOSI report (Brown, 1993). The re-
sults are summarised in the series of tables
where the examples given are intended to
be representative rather than exhaustive.

The conclusion is that those areas
which will not be accessible to
groundbased instruments in the few years
following a 2002 launch are:

❏ Stable, diffraction limited (high
Strehl ratio) PSF over a large field

❏ Sensitivity in the UV (110–300 nm)
❏ Very high contrast imaging
❏ Very high stability pointing
❏ Sky contamination-free near-IR

(J –> K) imaging, spectroscopy and
polarimetry

A good proportion of these capabilities
will be very well provided by the suite of
existing and new HST instruments which

are described in the accompanying sec-
tion. This is the point from which, to-
gether with our survey of the scientific
requirements envisaged at the beginning
of the next millennium, we commence our
review of instrumental possibilities. We
are well conscious, however, that our col-
lective imagination is limited and so will
readily accept that there may be other
possibilities which could well prove to be
more technically innovative and scientifi-
cally productive than those presented here.
To ensure that we have not missed any
important possibilities we welcome com-
munity input.

Reference
Brown, R.A. (ed). ‘The future of space imag-

ing’. Report of a community-based study
of an Advanced Camera for the Hubble
Space Telescope. STScI, October 1993

The groundbased optical/near-infrared scene in 2002

I t is not too difficult a task to predict the
capabilities of groundbased optical and

near-infrared astronomy at the end of the
decade since most of the major telescopes
and instruments which will be commis-
sioned by then are already planned or
under construction. Extending the view to
the year 2002, however, produces a some-
what less distinct picture. In order to sketch
the environment into which a new HST
instrument would take its place we have,
therefore, examined the development in
two phases: firstly up to 1999 and then,
with lower resolution, to 2002.

In order to perform this task, we have
talked to a number of prominent instru-
ment and telescope designers/builders and
have reviewed the pertinent literature—
notably the series of SPIE and ESO pro-
ceedings. We have also exploited the sur-
vey of imaging capabilities presented in

The expected status of HST in 2002

The HST instruments in 2002

NICMOS [Near Infrared Camera and Multi-Object Spectrograph]  — three cameras
covering the region 0.8–2.5 micron with HgCdTe arrays [256 x 256]. The NICMOS
cryogens will be exhausted by 2002 and may be refilled during the 2002 mission. The
cameras are particularly sensitive shortward of 1.8 micron. Until the HST thermal
background begins to dominate at longer wavelengths, the cameras will be essentially
limited only by the zodiacal scattered light background. One of the NICMOS channels
will also have a Lyot stop and apodised pupil mask to provide high contrast imaging
near a strong source.

STIS [Space Telescope Imaging Spectrograph]  — UV long-slit and 2D echelle-mode
spectroscopy with a wide range of spectral resolutions (R = 26–100,000). The quantum
efficiencies in these modes will be comparable to the current GHRS but the two-
dimensional format will dramatically improve the overall throughput of the UV spec-
trograph. The use of CCD detectors will similarly improve the throughput for high
angular resolution, visible spectroscopy of extended objects. Both spectrographs also
include moderate field of view imaging in their respective wavelength bands.

ACS [Advanced Camera for Surveys]  — UV and Optical Imaging. The ACS features
three separate camera channels: a Solar Blind Channel using a CsI MAMA
(1024 x 1024, 0.031 arcsec pixels); a Wide Field Channel using a 4096 x 4096 CCD
array optimized for the I-band and with 0.05 arcsec pixels; and a High Resolution
Channel, using a SITe CCD optimized for a broad band coverage (1024 x 1024,
0.025 arcsec pixels, 200–1000 nm).

WFPC2 — The current HST radial bay camera with the familiar ‘bat-wing’ format.

By 2002, the HST will have been op-
erational for a dozen years, far longer

than most satellites. Nevertheless, as the
result of its high altitude and the on-orbit
refurbishment programme, there is good
reason to believe that HST will be fully
functional well through the next decade.
Over the last five years, we have not seen
any significant degradation of the
reflectivity or UV performance in the tele-
scope optics. Also, the remarkably suc-
cessful 1993 servicing mission validated
the concept of periodic repair and upgrad-
ing of the support subsystems and science
instruments.

Plans for the 1997 mission include the
replacement of an original flight tape re-
corder, a data interface unit, and one or
more SM93 gyros. It is also likely that a
high-capacity, solid-state data store and a
new technology inertial guidance sensor
will be developed and installed in place of
existing units. Another candidate for re-
placement in 1997 is FGS 2, which has
displayed symptoms of degraded bearing
performance but has remained operational
with modified commanding.

In 1999 or early 2000, the third servic-
ing mission will reboost HST to a nominal
orbit of 320 nautical miles and incorpo-
rate the development of a new technology
flight computer and the replacement of
the original set of NiH batteries, as well as
gyros and another FGS. For 2002, a new
set of solar arrays will be developed to
replace those installed in 1993. Thus, we
do not foresee any significant degradation
of HST performance between now and
2002. Similarly, the overall level of user

and mission support will continue to be
simplified and improved over that period.

The most important changes in HST
will be the installation of new science
instruments which are described in the
box.

These instruments will replace the
FOS, GHRS, and FOC respectively and
will utilise state-of-the-art imaging detec-
tors (CCDs, Multi-Anode Multiplexed
Arrays [MAMA], and HgCdTe arrays for
spectroscopy and imaging over the 115–

2500 nm band. The Wide Field Planetary
Camera 2 (WFPC 2) will remain in the
radial science bay until the 2002 servicing
mission and could be replaced by either a
ESA or NASA instrument. All four in-
struments employ optical schemes to fully
correct spherical aberration. The COSTAR
(corrective optics module) will have been
dormant since 1999 and its axial bay will
also be available for a new instrument in
2002.
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Groundbased developments between now and 2002

4m Class — many
Keck I (10 m)

Magellan + MMT (2 x 6.5m)
VLT (4 x 8.2 m)
Gemini (2 x 8.2 m)
Subaru (8.2 m)
Keck I + II (2 x 10 m)
LBT (2 x 8.2 m)

Total area = 690 m2

(about one 30 m telescope)

12 m class in progress?
25 m class in progress?
Tethered balloons?

General purpose telescopes

Now 1999 2002

Multifibre: 2dF, Flair
Interferometers:

IOTA, COAST, NPOI,
ASEPS-0 (Palomar)

MACHO-type projects

Sloan survey
SST (optical Aricebo)
COAST in good site, CHARA
Polar telescopes
Stellar oscillation networks (~ 2 m telescopes)

VLTI
3 x 1.8 m x 4 x 8.2 m in IR

Keck interferometry
astrometry — planets

Special projects

optical/near-UV CCDs
CCD mosaics
Photon counting systems

— photocathodes
IR arrays

— approaching 10002

Big photographic films
— 30,0002

Big CCDs and mosaics
— very low noise
— very fast readout

Bigger IR arrays
Photon counters

— BIGMIC 6000 x 5000

Energy sensitive detectors
— superconducting tunnel  junction
— molecular films

‘Perfect’ CCDs
‘Better’ IR arrays

Detector technology

Instrument & technique development

Large field imagers
optical ~ 20002 +
IR ~ 2562

High multiplex spectrometers
long slit
multi-fibre (few hundred)
integral (small) field
— TIGER, SPIRAL

High resolution spectroscopy
R ~100,000 in optical

Interferometry
speckle
aperture masking
multi-element experiments

Adaptive optics
principally IR

Imaging- & spectro-polarimetry
Stellar coronography

VLF imagers
optical (80002)
IR ~ 10002

Multi-telescope interferometry
6 el. 100 m baseline optical
similar in IR

Adaptive  Optics (AO)
Lasers (multiple in optical)
shorter λs
more terms

Deformable mirror coronography
Higher multiplex spectrometers
OH-supression devices, 0.8–2µ

Interferometry
1 km baseline in IR

Continuing AO developments
shorter λs
wider fields

Infrastructure & operations

Huge surveys in progress
Massive computer capacity
Service observing
Observatory calibration
Extensive data archives
Sharing of capabilities

Huge surveys in place
Networked telescope operation?
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The ‘STJ camera’ is by far the more
technically ambitious of the two spec-

trographic instrument concepts being con-
sidered by the study panel. At the heart of
the idea is the use of an advanced ‘next
generation’ panoramic detector consist-
ing of an array of superconducting tunnel
junctions (STJ). Although still in the early
stages of development, such photon count-
ing detectors should eventually be ca-
pable of providing not only very high
quantum efficiencies throughout the vis-
ible and UV but also energy discrimina-
tion of the individual photons. A camera
employing an array of STJ devices would
therefore constitute a high sensitivity com-
bined camera/spectrograph capable of
yielding a spectrum of each pixel in the
image. It would be a truly ‘three dimen-
sional’ camera covering a decade in wave-
length simultaneously at low to moderate
resolution, involving no dispersive optics
and offering huge savings in observing
efficiency in having all three dimensions
fully multiplexed.

The unique data format offered by the
STJ camera—where one does not just
have the net signal in each pixel of the
image but its complete UV, optical and
near-IR spectrum—obviously has numer-
ous applications in many areas of as-
tronomy and offers entirely new ways of
analysing and looking at astronomical
data. For example, the signal contained in
the data cube ouput by the STJ camera
may be binned in wavelength at will,
thereby eliminating the need for conven-
tional photometric filters and opening
endless possibilities for extracting special
purpose multicolor images from the ex-
posures. In the case of crowded fields,
classical photometric diagnostic tech-
niques could be applied to sets of suitably
selected wavelength-binned images to
identify and locate special objects of in-
terest, whose complete spectra could then
be extracted from the original data. And
all this could be done “after the fact”.
Moreover, since the wavelength-inte-
grated images reveal both the exact loca-
tion and shape of the source, as well as
good positions for measuring the adjacent
background sky, the spectral extraction
for any given object can always be done a
posteriori in an optimal manner, thereby
enabling the very faintest magnitudes to
be reached.

Because of this latter capability com-
bined with its high sensitivity, the
STJ camera would find its most important

uses in spectrophotometric imaging stud-
ies of the most remote astronomical ob-
jects. Indeed, one of the principal science
drivers for seriously considering such an
ambitious instrument concept is the all-
important goal of obtaining the spectral
energy distributions and redshifts of the
exceedingly faint, large look-back time
galaxies and gravitational arcs that HST is
presently only capable of imaging. In fact,
the STJ camera may present the only hope
of ever achieving this goal with the present
HST.

Brief technical description
A superconducting tunnel junction con-
sists of two films of superconductor sand-
wiching a thin insulating layer. When
operated at temperatures somewhat lower
than the superconductor’s critical tem-
perature (typically below 1 K), the equi-
librium state of the junction is easily per-
turbed by any photon striking it. Then, by
applying a suitable magnetic field and
small bias voltage across the junction, an
electrical charge proportional to the en-
ergy of the perturbing photon can be ex-
tracted.

Although such STJ detectors have pre-
viously been considered mainly for X-ray
applications, considerable progress has
recently been made within the Astrophys-
ics Division at ESA/ESTEC in applying
the technique to visible and UV wave-
lengths. Both single event photon count-
ing and energy discrimination have re-
cently been demonstrated in a Niobium-
based device operating at 300 mK. Plans
for extending this to a 6× 6 element array
for testing on a ground-based telescope
are well under way.

The quantum efficiency of STJ-based
detectors is expected to be extremely high
(> 90 %) throughout the UV and visible,

the only losses being due to reflectivity at
the illuminated surface of the junction. Of
particular importance is the fact that the
STJ detector overcomes the limitation in
quantum efficiency set by the photocath-
odes of existing UV detectors, and prom-
ises to bring high ‘solid state’ sensitivities
to ultraviolet wavelengths while main-
taining a true photon-counting mode of
operation.

The spectral resolution of the STJ de-
tector depends on the material used and is
set by the Poissonian-type noise in the
charge generated by each photon event.
Since the devices work at rather low ‘gains’
of order 103 electrons, the typical resolu-
tion is R ~ 30. Since the output charge is
proportional to the photon energy, the
wavelength discrimination is better at short
wavelengths in the UV. For the Niobium-
based devices presently being developed,
the theoretically attainable spectral reso-
lution is ∆λ = 45 Å at λ =2000 Å and
scales with wavelength to the power of
3/2. Alternative—so far unexplored—
materials are theoretically capable of yield-
ing as much as ten times better spectral
resolution, but also require lower operat-
ing temperatures.

Although extremely attractive as po-
tential astronomical detectors, the perfor-
mance gains afforded by STJ devices do
impose a rather heavy price in the form of
the technically challenging cryogenics
required for their operation. Other devel-
opment issues aside, this may well pre-
clude their employment on HST. How-
ever, since the cryogenic requirements for
the STJ camera are very similar to those of
the ‘bolometer’ instruments under devel-
opment for X-ray astronomy missions,
and the technology of adiabatic
demagnitizing and recyclable He

3
 refrig-

erators for space applications is proceed-
ing rapidly, it is expected that this issue
can be assessed with some confidence in
the coming months.

The strawman STJ camera being con-
sidered in the present study envisages an
array of STJ devices, possibly as large as
100× 100 pixels, being fed by a simple
COSTAR-style two-element corrective
optical system. The simultaneous wave-
length coverage of the camera would ex-
tend from the MgF

2
 cutoff of the HST

optics at λ ~ 1150 Å and up to at least
λ ~ 9000–10,000 Å in the near-IR. The
long wavelength limit of the STJ detector
is determined by the point at which the
weakest energy dependent charge output

Descriptions of the application of
Superconducting Tunnel Junction
(STJ) devices to the detection and
energy measurement of optical/
UV photons can be found in:
Perryman, M.A.C., Foden, C.L. & Pea-

cock, A., 1993. Nuc. Inst. & Meth-
ods in Phys. Res. A, 325, 319

Perryman, M.A.C., Peacock, A.,
Rando, N., van Dordrecht, A.,
Videler, P. & Foden, C.L. 1994. in
‘Frontiers of space and groundbased
astronomy’, W. Wamsteker et al.
(eds), Kluwer, p.537

The STJ camera —
simultaneous imaging and spectrophotometry
at UV, optical and near infrared wavelengths
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starts to become lost in the system noise,
and it is possible that the spectral cover-
age of an STJ camera could extend up to
2 µm, albeit with very crude wavelength
resolution (R ~ 15).

Since high throughput is of the es-
sence for this instrument, the number of
reflections in the camera system should be
kept to a minimum, with the goal of ob-
taining a net instrument throughput of at
least 50 %.

Like all photon counting systems the
STJ Camera will have finite dynamic range
and be count-rate limited at high signal
levels. Although STJ devices are inher-
ently extremely fast and recover after
each photon detection on time scales of
microseconds, the bottleneck of the de-
tector system will be the speed of the
processing electronics. In contrast to the
case of conventional photometer and MCP
photon counting detectors, the charge
output of each photon detected needs in
this case to be carefully integrated, accu-
rately digitized and sorted in amplitude in
order that the energy sensitivity of the
device can be exploited. With current

technology, this limits the handling rate to
approximately 104 counts a second. Each
pixel in the STJ detector is physically
independent and requires its own charge
amplifier (bonded to and cooled along
with the junction as part of the device) and
ideally its own processing electronics. In
this case, linearity could be maintained at
count rates up to the speed of a single
processing unit. However, with the goal
of reducing the number of processing
units required, various multiplexing
schemes in which groups of pixels share
the same processing unit can also be intro-
duced, albeit at a corresponding loss in
dynamic range.

Although the linearity limitations of
the STJ camera will, even in the worst
case, be at least an order of magnitude less
restrictive than those of the current HST
Faint Object Camera and therefore not an
issue for the study of faint sources, the
general question of ‘count rate manage-
ment’ for this instrument needs to be
studied further, since it relates to the huge
simultaneous wavelength coverage and
high incoming information flow of the

device. In fact, such considerations may
argue for the introduction of optional filters
in order that the user may decide to sacri-
fice bandpass in return for increased dy-
namic range when studying bright sources.

Another key consideration is image
scale, which can be matched to the physi-
cal size of the STJ detector elements
through the focal length of the corrective
optics. A selectable set of two relays feed-
ing the same detector is foreseen, one
‘galaxy mode’ providing a pixel size of
100 mas square (10"× 10" total field) suit-
able for the study of extended sources,
and a second higher resolution ‘point
source mode’ with pixel size of 25 mas
square (2.5"× 2.5" total field) suitable for
studying dense crowded fields such as
globular cluster cores.

It is clear that such a device would
have a profound impact on almost all
areas of observational astronomy. The
ability to measure spectral energy distri-
butions over a decade in frequency will
open up new fields of ‘continuum’ astro-
physics where Planck curves with
3,000 < T(K) < 30,000 could be seen as
spectral ‘features’. Continuum breaks and
line-blanketed regions could be clearly
identified and used to determine redshifts
with moderate precision. Within its spec-
tral range, most existing filter systems
could be synthesised and, more impor-
tantly, could be bypassed in the transfor-
mation of observations into fundamental
physical parameters.

Strawman STJ camera

Wavelength range 1150 Å – 1 (or 2) µm
Array size 100 × 100
Detector quantum efficiency ~ 90 %
Instrument throughput > 50 %
Spectral resolution (R ≡ λ/∆λ) ~ 50 (λ/2000 Å)–2/3

Maximum count rate (per pixel) ~ 104 Hz
Field sizes 2".5 × 2".5, 10" × 10"

A fully multiplexed 3D spectrograph
for the near infrared

A possibility considered by the panel
to satisfy the general requirements

of panoramic spectroscopy with the capa-
bilities summarized in the scientific case
consists of employing a 3-dimensional
spectrographic imager in the infrared.

The right instrument should be able to
obtain a high spatial resolution image and
a moderately high resolution spectrum at
every field position simultaneously. This
multiplex advantage allows a much more
efficient use of observing time to reach
specific signal-to-noise levels on a com-
plex source. The traditional techniques of
scanning the spectrum with a Fabry-Perot,
for example, or scanning the image with a
spectrograph slit to build up the full 3D
cube not only requires considerably more
exposure time but also tends to waste a
significant amount of the field of view on
blank sky in many applications. They also
add systematic noise to the final product
due to variations of the observing condi-
tions (OTA breathing in the case of HST,
for example) during the long set of inte-

grations. Another important advantage of
a true 3D system, especially in the HST
context, is its relative insensitivity to tar-
get position accuracy since the source
does not need to be placed precisely at the
very narrow (~ 0.1 arcsec) entrance slit of
a spectrograph.

There are a number of possible techni-
cal solutions that would satisfy the 3D
requirements. We have chosen to concen-
trate, in this preliminary study, on one
particular example of this concept (aptly
called 3D) which seemed most easily
adaptable to an HST configuration and
which has accumulated some history on
groundbased telescopes. It has been de-
veloped by the Max Planck Institute for
Extraterrestrial Physics in Garching and
tested successfully recently in the near IR
range (see figure 1). It is described in
detail by Krabbe et al. (1995a) and Thatte
et al. (1994) and consists essentially in an
opto-mechanical image slicer that arranges
the observed field of several arcseconds
size into strips of several tenths of an

arcsecond width that can be fed into a
conventional spectrograph using a 2D
imaging detector.

For a 1024× 1024 pixel2 imager that
one can presently conceive of being able
to fly in 2002 even in the near IR without
much trouble, the 1024 spatial pixels can
be used with 10241/2= 32 pixels dedicated
to each of the 32 spatial slices. In the other
direction, there would be 1024 spectral
data points available for each spatial pixel.
This configuration would correspond to a
6.4 arcsec FOV for 0.2 arcsec wide slices
—the full HST resolution still being  avail-
able along the slit. The FOV could be
doubled by either degrading the slit sam-
pling width or by using a mosaic of four
arrays yielding an effective 20482 con-
figuration.

The choice of a grism or a holographi-
cally ruled grating on a carrousel would
define the spectral resolution and wave-
length range of the device. We can fore-
see, from the science drivers described
here, the need for several such gratings
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spanning the range from a low resolution
(R ~ 500) mode for large wavelength cov-
erage of a stellar population to a higher
resolution (R ~ 5,000) mode for gas kine-
matics and velocity dispersion measure-
ments. At R = 500, for example, both the
H and K-bands could be covered simulta-
neously with a 1024× 1024 detector while,
at the higher resolutions, a narrower
bandpass appropriately chosen to contain
the specific spectral lines of interest would
be available. The bandpass itself could
also be selectable by allowing the grating
to rotate slightly around its axis.

Extension of the concept to the optical
range through the use of a standard CCD
should not present any technical prob-
lems if such a need were to arise in the
future. For the moment, we assume that
the STIS long-slit capabilities in this area
will be available to anyone requiring cov-
erage of the two ranges quasi-simulta-
neously in order to fully exploit the diag-
nostic potential of both wavelength re-
gions.

In conclusion, a strawman HST/3D
instrument parameter summary might look
something like that shown in the table. A
comparison of a 3D instrument of the type
briefly described above with the STJ de-
vice discussed in the preceeding section
shows that, because of its intrinsically
complex optical design, 3D is several
magnitudes less sensitive than STJ. Very
little can be foreseen to alter that imbal-
ance in the future and therein, of course,
lies the great scientific advantage of an
STJ-based instrument. On the other hand
it should also be noted that a 3D device
has its own advantages associated with its
sensitivity in the critical near-infrared re-
gime and its potentially higher spectral
resolution capability which is quite un-
matched for the moment by STJ. As far as
we can see, the two instruments are ide-
ally suited for two distinct regimes of

Baseline parameters for a 3D spectrograph

Wavelength range 0.9 – 2.3 microns

Detector 1024 x 1024 HgCdTe*
Operating temperature 77 K
Readout noise < 10 e-

Dark current ~ 1 e-/s/pix

Spatial resolution 0".2 x 0".1

Spectral resolution (R ≡ λ/∆λ) 500 – 5,000

Overall efficiency 15 %
(HST + Instrument)

Field of view 6".4 x 6".4

Limiting magnitude 20 at H-band
3 h exp. time, S/N = 10

* An InSb detector would be more efficient in principle but a filter to suppress the HST thermal noise beyond
2.5 microns would probably reduce it back to the HgCdTe value.
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Figure 1: 3D K-band spectra (R =
900, spatial resolution 1") of 12
selected stars in the central 8" of our
Galaxy, along with a smoothed (0." 4)
version of the K-band map of Eckart et
al. (1995) showing the stellar
locations. The instrument allows such
3-dimensional data to be obtained
during a single integration. The
excellent resolution and sampling of
the 3D data set (containing spectra of
25 stars) allowed the authors
characterise the individual stellar
spectra in the crowded central few
arcseconds in spite of contamination
by diffuse nebular emission from
Sgr A West ionized gas streamers. The
radial velocity dispersion of the
central cluster as determined from the
spectra of these stars strongly favours
the existence of a central dark mass of
about 3× 106 Solar masses (see
Krabbe et al. 1995b).

scientific objectives: STJ for low resolu-
tion spectroscopy of very faint sources
and 3D for near-IR spectroscopy of rela-
tively bright compact sources. In essence,
3D is a spectral line device while STJ is a
continuum machine.

The panel has examined, using simu-
lation techniques with realistic ground-
based sky spectra and variability, the rela-
tive sensitivity of a 3D spectrometer on
HST and a similar device on an 8–10 m
groundbased telescope. For faint sources
in the J and H-bands, where the sky seen
from the ground is dominated by OH
emission lines, the comparison is sensi-
tive to the detector dark current. For a
conservative estimate of 10 e-/s/pixel, the
ground and space telescopes have a simi-
lar sensitivity for R ~ 1000. It is clear,
therefore, that quiet detectors are essen-
tial for an HST instrument to be scientifi-
cally competitive on these grounds alone,
although spectral coverage and the spatial
resolution and PSF stability give the HST
a clear advantage.
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aberration. The top curve was calculated
by the TINY TIM code and indicates
HST’s performance in the V-band. The
broad features which dominate the PSF
beyond 0.5 arcsec are due to mid-fre-
quency (zonal) errors in the figuring of the
primary and secondary mirrors. A simple
coronagraph such as the NICMOS Chan-
nel 2 and the proposed HCC can elimi-
nate the central spike and reduce the con-
tributions by high-order Airy rings and
spider diffraction. The performance in the
V-band is similar to that shown in the
middle curve in the figure. The uncor-
rected zonal errors dominate the back-
ground.

The next level of improvement re-
quires slow speed adaptive optics to cor-
rect these errors. These optics would also
have the potential to induce ‘dark spots’ at
commanded positions in the PSF. Given
these and other state-of-the-art techniques
such as graded masks, it is feasible to
achieve a thousand-fold reduction in the
background at intermediate radii from the
central source with respect to the current
HST. Such performance is illustrated by
the lower curve in the figure. As a point of
reference, a Jupiter-sized planet about a
solar-type star at 10 pc has a mean flux of
3 × 10–7 in these units and would be easily
detectable at a radius of 1 arcsec (10 AU)
with approximately an orbit of integra-
tion. At 0.5 arcsec (5 AU), the contrast is
eight times worse, requiring a comparable
increase in integration time. Neverthe-
less, the detection would be relatively
straightforward. Even fainter sources
could be resolved using optimized ob-
serving techniques, such as rolling the
spacecraft between exposures, to reduce
any residual systematics.

The requirements on a state-of-the-art
coronagraph are daunting. Optical sur-
faces, particularly the initial reimaging
optics, must be supersmooth. Graded
masks must have a minimum of internal
reflections and all filter and detector de-
signs must avoid the creation of out-of-
focus ‘ghosts’. The adaptive optical sur-
face must have thousands of addressable
actuators with high accuracy , about 1 nm,
and limited throw (< 1000 nm). On the
other hand, HST may well be our best
opportunity for achieving this level of
contrast performance in our scientific life-
time (see Malbet et al. 1995). For this
reason, both ESA and NASA have been
encouraged to study a coronagraphic in-
strument for installation in 2002.

Reference
Malbet, F., Yu, J.W. & Shao, M. 1995. PASP,

107, 386–398

Options for HST coronography

tude, permitting the detection of nearby
extra-solar system giant planets and faint
exo-zodiacal dust systems. For this rea-
son, the JPL ‘Road Map’ study has rec-
ommended that NASA study a
coronagraphic instrument for the 2002
mission. Such an ultra-high contrast capa-
bility would also have wide utility for
astrophysics. For our V = 15 QSO ex-
ample, the background brightness would
fall below the zodiacal background be-
yond a radius of 0.3 arcsec!

The first HST instrument to incorpo-
rate coronagraphic optics is the Faint
Object Camera with the ƒ/288 channel.
Unfortunately, the COSTAR optics—
which correct spherical aberration—also
change the effective telescope ƒ/ratio, in-
validating the original FOC optical de-
sign. Spherical aberration does not intrin-
sically hamper future instruments. The
NICMOS, for example, integrates the
corrective optics and coronagraphic masks
(cold stops in this case) into the Channel 2
camera which is optimized for the H-band
and the detection of brown dwarfs in
nearby binaries. A coronographic mode,
the High Contrast Channel (HCC), was
originally proposed for the Advanced
Camera for Surveys (ACS, formerly ACE)
but has since been dropped from the
baseline instrument. By insertion of a
Lyot stop in the first focal plane and a
fixed apodized mask in the second pupil
plane, it would have provided an order of
magnitude improvement in contrast, lim-
ited primarily by zonal-errors in the HST
primary mirror. The figure shows the HST
azimuthally-averaged point spread func-
tion (PSF) after correction of spherical

Even with the corrected optical perfor-
mance of HST, it is difficult to obtain

high contrast imaging near a bright source.
Without the use of special techniques—
which we term‘coronagraphy’—and much
care in the design of the camera, a number
of effects will spread the light from the
central source over a region many
arcseconds in radius: diffraction from the
telescope optics and spiders, scattering
from dust, reflections from optical sur-
faces within the camera (filters, windows,
etc), and saturation and blooming within
the detector. The resulting ‘background’
can be orders of magnitude greater than
the astronomical or detector backgrounds
and its accurate removal will be at the cost
of signal-to-noise and uncertain system-
atic errors.

There are several important scientific
programmes which would benefit sub-
stantially from the suppression of the near-
field ‘halo’ around bright sources. Most
notable are the search for Jupiter-sized
planets and brown dwarfs around nearby
stars and the study of host and companion
galaxies around AGN. A Jupiter-sized
planet in a 5 AU orbit about a solar-type
star at a distance of 10 pc would have a
visual magnitude V = 27.5 and be easily
detectable with HST were it not for the
enhanced background at 0.5 arcsecs from
the V = 5 star (about 8th mag/arcsec2).
Similarly, galactic surface brightnesses
of 20 mag/arcsec2 in the visible overcome
the background from a V = 15 active
nucleus at 0.8 arcsec radius. As described
here, a state-of- the-art coronagraphic in-
strument would increase the contrast of
HST imaging by 2–3 orders of magni-

Azimuthally averaged HST PSF’s: top — as delivered by the OTA; middle — a
simple coronograph with Lyot stop and apodiser; and bottom — a state-of-the-art
coronograph with correction for the mirror zonal errors. The flux for a Jupiter-
sized planet at 10 AU from a solar-type star at 10 pc is shown as a reference point.
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Figure 1: Upper frame—simulated spectrum of a faint
(Gunn r = 27) remote (z = 1) galaxy extracted from a single-
orbit STJ camera exposure. The assumed galaxy spectrum
and 1σ photometric uncertainties are shown as thin curves.
Although the STJ resolution is insufficient to resolve emission
lines, the redshift of the galaxy can be accurately determined
from the position of the Lyman limit at λ = 912 Å in the UV.
Lower frame—the same galaxy observed for the same
duration with an STJ camera mounted on a seeing-limited
Keck/VLT class telescope. Note that the Lyman limit falls
below the atmospheric cutoff for redshifts z < 2.6.

The scientific case for
panoramic spectrography on HST

Astronomy of the faintest objects

One of the more intriguing scientific discoveries emerging
from HST are the very faint, and possibly extremely

remote, galaxies detectable in the deepest WFPC 2 images.
Although HST—with its combination of moderate aperture and
slow ƒ-ratio optics—was not expected to be particularly suitable
for the study of faint extended featureless sources such as distant
galaxies, the key to this unexpected finding is that many young
galaxies at large lookback times corresponding to redshifts as
high as z= 1–2 do not appear to be smooth at all, but fragmentary
and broken up into small sub-arcsecond sized regions of active
star formation (see figure 2) . The same holds for the many cases
of ‘arcs’ due to gravitationally distorted remote galaxies behind
clusters detected by HST—these too are often of sub-arcsecond
extent radially, which enables them to be easily detected above
the sky background with HST.

The realisation that one may be able to directly observe and
map the evolution of galaxies out to very large lookback times
with HST has recently led to the so-called “Hubble Deep Field”
initiative, where about 150 orbits of WFPC 2 time will be
devoted to the study of a single carefully selected field (see the
article by Adorf in this Newsletter). This programme will
provide galaxy counts and broad-band colour information down
to exceedingly faint magnitudes (V ~ 29) and provide unique
information on galaxy evolution.

Still missing from all these efforts, however, is the next step:
that of obtaining the spectral energy distributions and redshifts
of the remote galaxies detected. This goal is one of the prime
motivations for considering an instrument as technically ad-
vanced and ambitious as the STJ camera. Since the WFPC 2,
with its peak instrumental throughput of about 21%, is capable
of detecting the faint galaxies in broadband filters, it is hoped that
an STJ camera—with its higher throughput and dispersionless
spectroscopic capability—should be able to intercept and sort in
wavelength enough of the feeble flow of photons entering the
HST to yield usable low-resolution spectra.

That the photons are indeed present in the HST focal plane
is illustrated by the upper panel in Figure 1, which shows the
simulated spectrum of a ‘galaxy’ of total brightness Gunn r= 27,
angular extent 0.2 arcsec2 and located at a redshift of z= 1
observed with a (Niobium-based) STJ camera in a single HST
orbit (2400 s). The 1σ photometric uncertainty per wavelength
bin set by the photon statistics alone is shown by the thin curve,
revealing that the galaxy spectrum is detected at S/N = 2–3 per
wavelength bin.

In this simulation, which employs the actual HST telescope
throughput and ‘sky’ background values, the total signal inte-
grated from λ = 1150 Å to λ = 10,000 Å is about 4% above
background yielding a net count rate of 2.5 counts per second

within 0.2 arcsec2 (20 STJ pixels) out of a total (sky plus source)
count rate of 66 counts per second.

The assumed template galaxy spectrum (shown by the thin
light grey curve) was constructed using a moderately strongly
evolving model from the library of Bruzual &Charlot, adding a
few illustrative emission lines scaled approximately to the

The following sections of the scientific case have been written by several members of the panel with
help from colleagues within the community. The methodology was to commence with a very broad

survey, making free use of the imaging-oriented work performed for the FOSI study. This was
supplemented by areas of special interest for panoramic spectroscopy. From this initial sweep of

subject areas, we have selected a small number of topics which, we believe, would play a significant
rôle in defining the characteristics of an instrument. No explicit scientific case for coronography is
presented here since the subject is covered to some extent in the FOSI study. Due to the limited

time available to us to prepare this preliminary report, there are obvious omissions in some subject
areas—notably planetary science. We hope to be able to redress this balance in our final report. We
are also conscious of the fact that the STJ camera is so revolutionary, and its potential applications

so broad, that the isolation of a few topics do not do it proper justice. The reader, however, will be
well capable of conceiving suitable proposals.



Number 23September 1995 Page 11

Active galactic nuclei and
circumnuclear star formation
Active galactic nuclei (AGN) are impor-
tant laboratories for the study of the high-
est energy phenomena, as well as the
processes responsible for gaseous excita-
tion and ionization in circumnuclear and
galactic environments. They also play a
vital rôle as probes of the structure and
evolution of the early universe. It is now
just over fifty years since the identifica-
tion of Seyfert galaxies as a sub-set of
galaxies with active nuclei, and just over
thirty years since the first redshift deter-
minations of their high luminosity ana-
logues, the quasars.

Most astronomers now accept as
broadly correct the so-called ‘Unified
Model’ of AGN (Antonucci 1993), in-
volving accretion of material stripped from
the inner regions of a hot rotating disc
onto a central, massive Black Hole. The
nucleus is surrounded by high density
ionized gas with large bulk motions (BLR),
and a much more tenuous ionized region
(NLR) which can extend deep into the
host galaxy. Due to orientation effects, in
a substantial fraction of cases our direct
view of the compact nuclear region is
blocked by what is believed to be an
optically thick dense molecular torus.

Despite substantial progress in devel-
opment of the standard model, particu-
larly over the last decade, this is by no
means the end of the story. The most
direct evidence for accretion processes
comes from the X-ray regime, whereas
probing the neutral and ionized gas prop-
erties within the obscured nuclei of Sey-
fert 2 galaxies is well suited to observa-

predicted Lyman continuum output. Note
that the size of the wavelength bins in the
observed spectrum increase with wave-
length in order to reflect the decrease in
the inherent spectral resolution of the STJ
device (here oversampled by a factor of
3). Although the spectral resolution of a
Niobium STJ detector is too low to re-
solve nebular emission lines (except in
the far-UV), an accurate redshift of the
galaxy can still be obtained from the posi-
tion of the Lyman limit at 912 Å. Given
that many of the compact ‘galaxies’ de-
tected by HST appear to be regions of
active star formation, it is not unreason-
able to expect that many of them will
display prominent UV up-turns and strong
Lyman breaks—thereby providing an eas-
ily identifiable redshift indicator that is
not available from the ground, except at
the very highest redshifts z > 2.6.

To illustrate the latter point, the lower
panel in Figure 1 gives the equivalent
simulation for the same galaxy observed
with the same STJ detector mounted on a
seeing-limited Keck or VLT class tele-
scope having an effective collecting area
of A

eff
= 600,000 cm2. Although the latter

has about a 15 times larger collecting area
than HST, this advantage, in this extreme
background-limited case, is outweighed
by the compact galaxy having to be de-

tected with a seeing disk (here assumed
1 arcsec2) on a sky background which is
two magnitudes brighter. The net galaxy
signal integrated between the atmospheric
cutoff at λ = 3100 Å and λ = 10,000 Å is
in this case 43 counts per second out of
16,200 counts per second total, leading to
a net S/N that is only about half of that of
the HST exposure and over a much smaller
wavelength range. This is not to say that
Keck/VLT class telescopes are generally
inferior to HST for spectroscopy of faint
galaxies. The example above was clearly
chosen to bring out the ‘classical’ advan-
tages of HST’s high spatial resolution and
UV-sensitivity. If the goal were only to
measure the redshift of the synthetic gal-
axy above rather than its SED, a more
relevant comparison would involve a red/
near-IR spectrograph (possibly employ-
ing adaptive optics) aimed at detecting the
redshifted Hα and [OIII] lines. Nonethe-
less, the fact that many of the large
lookback time objects detected by HST
do tend to be compact and very blue (eg,
the Butcher-Oemler effect) does call for
HST’s combination of high spatial reso-
lution and UV-sensitivity—which are
exploited to the full in the STJ camera
concept.

Figure 2: Left—‘true-colour’ 48-orbit
image of a field in Hercules showing a
population of highly-structured faint
blue galaxies (courtesy: Rogier
Windhorst and Simon Driver (Arizona
State University), Bill Keel (University
of Alabama), and NASA). Above—one
of the faint galaxies from the Medium
Deep Survey showing regions of active
star formation (courtesy: Richard
Griffiths (JHU), The Medium Deep
Survey Team, and NASA)
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tions at infrared wavelengths because of
the high optical depth of the torus at
shorter wavelengths. So far, we have not
actually observed a molecular torus on
scales predicted by theoretical arguments
(Pier & Krolik 1993) except via radio
VLBI observations of maser emission.
However, these maser sources are not
generally detected in Seyfert 2 nuclei. This
lack of success in directly observing the
torus at infrared wavelengths is probably
due to a combination of factors: the ab-
sence of the necessary spatial resolution
and the requirement to separate the torus
component from the inner bar and ambi-
ent stellar population. Alternatively, we
should never neglect the possibility that
the torus model may be in need of funda-
mental revision.

It is clear that a fruitful avenue for
major new advances in AGN research
will be high spatial resolution
< 0.10 arcsec, and medium spectral reso-
lution (R ~ 3000) observations. Such data
could in principle be obtained from the
ground using adaptive optics (AO) tech-
niques on large telescopes, but its quality
would be severely limited by the atmo-
spheric molecular absorption bands and
OH emission, particularly throughout the
H-band (1.4–1.8µm). Important lines such
as Paschenα are almost inaccessible in
low redshift objects because of their loca-
tion in absorption troughs. The HST
NICMOS instrument will provide near
infrared images and low resolution grism
spectra, but an instrument capable of pro-
ducing full spectral coverage at medium
resolution simultaneously in 2 of the 3
near IR bands over an extended field,
would represent a very significant increase
in capability. Such an IR spectro-imager
would be a unique addition to the HST’s
suite of instruments in the post 2000 era.
In the following sections, we highlight
three areas of AGN study where a 3D IR
instrument could be expected to have a
profound impact.

First, we consider the near IR emis-
sion lines. The optical region of AGN
(3000 Å–1µm) is well known to contain
a wealth of emission lines. In the nuclear
regions of some galaxies the visual ex-
tinction (A

V
) can be many magnitudes,

which effectively extinguishes all UV lines
and all but the strongest optical lines.

For these nuclei, the best hope for
obtaining emission line diagnostics lies in
observations longward of 1µm. Apart
from the obvious recombination lines of
the Paschen and Brackett series, there are
also strong lines from He I, the molecular
transitions of hydrogen, and a number of
density and temperature sensitive lines of
[FeII] in the J and H-bands. The redden-
ing towards the BLR can be determined
by using the ratio of Paschenβ to
Brackettγ, provided that A

V
 is not so high

as to render the broad wings of Paschenβ

invisible. Spatial gradients in reddening
can be measured across the extended NLR
by comparison of observed ratios with the
fixed atomic ratio of [Fe II] 1.26µm/
1.644µm. This information is necessary
in order to deredden the ratios of other
emission lines with significant wavelength
separation, which are used to estimate
physical conditions eg, H

2
 and the high

ionization lines mentioned in the next
section. The stable PSF of the HST is
essential in order to produce reliable maps
of emission line ratios over the entire
nuclear region.

To define the source of the nuclear
ionizing continuum, high ionization line
species are extremely useful. Fortunately
the near infrared region up to 2.3µm (the
practical longward limit of IR observa-
tions with the HST) is rich in such lines
including [S VIII], [S IX], [Si VI] and
[Ca VIII]. The highest ionization poten-
tial amongst these is 328 eV ([S IX]),
which, when detected in an AGN, implies
the presence of a strong soft X-ray con-
tinuum (Oliva et al.1994). Using a 3D
device, it would not only be possible to
measure these line ratios, but also to trace
the morphology of the ionization field by
means of excitation maps made using the
ratio of a high to a low ionization line

Figure 3: A ‘true colour’ image of the Circinus galaxy with red = [S II], green =
Ha + [N II] and blue = [O III] reproduced from Marconi et al. (1994). This clearly
shows the ionization cone, the extended circumnuclear starburst and a chain of
supernova remnants.

species. One of the most beautiful results
from the HST has been the demonstration
of the existence of ionization cones, which
emanate from the unresolved cores of
Seyferts (Wilson et al. 1993, see also
figure 3). Unfortunately, searches for evi-
dence of these cones at optical wave-
lengths is doomed to failure in cases of
dusty nuclei. Imaging IR spectroscopy
could be used to obtain proper statistics on
the incidence of ionization cones by ex-
tending AGN samples to include obscured
nuclei. Of special interest would be the
ultra-luminous IRAS galaxies which ra-
diate over 1012solar luminosities, whose
energy source—obscured quasar or mega-
starburst?—remains controversial. Detec-
tion of very high ionization lines in these
nuclei would strongly favour the former
hypothesis. Many ultra-luminous IRAS
galaxies have double nuclei, some with
separations of an arcsecond or less. From
the ground it is extremely difficult to
measure emission line diagnostics sepa-
rately for each nucleus. 3D observations
would show whether these are genuine
nuclei or two parts of a single nucleus
bisected by an obscuring region. If they
are two distinct nuclei, then the dominant
emission line processes, shocks or photo-
ionization, could be determined.
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It should be emphasised that, in addi-
tion to line ratios and line morphology,
the medium spectral resolution of 3D
would yield velocity data of < 100 km/s,
and hence the nuclear velocity field could
be mapped. This would show evidence
for inflows/outflows or rotation. The ve-
locity resolution would be sufficient to
show enhancements in line widths in re-
gions co-spatial with inner (sub-
arcsecond) radio structures, thus provid-
ing a test of the predictions from bow
shock models.

Our second example covers a distinct
but related subject area. IR line maps
would be valuable tools in the study of the
AGN-starburst connection (Filippenko
1992). There is no doubt that some AGN
are embedded within a circumnuclear
starburst, eg, NGC 7469 and NGC 1365.
However, the evolutionary link, if any,
between these phenomena is unclear. If a
link does exist then the role of supernovæ
within the nucleus must be crucial. In
nuclei exhibiting composite activity, ra-
dio observations often reveal a family of
compact radio sources which are believed
to be SNRs. These regions will emit
strongly the near IR lines of [Fe II] (Forbes
& Ward 1993). In the nearest nuclei, the
radio structures have been resolved
(Muxlow et al. 1994) and by making full
use of the HST’s clean and stable PSF of
50 mas, it should be possible to spatially
resolve the associated [Fe II] nebulæ.
When combined with the expansion ve-
locity from the line profile, we could de-
termine their age—which is a vital ingre-
dient for starburst models. Starburst prop-
erties of the nuclear region can also be
defined by means of the stellar popula-
tion. Indicators that are useful for spectral
classification are Si 1.59µm and CO (6,3)
1.62µm, as well as the strong band-head
of CO (2,0) 2.29µm, (Origlia et al. 1993),
which lies close to the long wavelength
limit of any HST instrument. The upper
mass cutoff, important in young violent
starbursts, can be estimated using the ra-
tio of He I λ 2.058µm to Brackettγ, by
assuming the helium to hydrogen abun-
dance. Velocity resolved profile data will
show whether the emission line gas shares
the kinematics of the stellar component or
is broadened by other processes—per-
haps jet-cloud interactions. In all of the
above examples, the required velocity
resolution is well matched to that pro-
vided by 3D, and the spatial coverage,
assumed to be about 6× 6 arcseconds, is
suited to observations of AGN with
z ~ 0.01.

The third example focuses on the torus
itself. If, as seems plausible, tori emit
strongly in the emission lines of H

2
, then

spatially resolved observations in these
lines will increase the contrast of this
component with respect to the surround-
ing stellar light. The tori may simply be

flattened distributions of giant molecular
clouds, in which case a patchy morphol-
ogy might be seen. The origin of the
molecular line emission could also be
studied. Alternative possibilities are;
fluorescence by UV photons from the
AGN, or in situ excitation by shocks in-
duced by cloud/cloud collisions within
the torus. These mechanisms can be dis-
tinguished by using a set of H

2
 line ratio

diagrams (see Mouri 1994).
A final example of an area where 3D

can have a large impact is that of the
kinematics in galactic nuclei. Whereas
STIS will provide longslit capability to
measure radial velocity profiles in the
optical, 3D can extend this to the infrared.
This is important, as many nearby galax-
ies have been found to contain sizeable
quantities of dust near the centers. 3D will
be able to produce full 2D maps of radial
velocity and velocity dispersion. Such
maps will be very valuable for the study of
nuclear Black Holes, and of the structure
of galactic nuclei in general.

These techniques can also be applied
to merger remnants and starburst galax-
ies. The nuclei are often hidden from sight
by dust in these galaxies. 3D will allow us
for the first time to study the nuclear
processes in these galaxies in detail. Since
such galaxies may very well be proto-
types of forming galaxies at higher red-
shift, these studies will be valuable.

 Important scientific areas suitable for
AGN studies using an STJ camera are
faint region UV ‘continuum’ spectros-
copy, spectropolarimetry and the identifi-
cation of very faint sources from the new,
deep X-ray surveys. In particular
spectropolarimetry would be ideally suited
to a detector with high quantum efficiency
and no losses in dispersion optics.

The scattering region around the nu-
clei of Seyfert 2s, which gives rise to the
polarized signature of a Seyfert 1, should
show extended broad lines and a blue
continuum. The spectral resolution of an
STJ camera will be sufficient to resolve
the scattered BLR into 4–5 resolution
elements for a typical line width at 2000 Å,
and will show whether the equivalent
width of the scattered broad line is typical
of an unobscured nucleus, or by how
much it is diluted by a featureless blue
continuum. The principal emission lines
observed would be Lymanα, C IV and
Mg II, depending on the AGN redshift.
Polarization levels are often low, and there-
fore such observations are photon starved.
Such measurements would settle the con-
troversy over the nature of the blue con-
tinuum, ie, whether it is scattered light
from the hidden nucleus or a component
associated with star formation.

By the end of the century, it is planned
that two major X-ray satellites will be in
operation, ESA’s cornerstone mission
XMM and NASA’s Great Observatory

AXAF (Cordova & Garmire 1993). In the
areas of spectral and spatial resolution,,
and sensitivity, these missions will
revolutionise X-ray astronomy. One of
their main scientific goals will be to ob-
serve selected fields at unprecedented sen-
sitivity and finally define the point source
contribution to the X-ray background.
Taking a typical L

x
/L

opt
 ratio for AGN,

and the fact that AXAF will probe 100
times deeper than ROSAT, many of the
optical counterparts will be as faint as
27 mag in B. Without redshifts, the use-
fulness of the X-ray data will be consider-
ably reduced. These faint objects will
almost certainly be some type of AGN,
and hence have broad emission lines.
Lymanα will be inaccessible from the
ground for redshifts < 1.5, and over the
redshift range 1–1.5, other strong lines
such as Hβ and Hα, are shifted into the
near-infrared. Redshifts can also be deter-
mined from continuum characteristics, eg,
the Lyman cut-off, and the spectral reso-
lution of STJs is well suited for such
observations.

Stellar Population Studies
Clearly, the unique combination of al-
most a decade of simultaneous wave-
length coverage sampled at high spatial
resolution and sensitivity would provide
unmatched opportunities for ‘multicolour’
studies of many other types of astronomi-
cal objects in addition to faint galaxies. In
‘point source mode’ the STJ camera
should, in 4 orbits of integration, be ca-
pable of reaching stellar V- and broad-
band (∆λ =1000 Å) UV magnitudes at
λ = 2000 Å of 28.5 at S/N = 5 or better.
This gain in sensitivity and observing
efficiency would provide radically new
opportunities for the study of stellar popu-
lations in other galaxies, where continu-
ous coverage of the spectral energy distri-
bution from the far-ultraviolet to the near-
infrared allows accurate derivation of fun-
damental stellar parameters such as effec-
tive temperature, luminosity, age, etc.
Below we note a few examples of out-
standing problems of stellar astrophysics
that could be addressed by the STJ cam-
era.

UV stars in old stellar populations
A common feature of elliptical galaxies
and the bulges of spirals is that they emit
a significant amount of radiation in the
UV (Burstein et al. 1988). Understanding
the origin of this can only be derived from
a space observatory and it is important for
unraveling the poorly understood late
stages of stellar evolution of metal-rich
populations. This is also necessary for
correctly interpreting the colours of high-
redshift galaxies, since, for example, the
V-band samples the 2000 Å band at z= 1.5.

Building upon the constraints derived
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from observations with IUE, theoreticians have predicted a
number of hot phases of evolution following the red-giant-
branch evolution which may be responsible for the UV emis-
sion. In addition to the classical P-AGB (Post-Asymptotic Giant
Branch) stars, they distinguish the P-EAGB (Post-Early Asymp-
totic Giant Branch) stars which skip the late stage of the AGB,
the AGB-manqué stars which totally bypass the AGB, and even
HB-manqué stars. Although less luminous than the P-AGB
stars, these latter categories of stars may be more efficient UV
emitters because of their slow evolution and may be the main
cause of the UV emission from elliptical galaxies. These schemes
are consistent with the recent observations of the Hopkins
Ultraviolet Telescope and the most luminous of the PAGB stars
detected with the HST/FOC in M31 and M32.

The evolutionary tracks, heavily dependent on the metallicity
of these stars and the mass of their thin hydrogen envelopes, are
generally situated to the left of the AGB, in the space between the
P-AGB and the ZAHB (Zero Age Horizontal Branch). In Fig-
ure 4 which schematically shows this area in the T

eff
– M

bol
diagram, the broad band UV detection limit at 2000 Å of the
STJ camera of m

UV
= 28.5 is indicated for the distance of M31

and Virgo. It is clear that the STJ camera would be a powerful
and efficient tool for unraveling the origin of the UV emission of
elliptical-type populations, exploring the potential evolutionary
tracks down to the HB in the bulge of M31 and resolving the
bright P-AGB stars up to the Virgo cluster.

Stellar populations in Local Group galaxies and beyond
The low resolution, but very broad wavelength range spectra
obtainable with the STJ camera can be used to determine
accurate physical parameters (T

eff
 M

bol
 [Fe/H]), from which

masses, ages and radii can be estimated for resolved luminous
stars in galaxies of the Local Group.

The accurate metallicities of individual giants can be deter-
mined by reproducing the blanketing measures performed by
traditional photometric systems such as DDO, Washington, etc.
Metallicity is one of the most important criteria used to discrimi-
nate different components—thin disk, thick disk, halo bulge—
in the Milky Way. Different metallicity distributions are the
signatures of different formation processes. Closed-box models
of chemical evolution fit reasonably well the observations of the

Galactic bulge, while the disk component has a deficiency of
metal-poor stars (the so called G-dwarf problem). With the
STJ camera on HST, it would be possible to obtain individual
stellar spectra in the crowded inner fields of the other Local
Group spirals M31 and M33, in order to obtain the metallicity
distribution functions as function of radius for their spheroidal
and disk components. This would make possible a direct deter-
mination of their chemical evolution and a direct comparison
with their counterparts in our own galaxy. Particularly in the
inner regions of the Milky Way, a strong metallicity gradient is
found which can be interpreted as the interplay between the
bulge and halo components, indicating that the formation of the
inner Galaxy occurred dissipatively (Minniti et al. 1995).

Similarly, an accurate determination of the metallicity distri-
bution for giants in the peculiar dwarf elliptical galaxy M32
would lift the degeneracy between age and metallicity present in
spectroscopic observations of the integrated light, and thus solve
the long-standing controversy about the existence of an interme-
diate age population (eg, Rose 1985).

The morphology of the horizontal branch (HB) is largely
determined by metallicity and age. The accurate luminosities
and temperatures of HB stars tell us about the distances, ages and
metallicities of stellar populations older than 5–10 Gyr. As
another example, the STJ camera should easily be able to reach
HB stars out to the distance of M31 and beyond (V

HB
= 25 at

D = 0.8 Mpc), thereby sampling the full range of galaxy types
that can be found in the Local Group, which show a wide variety
of past star-formation episodes. We would then be in a good
position to test how different galaxies (Ss, dEs, dSphs, dIrrs) are
formed and evolve.

The STJ-HST combination would allow significant strides to
be made in the understanding of the younger stellar populations
up to a few Mpc as well. This volume of space includes the
nearest starburst galaxy M82, for which the mass function could
be measured down to a ~ 5 Solar masses. This galaxy is consid-
ered the best case for an initial mass function which is biased
towards high mass objects (Rieke et al. 1980).

Globular Clusters
An example of a deep colour magnitude diagram (CMD) of a
globular cluster obtainable presently with the WFPC 2 on HST
is shown in figure 5. It was measured at about 4.5 arcmin from
the core of the massive globular cluster 47 Tucanæ using a pair
of ~ 15 min exposures in V and I filters. The data analysis
package ROMAFOT was used to carry out the photometry that
is complete down to V ~ 25. Several thousand stars are visible in
this diagram, most of them belonging to the cluster’s main
sequence below the turn-off. Data such as these have been used
to show that the luminosity function of clusters such as 47 Tuc,
NGC 6397, Ω Cen, and M15 all turn over around I ~ 8.5 so that
the mass function does not increase continuously with decreas-
ing mass but rather peaks at ~ 0.2 solar masses and, where it can
be detected, may actually drop from there to the hydrogen
burning limit at ~ 0.1 solar masses (Paresce, De Marchi &
Romaniello1994). These findings have profound implications
on such diverse subjects as the amount of baryonic dark matter
in globular clusters and in the galactic halo, the IMF and low
mass star formation mechanisms and the evolution of globular
clusters with time.

Another very interesting feature that can be distinguished
now in cluster CMDs of the type shown in figure 5 is a well
developed white dwarf sequence running almost parallel to the
main sequence but shifted ~ 1–1.5 mag to the blue. In the case
of 47 Tuc, this sequence is barely distinguishable observationally
from the turn-off region of the background SMC. A better view
in the UV taken with the Faint Object Camera in the core shows
a similar sequence together with an abundant group of brighter
blue stragglers above the turn-off (Paresce, De Marchi &
Jedrzejewski 1995). Here the effects of mass segregation have
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Figure 4: Theoretical HR-diagram showing the domain
where the stars responsible for the UV emission from
elliptical galaxies are thought to evolve. The limits that may
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Virgo are indicated for a broad band near 2000 Å.
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enhanced their density with respect to the
main sequence stars below the turn-off.
These new sequences, once they have
been accurately characterised by more
and better observations with the WFPC
and FOC that are just starting to appear in
the literature and that will certainly con-
tinue with ACS, will undoubtedly allow
enormous progress to occur in our under-
standing of the complex processes that
affect the structure and evolution of globu-
lar clusters.

The data shown in figure 5 are also
instructive in the sense that they clearly
indicate the improvements needed to make
a further leap forward in the continuing
study of globular clusters in our and other
galaxies. Three main limitations of the
present situation are readily apparent, all
of which can be simultaneously addressed
successfully by an STJ camera. The first is
the need to push to much fainter limits
than V = 25 if we want to accurately ex-
plore the termination of the main sequence
around and, if possible, well beyond the
hydrogen burning limit for a reasonable
sample of galactic and extragalactic globu-
lar clusters. This sample would ideally
include galactic globular clusters out to
10–20 kpc and cover a wide range of Z in
order, for example, to clarify the effects of
disk and bulge shocking on the most vul-
nerable stellar component, ie, the lowest
mass stars. At these distances, the end of
the main sequence would occur at V ~ 28–
29 or several magnitudes below the pres-
ently foreseeable limit set by photometric
accuracy in crowded fields even with ACS.

 The second limitation and, in many
instances the most important one, is dis-
crimination against ‘spurious’ objects. As

one can easily judge from the data shown
in figure 5, this is a critical issue at the
detection limit where five possible and
distinct stellar populations tend to merge
in a CMD such as the one shown here.
They are the white dwarfs, galactic field
stars, red dwarfs, SMC stars behind the
cluster, and unrecognized galaxies with
bright nuclei and fainter extensions that
are lost in the noise. What one would
really like is a low resolution spectrum of
the stellar continuum of every object in
figure 5. This would allow the precise
identification of the nature of the object
and, therefore, would allow placing it in
the proper category for subsequent analy-
sis. For example, even with moderate
spectral resolution, simple cluster mem-
bership could be determined on the basis
of radial velocity determinations using
the Balmer jump or some other obvious
feature rather the ambiguous position in a
CMD. This is not to mention the obvious
benefits accruing from knowledge of the
spectrum for chemical composition, tem-
perature measurements etc. of the whole
sample at once and their variation with
position in a cluster.

The third limitation is in UV-sensitiv-
ity. In most dense clusters or galactic
nuclei, the stellar density of bright red
giants is so high that effective photometry
is practically impossible due to the over-
lapping haloes of the bright stars that
cover a significant fraction of the field of
view even at HST resolutions. An effec-
tive strategy to overcome this fundamen-
tal limitation is to observe in the UV
where the effect of the bright red giants is
severely curtailed. This technique has been
applied successfully with the FOC that

has been the only instrument so far to be
able to penetrate deeply below the turn-
off in dense cluster cores due to its combi-
nation of very high spatial resolution and
its relatively high UV sensitivity. Being
able to cover the full range of internal
cluster distances from the core to the pe-
riphery is essential in order to get a com-
plete view of the structure of a cluster.
This is particularly useful in a post core
collapse situation in which the core may
almost be independent of the rest of the
cluster. ACS will only slightly improve
on the FOC performance in this area.

The expected characteristics of an STJ
camera on HST, ie, very high sensitivity
across the entire electromagnetic spec-
trum accessible to HST from 0.12–2µm,
high spatial (up to 50 mas and Strehl ratio
of > 80 %) and temporal resolution should
permit attainment of the goals briefly out-
lined above. In fact, if an STJ camera on
HST lives up to its expectations in all
these performance areas, it is fair to say
that it would completely revolutionise the
way stellar population studies are carried
out. Just the huge increase in observing
efficiency accruing from the ability to
obtain spectra of several thousand objects
in a dense population simultaneously with
excellent photometric and adequate tem-
poral accuracy down to a limiting magni-
tude of V ~ 28 would be enough to justify
its development for a 2002 launch oppor-
tunity.

Stellar disks, jets and
bipolar outflows

Very little direct observational data in
the optical/IR is presently available

on stellar disks and the innermost compo-
nents of the collimated gaseous jets and
entrained outflows that appear in many
instances to emanate from them. They are
very difficult to image directly from the
ground or from space because of their low
surface brightness, compactness and high
optical extinction. Very high spatial reso-
lution coupled to moderate to high resolu-
tion spectroscopy in the IR are essential
for significant progress to be made in this
field in the next few years. They abso-
lutely require, therefore, a full 3D-type of
near IR spectro-imager that is not pres-
ently envisaged for space applications.
STIS on HST will be able to perform high
spectral resolution long slit optical spec-
troscopy of the outer reaches of the opti-
cally thick sources without being able to
penetrate to the inner regions where the
disk is located. Relatively low spatial reso-
lution from the ground even with adaptive
optics and the effects of atmospheric ab-
sorption will limit the groundbased capa-
bilities in the near future in this field.

 For a ~ 1 solar mass pre-main se-
quence star located at ~ 100 pc, the obser-
vational situation might look something

Figure 5: An example of a deep colour magnitude diagram of the massive globular
cluster 47 Tucanæ. It was obtained at about 4.5 arcmin from the cluster core with
the WFPC 2 from a pair of ~ 15 minute exposures in the V and I filters.
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like that shown schematically in figure 6
adapted from Hollenbach (1995) and
Beckwith (1995). The accretion disk is
probably no more than a few tenths of an
arcsecond in size at its maximum extent in
the early stages of star formation and has
to be viewed through several A

V
 of extinc-

tion in the most favourable conditions. As
time progresses, however, in its evolution
towards the main sequence, the stellar
photosphere and halo are slowly cleared
by radiation pressure and PR drag and the
remnant of a disk should become easier to
see in the near IR and optical as is the case,
for example, for the main sequence IR-
excess stars (Backman & Paresce, 1993).
At this point, the disk may extend out to
several arcseconds but be detached from
the star by several tenths of an arcsecond
due to sublimation and/or the action of
proto-planets.

Of particular importance would be a
detailed understanding of accretion disk
structure and evolution along the pre-
main sequence evolutionary tracks all the
way to the main sequence itself. This
study should shed considerable light on
the complex symbiosis between protostar,
disk and jets and bipolar outflows. Re-
garding the jet shown in figure 6, the
biggest problem at the moment concerns
the formation mechanism or central power
source, ie, the nature of the theoretician’s
‘black box’ in which jets are somehow
formed and initially collimated (Pringle,
1993). Consensus is slowly emerging for
a source located close to the protostar due
to the transport of magnetic field lines
across the disk and their concentration in
the region nearest the star. Collimation
there is probably poor but improves fur-
ther out as the material interacts with
overlying circumstellar or interstellar de-
bris (Blandford 1993, Konigl 1993). En-
trainment of this slow-moving material
by the fast jet then generates the promi-
nent bipolar atomic and molecular out-
flows. Finally, the outflow is probably not
constant in time but episodic in response
to individual bursts of accretion (Raga,
1993).

A vivid example of HST’s potential to
decipher the situation illustrated sche-
matically in figure 6 is shown in figure 7.
The latter consists of a recent WFPC 2
image of the HH 30 complex. One rea-
sonable interpretation of this picture is
that we are seeing the disk photosphere
essentially edge-on in a combination of
optical emission lines from the gas and
dust scattering of radiation from the pro-
tostar still embedded in the inner disk and
its cocoon of dust. The outer reaches of
the protostellar disk shown in figure 6
would roughly correspond to the promi-
nent opaque dust lane bisecting the image
of figure 7 and which hides the inner disk
from our optical view. All of these as-
sumptions could be tested precisely by

mainly because the optical spectra imply
the presence of shock velocities that should
completely dissociate H

2
, thereby pre-

cluding the possibility that the two could
arise in the same gas. A satisfactory solu-
tion to this problem from the observa-
tional point of view requires simultaneous
images of the bright [Fe II] forbidden line
transitions in the near IR and the molecu-
lar emissions at the same high spatial
resolution. A 3D-device with high spatial
and velocity resolution would allow one
to disentangle the effects of multiple,
curved shocks that may appear at lower
resolutions to be spatially coincident.

Although the case for a 3D-device
seems overwhelming for studies of stellar
outflows, it is nevertheless important to
consider what impact an STJ-based de-
vice might have on the field should it turn
out to be more effective overall to fly such
an instrument. Its best imaging and spec-
troscopy is accomplished in the UV where
only the most transparent sources can be
observed in any detail. There are quite a
few evolved objects satisfying this condi-
tion, however, that would benefit from
close scrutiny.

The most likely significant impact of
the STJ camera, however, would be in the

imaging the same region with a 3D-de-
vice to obtain the crucial kinematics of the
gas and, possibly, of the dust—should any
dust absorption feature stand out in the IR.
In this way, information on the type and
velocities of the accretion shocks involved
in and around the disk and jet could be
obtained. HH 30 is not necessarily the
best example to study since it is seen edge
on. A much easier configuration to disen-
tangle is one of the many in which the disk
is inclined at intermediate angles from the
line of sight where the penetration depths
are dramatically higher.

The first overtone bands of CO at 2.3
microns and the prominent H

2
 emissions

at 1.7–2.3 microns would be particularly
useful for this experiment. The CO would
tend to map the hot, dense gas nearest the
star out to several tens of stellar radii
while the H

2
 is an excellent diagnostic of

the jet and bipolar outflow (see Zinnecker,
McCaughrean, & Rayner, 1995 for a spec-
tacular example of the power of IR imag-
ing of stellar jets). Although the H

2
 emis-

sion is most likely due to collisional exci-
tation and seems to be spatially correlated
with optical forbidden line emission of
[SII], for example, the exact relationship
between the two is unknown. This is
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Figure 6: A cartoon of a stellar accretion disk and associated jets adapted from
Hollenbach (1995) and Beckwith (1995).
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Figure 7: The HH 30 complex seen with the WFPC 2 (courtesy: the WFPC 2 IDT). Here we are seeing the disk photosphere
essentially edge-on in a combination of optical emission lines from the gas and dust scattering of radiation from the protostar
still embedded in the inner disk and its cocoon of dust. The time-evolution of the jet can be seen from the frame on the right.
The bar represents a distance of approximately 1,000 AU.

area of imaging polarimetry of very faint reflection nebulæ
surrounding distant or heavily obscured PMS objects. This is an
area that is presently difficult to cover with the required accuracy
but should be well-suited to the STJ camera. Much information
can be gleaned on the structure of a dusty outflow that is
complementary to that discussed above for the atomic and
molecular components from the direction and degree of polar-
ization of the scattered light in pre-main sequence stars (Whitney,
1995). This includes the geometry and composition of the dust
disk or outflow, quantities that are almost impossible to obtain
using any other technique. In fact, near-IR polarization measure-
ments of star forming regions are so unique that they can be used
very effectively to discover new protostars too faint to be
identified any other way.
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T y r r h e n i a n  S e a
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Banja Luka

Bari

Catania
JENAM – 95
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Firenze

Napoli (Naples)

Palermo

Sarajevo
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Science with the
Hubble Space Telescope – II

A Scientific Conference co-organised by the
Space Telescope Science Institute, Baltimore,
MD, USA, and the Space Telescope – Euro-
pean Coordinating Facility, Garching, Germany

to be held in the
UNESCO Building

Paris, France
December 4–8, 1995

Scientific Organising Committee

P. Benvenuti, ST–ECF
R.-P. Kudritzki, Munich Observatory
J. Bergeron, ESO
F.D. Macchetto, STScI
R.S. Ellis, IoA, Cambridge
G. Miley, Sterrewacht Leiden
R.A.E. Fosbury, ST–ECF
V.G. Rubin, Dept. Terr. Mag., Washington DC
H.B. Hammel, MIT, Cambridge MA
R.P. Kirshner, CfA, Cambridge MA
E.J. Schreier, STScI

Summary of crucial dates

22 Sep. deadline for submission of abstracts
13 Oct. deadline for hotel accommodation requests
1 Nov. deadline for registration

This second announcement can be accessed
in full at URL
http://www.eso.org/hst2.html
Information about Paris can be accessed at
URL
http://www.paris.org/
Questions about the conference should
be sent by email to hst2@eso.org or
faxed to +49-89-32006-480

STScI
NEWSLETTER

The Space Telescope Science In-
stitute publishes a Newsletter  2–4 times
per year. The STScI Newsletter contains
information of interest to proposers, in-
cluding updates on the status of the HST
and its instruments. Subscriptions are
available at no cost to all interested sci-
entists; requests to be added to the mail-
ing list should be sent (by regular or
electronic mail) to the User Support
Branch at the following address:

Space Telescope Science Institute
3700 San Martin Drive
Baltimore, MD 21218
USA

E-mail: help@stsci.edu (Internet)

Requests should also specify whether
the subscriber wishes to receive future
Calls for Proposals.

SPACE
TELESCOPE
SCIENCE
INSTITUTE

Operated for NASA by AURA

JENAM – 9 5

Joint European & National Astronomy Meeting
(4th European and 39th Italian Astronomical Society Meeting)

September 25–29, 1995
Catania, Italy

PROGRESS IN EUROPEAN ASTROPHYSICS
Facilities, New Instruments & Technologies, Science Challenges

Contact address
J E N A M — 9 5

c/o Osservatorio Astrofisico
Viale Andrea Doria 6, I-95125, Catania, Italy

jenam@astrct.ct.astro.it  (internet)
39003::jenam  (decnet)

http://www.ct.astro.it  (WWW page)
Phone: +39 (0)95 7332 247  Fax: +39 (0)95 330592

FRIDAY, 29th September
Special session organised by P. Benvenuti (ESA, ST–ECF) on

Possibilities for a New European HST Instrument
The aim of this special session is to offer the community a forum for discussing
possibilities and ideas for a new European Instrument to be installed on HST
during the fourth servicing mission in 2002.
Schedule
11:30 A new European HST instrument: possibilities, scope, programmatics
11:45 Observational UV – near infrared facilities in the year 2002
12:00 Findings of the study panel
12:45 Input from the community, discussion
Please note that one of the possible option for the new HST Instrument, the
Superconducting Tunnel Junction detector, will also be presented during
Session #1–C on Thursday, September 28.
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WFPC 2 observations
 — when and how to dither

The development of methods for com
bining undersampled multiframes

triggered interest in ‘dithered’ imagery as
an observational method for WFPC 2,
which is known to severely undersample
the optical PSF over the whole accessible
wavelength range. Sub-pixel dithering (as
opposed to dithering with integer pixel
offsets) gives access to frequencies above
the Nyquist limit of the detector pixel
grid. The method should be considered by
astronomers proposing observing
programmes which would benefit from
high resolution, such as proper motion
studies, investigations of close binaries,
photometry in crowded fields, etc.

While previous work (Adorf 1995a, b;
Adorf & Hook 1995; Hook 1995; Hook &
Adorf 1995) concentrated on the combi-
nation algorithms, this article attempts to
explain the factors on which the method
depends, and also to outline some funda-
mental limits.

The decision of how much sub-pixel
dithering to use, if any, depends on a large
number of factors. These include: the abil-
ity to detect bad pixels caused by cosmic
ray hits and hot pixels; the increased read-
noise due to multiple exposures; the loss
of exposure time due to telescope angular
offsetting; re-acquisitions of guide stars
with associated random offsets; roll of the
spacecraft; and the geometric distortion
across the CCD-chip. A full discussion of
all these factors is presently diffcult, and
certainly beyond the scope of this article.

In the following I shall put aside all
worries about operational overheads and

problems with bad pixels. Instead I shall
focus on the good data, and try to clarify
the principles underlying sub-pixel dith-
ering by asking: When and how can one
recover aliased spatial frequencies via
combination of clean undersampled multi-
frames?

A stochastic model of
WFPC 2 imagery
Even with clean data, the success of sub-
pixel dithering depends on many factors
collected in a so called ‘stochastic model’
of the observational process (Fig. 1). Most
of these factors are well understood and
undisputed. In particular, the joint point
spread function of the telescope and cam-
era optics is believed to be quite well
modelled by John Krist's TinyTIM soft-
ware. However, image sampling with a
CCD-detector deserves a comment.

The physics of sampling a continuous
image using a detector with non-ideal,
finite-sized pixels can be described as an
integration for a pixel i using a continuous
‘pixel response function’PRFi x  as
weight. If all pixels behave identically,
the same functional form can be used for
each pixel, PRFi x  = PRF x-xi , wherexi

denotes the centre location of pixel i. In
this case the sampling process can math-
ematically be modelled by a convolution
of the continuous image with the reversed
function PRF* ξ  = PRF -ξ , followed by
an ideal Dirac-δ sampling on a grid con-
sisting of the centre locations of the pix-
els. This trick is based on a mathematical
identity which does not require that the

Figure 1: The stochastic model of the photon detection process in the CCD-detectors of the WFPC 2 camera. The telescope
and the camera point spread functions (PSFs) can be combined with the pixel response function (PRF) into a single ‘effective
PSF’ attenuating the high spatial frequencies of the incoming continuous light distribution.
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pixel response itself is spatially invariant
across the pixel surface.

The pixel response
The important pixel response func-
tionPRFi x  can be considered in semi-
classical terms as the probability that an
incoming photon ‘hitting the detector’ at
a continuous position x produces a photo-
electron which is eventually recorded in
pixel i. For an ideal pixel the PRF is a flat-
top hat function (Fig. 2, left). For a real
CCD-pixel the PRF must account for vari-
ous physical effects inside the detector
such as: dead zones between photo-sensi-
tive areas; quantum efficiency variations
across the sensitive areas; and light scat-
tering and electron diffusion within the
CCD-substrate.

The CCDs used in WFPC 2 are thick,
front-side illuminated Loral devices with
a phosphor coating converting UV pho-
tons into visible ones. Their PRF was
measured on the ground in late 1993, and
also inferred from in-flight data. How-
ever, there is presently quite some uncer-
tainty about the exact PRF shape on sub-
pixel scales.

The laboratory measurements used an
array of 2 µm pinholes attached to a flight-
spare CCD, and a preliminary discussion
of the results appeared in the pre-launch
WFPC 2 Science Calibration Report
(WFPC 2 IDT 1993). The PRF measure-
ments showed a surprisingly large pixel-
to-pixel cross talk: only 63 % of the photo-
electrons produced by a light spot centred
on a pixel appeared to be recorded by that

Hans-Martin Adorf

 ‘Sub-pixel dithering’ is an observational method increasingly used in WFPC 2 imagery to
obtain a high resolution image by taking undersampled multi-frames shifted by fractions
of a pixel. The success of dithering depends on several factors including the existence of
high frequency information in the spatial distribution of the incoming light, and sufficient
signal-to-noise in the recorded frames. This article outlines the fundamental principles
underlying the dithering method, and points out the necessity of obtaining more detailed
and reliable information about the pixel response function. A quantitative criterion is
derived for when to dither and how many pointings to use.



ST–ECF NewsletterPage 20

Figure 2: Two pixel response functions and an ‘effective’ point spread function (top row) with their corresponding MTFs
(bottom row). Left: an ideal 2D pixel with a ‘flat-top hat’ response and the corresponding MTF, a 2D |sinc|-function. Middle:
the blurred model PRF and associated attenuated MTF. Right: the joint PSF, incorporating the blurring effects of the WFC 2
optics at λ = 450 nm and the detector pixel.

pixel. However, firm conclusions could
not be drawn since the measurements
were hampered by experimental prob-
lems (Trauger, priv. comm.). It is ex-
pected that the laboratory measurements
will be repeated in the near future.

The in-flight measurements used 20
sub-pixel dithered frames of the globular
cluster ω Centauri (Holtzman et al. 1995).
At each pointing the brightness of several
dozen stars was measured, and deviations
from the mean plotted as a function of
intra-pixel phase. For one detector direc-
tion, a possible dependence on intra-pixel
phase was noted at the 1 % level. The in-
flight measurements also indicate a less
severe pixel-to-pixel cross-talk than the
laboratory measurements: about 80 % of
the photo-electrons appear to be recorded
in the pixel on which the image of a point
source is centred (Holtzman, priv. comm.).

In the absence of any firm PRF data we
adopt a model pixel for WFPC 2 which
consists of two components (Fig. 2,
middle): a flat-top hat function represent-
ing the geometry of the sensitive pixel
area, convolved with a narrow 2D
Gaussian representing the light scattering
and electron diffusion within the pixel—
a non-negligible effect in thick CCDs
(Cullum, priv. comm.). The width of the
Gaussian is adjusted to reproduce a cen-

tral pixel value of 80 % corresponding to
the in-flight PRF measurements.

This PRF-model has several apparent
shortcomings: firstly the intra-pixel quan-
tum efficiency variations (which may have
an amplitude as high as 10 % (Biretta
1994)) are not modelled; secondly, dead
zones have not been included; thirdly, by
convolving the ideal PRF with a Gaussian
one implicitly assumes that the scattering
and diffusion effects are independent of
the intra-pixel position, which is presum-
ably not the case; finally, a wavelength
dependency is not taken into account.

It is likely that the real WFPC 2-CCD
PRF is considerably more complicated
than our model, particularly in view of the
PRF measurements of Jorden, Deltorn &
Oates (1993). However, our model PRF
serves the purpose of illustrating the sa-
lient points in the discussion below. Also,
by varying the uncertain model param-
eters one can carry out a sensitivity analy-
sis.

The pixel modulation transfer
The modulation transfer function (MTF)
of the pixel describes how well it responds
to sinusoidal signals. In the case of severe
undersampling, the attenuation of high
spatial frequencies will be dominated by
the pixel’s inability to record such inten-

sity modulations.
The MTF of our model pixel above is

the product of the MTF of an ideal pixel
and the MTF of a Gaussian (also a
Gaussian). Adopting a MTF-normali-
sation such that its transfer at zero fre-
quency is 1, the MTF of an ideal square
pixel is asinc νx  sinc νy  function (Fig. 2,
lower left) which shows some unfamiliar
effects.

Firstly, there is a frequencyν0 at which
an ideal pixel cannot record a modulation.
This ‘zero-transfer frequency’ is directio-
nally dependent, and higher along the
detector diagonals by a factor of2  com-
pared to the principal (horizontal and ver-
tical) pixel directions, in which the wave-
length of this non-recordable wave coin-
cides with the dimension of the (receptive
area of the) pixel. Waves with frequencies
which are integer multiples ofν0 are not
recorded either. For frequencies belowν0

the transfer of spatial frequencies is some-
what better along the pixel diagonals com-
pared to the principal directions. For fre-
quencies aboveν0 the converse is true,
and appreciable modulation transfer only
occurs along the principal directions. (For
a detector 100% filled with pixels the
zero-transfer frequency is equal to the
Nyquist frequency of the detector pixel
grid, ie, ~5 cycles/arcsec for the WFC 2
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quantity of interest.
In the following we shall therefore

define the ratio of the signal's Fourier
modulusN MTF ν  F ν  and the square-
root of the expected noise power as a
frequency-dependent signal-to-noise ra-
tio S/N ν . TheS/N ν  at frequencyν = 0
is simply the ordinary S/N. (With our
normalisation of the Fourier-transform
the zero-frequency component equals the
total number of recorded object photons
N).

Since the expected noise level in Fou-
rier space is constant, an analysis of the
dependency ofS/N ν  on the frequencyν
requires only a study of the frequency
dependency ofMTF ν  and F ν . For a
monotonically falling signal power spec-
trum we can further introduce a fre-
quencyνlim 

where the expected signal
power equals the expected noise power,
S/N νlim  = 1, as a noise-induced fre-
quency limit (Zadnik 1993; Hook & Adorf
1995). Above that frequency practically
no signal power is recorded.

In most situations the noise-induced
limiting frequencyνlim will be lower than
the strict cut-off frequencyνcut-off of the
diffraction-limited telescope optics. Thus
while from a deterministic viewpoint an
image might be considered insufficiently
sampled, from a stochastic viewpoint it
can often still be considered to be suffi-
ciently sampled.

For a point source, F ν   = 1 indepen-
dent of the frequency and the signal is
simply N MTF ν . By studying point
sources one can predict the minimum
brightness of an object required for a
particular desired resolution (ie, frequency
limit).

The discussion above can be summa-
rised in the fundamental scaling equa-
tionS/N ν  / S/N 0  = MTF ν  F ν  re-
lating the S/N at a given frequencyν  to the
ordinary S/N via the modulation transfer

ering strategy can be analysed in several
ways. I shall concentrate on a Fourier
domain analysis which provides funda-
mental insights into the system through-
put at various spatial frequencies.

The observed spatial power spectrum
of an astronomical scene consists of the
attenuated noise-free object spectrum on
top of a quasi-constant ‘noise floor’. The
sum is strict, as long as the signal and the
noise are uncorrelated. (For detailed con-
siderations and proofs see Beletic (1989),
Zadnik (1993) and references therein.)

The power spectrum of the incoming
light is attenuated by the blur of the tele-
scope optics and the detector. Clearly, in
order to be able to record high spatial
frequencies, two conditions must be met:
high frequency power must exist in the
incoming light intensity distribution, and
the telescope and detector must be able to
transmit and record such frequencies.

The noise floor has a constant expec-
tation value (‘white noise’), if the noise is
uncorrelated. It includes the Poisson pho-
ton noise from the object (or feature of
interest) and the sky background, as well
as the Gaussian thermal (‘dark current’)
and amplifier (‘read’) noise of the detec-
tor. Since the noise variance depends on
the size of the region of interest, the spa-
tial extent of the object or feature enters
into the argument.

The next question is how to charac-
terise the effective system throughput at
various spatial frequencies in the pres-
ence of noise. Quite a popular measure in
speckle imaging is the object power spec-
trum itself, a quadratic quantity, and its
variance due to noise, a quartic term.
What we are really interested in, however,
is not the power spectrum of an image but
the image itself or, equivalently, its Fou-
rier transform consisting of modulus and
phase. The phase describes only the rela-
tive location of the object in the image,
which leaves the Fourier modulus as the

and ~10 cycles/arcsec for the PC 2 chan-
nel.)

Secondly, and more puzzling, a ‘con-
trast inversion’ (Fig. 3) occurs for fre-
quencies ν0 < ν  < 2 ν0, where white
stripes are turned into dark ones and black
stripes are turned into light ones. This
effect has nothing to do with sampling or
aliasing, but is caused by the shape of the
PRF. For our model pixel it is less pro-
nounced (Fig. 4). Caution is due when
interpreting observations obtained with
‘big’ pixels on such small scales.

For an ideal pixel the modulation trans-
fer in the contrast inversion range peaks at
about3/2ν0 at a level of ~ 27 %. For a
model pixel (Fig. 2, middle) with an 80 %
(63 %) central pixel value this peak is
suppressed to ~10 % (~ 3 %). Thus the
pixel’s modulation transfer at these fre-
quencies depends critically on the exact
shape of the PRF!

The overall modulation transfer
The MTF of the whole system (Fig. 2,
right) is the product of the optical MTF
and the pixel MTF. While the optical
MTF has a known wavelength depen-
dence, little is known about the wave-
length dependence of the pixel MTF. It
can only be assumed that there are two
regimes, a normal regime and a UV-re-
gime with different behaviour.

For illustration, let us consider a case
with high spatial frequency transfer at
λ = 450 nm, where the optical PSF of
WFPC 2 is about as sharp as it can get.
Atν = 3/2 ν0 

the opticalMTF ν  has still
a 10 % transfer, so that the overallMTF ν
at that frequency is about 1 %.

The question now is: What (ordinary)
signal-to-noise ratio must one obtain in
order to see high spatial frequencies in a
combined image?

The spectral signal-to-noise ratio
Prospects and limits of the sub-pixel dith-

Figure 3: A test pattern (left) convolved with a 2D square ideal pixel (right insert)
resulting in a simulated ‘observed’ pattern (right). The almost circular ring of zero
modulation transfer at frequency ν0 (about twice the Nyquist frequency along the
principal detector directions) is obvious. The puzzling ‘contrast inversion’ occurs
at spatial frequencies above ν0: a black stripe is turned into a blurred light one, a
white stripe is turned into a blurred dark one.

Figure 4: The same test pattern as in
Fig. 3, but convolved with a model pixel
of the WFPC 2-CCD (insert); the ring
of zero modulation transfer is still
visible, as is the contrast inversion at
higher spatial frequencies.
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function and the input signal’s Fourier
modulus at frequency ν . (Here, we have
exploited the normalisation equa-
tionsMTF ν=0  = 1 and F ν=0   = 1).

The fundamental scaling equation can
be solved for the ordinary S/N required
for observing a Fourier component at spa-
tial frequencyν  with a predetermined
S/N ν . For instance, in order to access a
spatial frequency component attenuated
to 1 %, one needs at least a S/N of 100.

When is an image
really undersampled?
When spatial frequency components be-
yond the Nyquist frequencyνNyq 

of the
detector pixel grid are present in the trans-
ferred continuous image just before sam-
pling, they are aliased with lower spatial
frequencies in single frame observations.
Aliasing does not cause much worry as
long as the aliased frequency components
are small compared to the noise floor; they
will just add a little ‘deterministic noise’.
However, when the aliased frequency
components exceed the noise floor,
aliasing starts to modify useful Fourier
components at frequencies below the
Nyquist limit.

In summary, when the ‘stochastic
undersampling condition’ νNyq < ν lim,
holds, then one should seriously consider
using subpixel dithering as an observa-
tional strategy. This condition will hold
less often than the ‘deterministic under-
sampling condition’ νNyq < νcut-off.

There can be two reasons why one
might wish to consider sub-pixel dither-
ing, either to protect lower frequency com-
ponents from the unwanted aliasing ef-
fects, or, more ambitiously, to exploit
those higher frequencies scientifically. The
benefits of dithering may be higher reso-
lution and more fine spatial details in
extended objects, or higher precision in
the photometric and astrometric measure-
ments of point sources.

We now turn to the question: How can
expected higher spatial frequencies be
made accessible by sub-pixel dithering?

Optimum dithering strategies
Sampling theory in two dimensions is
somewhat more involved than in the fa-
miliar one-dimensional domain. Even the
shape of the fundamental (lowest fre-
quency) Fourier space is ambiguous, be-
cause in 2D aliasing of two frequency
components may occur for waves with
different directions.

 In the presence of undersampling the
goal of sub-pixel dithering is to unalias
aliased frequencies by enlarging the ac-
cessible Fourier space to cover all usable
spatial frequencies. In the following we
shall discuss several dithering strategies
of increasing order, and the size of their
associated Fourier space.

The ‘dual frame’ strategy
Adding a second frame with a different
sub-pixel pointing gives the largest single
increase of spatial information over that
contained in a single frame. The area of
the Fourier space is doubled, which is an
increase in both principal detector direc-
tions (Fig. 5b), without an increase in the
diagonal directions. The highest recorded
frequency in the principal directions is
twice the Nyquist frequencyνNyq of the
detector grid, ie, numerically about equal
to the pixel’s lowest zero-transfer fre-
quency ν0.

The exact value of the offset between
the frames should not matter as long as it
is not an integer multiple of the pixel
centre separation and as long as sufficient
sampling of the combined attenuated sig-
nal is achieved. In the presence of noise,
however, a sub-pixel offset of exactly
(∆x ∆y) = (1/2 1/2) in units of the pixel
centre separation offers several advan-
tages.

If the desirable ‘regular’ half-pixel
offset is actually obtained then a single
high resolution frame can be constructed
by simple ‘pixel reshuffling’: using the
fact that along the major diagonal direc-
tion the two data frames are regularly
interlaced, one can re-index the pixels,
alternatively taking a pixel from frame 1
and frame 2. The advantages are obvious:
data values are unchanged; no sophisti-
cated and CPU-intensive image process-
ing method is needed; and potentially
existing local data problems (eg, due to
CR-hits) remain local.

It is as if an observation had been
taken using a hypothetical detector with a
2  finer sampling. The hypothetical de-

tector would be rotated by 45° with re-
spect to the actual detector used, and would
have overlapping, diamond-shaped pix-
els. (Using a proper restoration method
such as the Lucy-Hook co-addition code
allows a selective removal of the effects
of the ‘big rotated pixels’: one simply uses
the PRF as effective PSF in the restora-
tions.)

HST’s fine guidance system usually
achieves half-pixel offsets with sufficient
precision, provided one is using the guide
stars within the same ‘visit’. If the desir-
able half-pixel offset cannot be achieved,
one has to resort to one of the non-linear
frame combination methods. It was pre-
dicted from general considerations and
confirmed in a particular case by simula-
tion (see Richard Hook's accompanying
box 'How precisely to dither') that a com-
bination is more robust towards noise
fluctuations, when the sub-pixel offset is
near-ideal.

The dual frame dithering strategy is
sufficient for an effective undersampling
within the frequency range
νNyq < ν lim < 2 νNyq along the princi-
pal detector directions. If the effective

undersampling is more severe, ie, the
noise-induced limiting frequencyνlim is
even higher, one has to resort to a sam-
pling strategy with more than two frames.
In principle one could eg, investigate a
‘frame trio’ strategy, and there may be
situations when that is optimal; however
we proceed directly to a strategy with four
independent undersampled frames.

The ‘regular quartet’ strategy
This strategy adds another two indepen-
dent pointings to those of the ‘dual frame’
strategy producing a regular 2× 2 dither
pattern in phase space (Fig. 5c). The strat-
egy increases the area of the Fourier space
twofold compared to the dual frame strat-
egy. If the Fourier space is laid out as a
square, spatial frequencies up to the pixel’s
first zero-transfer frequencyν0 are cov-
ered in all directions.

As before it is desirable to achieve a
regular dither pattern with fractional off-
sets of (∆x ∆y) = (0 0), (0 1/2), (1/2 0), and
(1/2 1/2) pixels, resulting in a complete
set of four regularly interlaced frames.
Again pixel reshuffling can be applied to
the data frame quartet to construct a high
resolution image, which now has the same
orientation as the data frames. It is as if the
image were obtained by a hypothetical
detector of the same orientation as the real
CCD, but with twice the sampling density
in both principal detector directions. The
hypothetical pixels would be unrotated,
but overlapping with a linear size twice as
big as those of a physical CCD-detector
with a fine sampling grid.

Higher order dithering strategies
For completeness, I should like to men-
tion some higher order dithering patterns,
among which the ‘octet’, the ‘regular
nonet’ and the ‘regular 16-tuple’ strate-
gies are the more notable ones.

The frame octet strategy (Fig. 5d) in-
terleaves one regular quartet with another
regular quartet, relatively offset by 1/4
pixel. The ‘regular nonet’ strategy aims at
a regular 3× 3 set of interlaced frames
(Fig. 5e) with all combinations of 1/3 and
2/3 pixel offsets in both principal direc-
tions. Finally, the ‘regular 16-tuple’ strat-
egy aims at a regular 4× 4 set of inter-
laced frames (Fig. 5f).

The domain of accessible spatial fre-
quencies grows linearly as the square root
of the number of independent data frames.
Thus the return on investment is decreas-
ing, particularly since the observed power
spectra of astronomical objects are de-
creasing with frequency.

All these strategies are untried so far,
but have been suggested for the HDF
project (see following article). In anycase
the offsets of these schemes are difficult to
achieve in practice due to all sorts of
operational constraints and disturbances,
and their usefulness is unproven.
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spectrum (or Fourier modulus) of the
object’s image?

3. What is the combined MTF of the
chosen filter and camera channel and
the MTF of the WFPC2 pixel?

4. How important is the detection of bad
pixels (due to cosmic ray hits, and hot
pixels) for the science aimed at? How
important is accurate flat-fielding?

5a. If the exposure time is fixed, then the
achievable S/N can be computed. With
that and a predicted power spectrum of
the object, what is the noise-induced
frequency limit νlim? Ifν lim < νNyq a
single frame is effectively sufficiently
sampled. IfνNyq < ν lim < 2νNyq then
a dual frame strategy is sufficient.
If 2νNyq < ν lim < 2νNyq then a quar-
tet frame strategy is sufficient.

5b. If, on the other hand, the science goals
require a certain resolution, ie, access
to a particular high spatial frequency υ,
then the question is: What is the neces-
sary S/N ν  at that frequency? The
required ordinary signal-to-noise ratio
can be computed by solving the funda-
mental scaling relation above for
S/N 0 , from which the required expo-
sure time can be estimated.

In case of doubt, it is generally advisable
to carry out detailed simulations and to
use the data analysis tools foreseen for the
real observations, including image com-
bination software, to study the feasibility
of the planned observations.

Open questions
This discussion has raised a number of
questions for which the answers are not
yet known or uncertain.
❏ What is the exact shape of the WFPC 2

PRF?
❏ Can cosmic ray hits and hot pixels be

detected as reliably ‘on the fly’ within
image combination algorithms—by
comparing dithered data frames with
an image model (see eg, Freudling
1995)—as they can be detected by com-
paring data frames with identical
pointings or integer pixel shifts?

❏ Is it possible to reliably estimate the
registration parameters post facto on
the data frames, even in the absence of
brighter point sources?

❏ How large is the central area on the
CCD-chips where existing combina-
tion algorithms can be successfully used
without running into problems with the
geometric distortion?

Clearly further work is needed in order to
arrive at a solid understanding of the pros-
pects and pitfalls of the novel sub-pixel
dithering strategy, so that firm advice can
be given to HST observers.
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When to dither and how?
After all these fairly abstract consider-
ations, what is the practical advice that
can be distilled? A prospective WFPC 2
user should try to answer the following
questions:
1. If extended objects are to be observed,

on what scales is spatial detail impor-
tant for the science to be achieved? Is
the higher resolution needed across the
full chip? If point sources are to be
observed, is sub-pixel resolution im-
portant for improving the precision of
photometric and astrometric measure-
ments?

2. What is the expected spatial power
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Due to its unprecedented angular
resolution, the HST is the pri-
mary tool for the study of the

evolution of galaxies out to very high
redshifts. WFPC 2 images reveal mor-
phological details to much fainter limits
than are accessible from the ground. Light
profiles and contours of individual galax-
ies can be studied to a resolution of 100 mas
in the flux interval where the excess of
‘faint blue galaxies’ is observed (Driver et
al. 1995a).

In the specific case of the distant
(z= 0.41 and one of the first to be ob-
served with the refurbished HST) galaxy
cluster CL 0939+4713, the Butcher-
Oemler effect could be attributed to a
surprisingly large population of late-type
spiral and irregular galaxies (Dressler et
al. 1994). Evidence for mergers and inter-
actions was found and, in the opinion of
the researchers, identified as a likely
mechanism for the fading of this popula-
tion by the present epoch.

The HST Medium Deep Survey
(MDS) key project has demonstrated that
galaxies as faint as I = 22.0 mag (with an
expected median redshift of z= 0.5) can
be reliably classified on standard WFPC 2
images taken through the F815W filter
(Griffiths et al. 1994). An intriguingly
high proportion (approximately 40%) of
these galaxies was found to be anoma-
lous. The set of unusual objects is quite
diverse ranging from apparently interact-
ing pairs with multiple structure, galaxies
with superluminous star-forming regions,
diffuse low surface brightness galaxies of
various forms, to compact galaxies. These
anomalous galaxies contribute a substan-
tial fraction of the excess counts at the
MDS limiting magnitude and may pro-
vide insights into the ‘faint blue galaxy’
problem. Recently Driver et al. (1995b)
analysed a 24-orbit WFPC 2 exposure
and were able to extend the  morphologi-
cal classification of faint field galaxies to
magnitudes as faint as m

I
~ 24.25 mag

(mB ~ 26 mag).
HST’s high angular resolution also

permits the measurement of the nuclear,
ie, central-kiloparsec, colour of such faint
galaxies (Forbes et al. 1994). Combining
the morphological types with nuclear
colours, some evidence has been found
that merging/interacting galaxies have

The Hubble Deep Field project

bluer colours than non-interacting galax-
ies.

Observations with the refurbished HST
extend galaxy counts at least a magnitude
fainter than the deepest ground-based
observations, and provide the first reliable
statistics on the angular-diameter vs. mag-
nitude and angular-diameter vs. redshift
relations. These relations are among the
classical tests for the curvature of the
universe (Sandage 1961) and constitute a
set of constraints that must be met by any
self-consistent model of cosmology and
galaxy evolution.

The idea
Impressed by the HST Cycle 4 high reso-
lution images of faint, distant galaxies
(see Fig. 1 and eg, Driver et al. 1995a),
STScI Director Bob Williams decided to

devote a major fraction of his 250 orbits of
HST Cycle 5 discretionary time to the
study of the formation and evolution of
galaxies (Williams 1994, 1995). Accord-
ing to current plans 150 to 160 orbits will
be devoted to imaging a single ‘represen-
tative’ high galactic latitude field in four
wavelength bands. The observing cam-
paign is planned as a community service:
the data—the deepest optical images ever
obtained—will be quickly released to the
astronomical community for extensive
study and ground-based follow-up obser-
vations.

The ‘Hubble Deep Field’ (HDF)
project, as it has been termed, was recom-
mended to the STScI  Director by a special
Advisory Committee in March 1995. The
proposal is being further refined by an ad
hoc ‘HDF Working Group’ of STScI as-

Figure 1: Montage of a set of faint galaxies in a field near the radio galaxy 3C 324
assembled from the deepest HST WFPC 2 images obtained thus far (courtesy Mark
Dickinson, STScI).

Hans-Martin Adorf

The WFPC 2 camera will be used to obtain very deep, high resolution
images in several passbands of an ‘empty’ high galactic latitude field.
The project will make use of the high observing efficiency achievable

in HST’s continuous viewing zones. All data will be non-proprietary
and be released as quickly as possible.
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are F300W, F450W, F606W and F814W
—the numbers indicate the central wave-
lengths of the filters in nanometers and
they correspond approximately to U,B,R
and I—with time split roughly equally
between the passbands. The two red filters
match those used by the MDS (Griffiths et

periods useless for improving the signal-
to-noise ratio. The sky background noise
level in the F300W filter, on the other
hand, will be below the read-noise level
even in the brightest portion of the orbit,
so observations with that filter make effi-
cient use of the ‘bright’ time. Secondly,

efficiency the HDF project will use one of
HST’s two continuous viewing zones
(CVZ), a capability opened up in the pio-
neering work by Ron Gilliland et al. (1995).
At an anticipated efficiency (= ratio of
exposure time to wall-clock time) of 75 %
the HDF project will make available 170
to 180 hours of exposure time.

The HDF Working Group has selected
the northern CVZ in order to facilitate
follow-up observations with the Keck,
KPNO and VLA telescopes. (A southern
field may be observed in a possible future
extension of the current project).

At a declination near + 62° an ‘empty’
field was sought which had to avoid bright
stars (>  2° away from stars brighter than
2 mag), and which was devoid of bright
galaxies, known nearby clusters and bright
radio sources.  Furthermore it had to have
low extinction, low hydrogen column
density and low IRAS cirrus flux. Among
the fields meeting these criteria, two (see
Table 2) were selected for test observa-
tions with HST to test the quality of the
guide stars. The prime field is HDF1, and
this has now been selected for the deep
observations.

Observing strategy
The choice of filters is governed by bal-
ancing the desire for depth and for colour
information. While initially three filters
had been discussed, the current plan de-
vised by the HDF Working Group in-
volves using four wide-band filters. These

Mark Dickinson med@stsci.edu
Harry Ferguson ferguson@stsci.edu
Andy Fruchter fruchter@stsci.edu
Ron Gilliland gilli@stsci.edu
Mauro Giavalisco giavalisco@stsci.edu
Ray Lucas lucas@stsci.edu
Doug McElroy mcelroy@stsci.edu
Larry Petro petro@stsci.edu
Marc Postman postman@stsci.edu
Bob Williams wms@stsci.edu

Table 1: Membership of the HDF
working group  (as of 22 June 1995).

inclusion of both the F300W and F450W
bandpasses provides a robust way to iden-
tify very high-redshift (z > 3) galaxies,
due to the opacity of the intergalactic
Medium (Madau 1995). Finally, by split-
ting the ‘red’ band between two filters the
survey satisfies the desire for both deep
counts and deep colours. The deepest
counts can be obtained by adding together
the F606W and F814W images, with use-
ful F606W–F814W colours for objects
0.4 mag above the detection limit. The
benefit of this colour information near the
limiting depth outweighs, in the opinion
of the HDF Working Group, the potential
benefit of going 0.1–0.2 magnitudes
deeper by putting all the ‘red-filter’ time

tronomers (Table 1) who are investigat-
ing in detail issues such as field selection,
filter choice, observing strategy, and op-
tions for parallel observations.

Field selection
In order to maximise HST’s observing

Figure 2: Simulated three-colour WFC 2 image of a Hubble Deep Field, according
to the galaxy-evolution model of Babul & Ferguson (1995). The model is based on
Ω = 1 Cold-Dark Matter initial conditions, with dwarf galaxy formation delayed
until redshifts z < 1 due to photoionization by the UV-background. The image
represents a 30-orbit exposure in each of the F450W, F606W, and F814W filters.
On each of the three WFC 2 frames roughly 1,000 galaxies would be detectable in
the two red filters, 400 in the F450W filter, and 200 in the F300W filter (courtesy
Harry Ferguson, STScI).

al. 1994; Neuschaefer et al. 1995).
Several considerations favour such a

strategy. Firstly, scattered Earth light dur-
ing portions of the CVZ will dominate the
background in F450W, F606W and
F814W, making observations during those

ID R.A.(2000) Dec l b E(B-V) HI
(x1020 cm–2)

HDF1 12 36 49.42 +62 13 46.3 125.885 54.82 0.0000 1.72
HDF2 12 28 37.89 +62 37 57.9 127.420 54.30 0.0000 1.54
HDF3 12 31 15.39 +62 12 42.3 127.006 54.76 0.0000 1.72

Table 2: The coordinates and properties of the candidate fields originally
considered for the Hubble Deep Field project. HDF3 was ruled out early in the
selection process and HDF1 has now been selected for the deep observations.
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background, observations redward of
λ = 600 nm are therefore scheduled for
the night side of the HST orbit, or at high
Earth-limb angles for the day side.

It is planned to use a sub-pixel ‘dither-
ing’ strategy, following Alan Dressler’s
(Dressler et al. 1994) and Mark
Dickinson’s (Dickinson 1995) pioneer-
ing examples, in order to counter aliasing
effects caused by PSF-undersampling and
thereby to improve angular resolution (to
at least 100 mas and 50 mas in the WFC 2
and PC 2 fields, respectively). Consider-
ing the scales of the WFC and PC detec-
tors, a sampling strategy would in prin-
ciple be feasible which simultaneously
optimises sub-pixel pointings—at least
over smaller patches (see the accompany-
ing article on when and how to dither).
However, for the HDF project, it is cur-
rently being debated whether to aim for a
pre-determined regular sub-sampling pat-
tern or whether give priority to cosmic-
ray and hot-pixel detection using the clas-
sical techniques of dataframe intercom-
parisons. Obtaining sufficient sampling
could then be left to the irregular ‘ran-
dom’ offsets which derive naturally from
repeated guide star acquisitions. If neces-
sary, image reconstruction and restora-
tion methods developed at the ST–ECF
(Adorf 1995a, b; Adorf & Hook 1995;
Dickinson & Fosbury 1995; Hook 1995;
Hook & Adorf 1995; and references
therein) will be used for the image combi-
nation task.

Figure 4: Above—POSS-R image of the
HDF1 field. Right—R-band image
(courtesy Mark Dickinson, STScI &
Peter Eisenhardt, JPL) of the HDF
candidate fields taken with the KPNO 4-
meter telescope. The proposed location
of the HDF1 field has been
superimposed.
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into one band.
With an equal share between the four

filters, the total exposure time per pass-
band will be more than 150,000 seconds—
a 100-fold increase over the usual WFPC 2
exposure times—and still about twice as
much time as spent on the deepest images
of distant galaxies obtained so far (ie, the
cluster around the radio-galaxy 3C 324
imaged by Mark Dickinson and collabo-
rators).

Fig. 2 shows a simulation of what
might be expected from combining three
of the four filters of the HDF observa-
tions. The model does not include fine
morphological detail, but does include
realistic distributions of colour, size, bulge/
disk ratio, and flattening. Fig. 3 shows the

anticipated 10σ limiting AB-magnitudes
of point sources for all WFPC 2 filters.

To ease data analysis it is preferable to
observe the field at a fixed spacecraft roll
angle, which can be accomplished by car-
rying out all the observations within a
period of 50 days. A concern is the scat-
tered light from the bright Earth-limb,
particularly at long wavelengths, since in
the CVZ the line of sight passes within
20° of the limb. In order to reduce the

Figure 3: Anticipated limiting AB-magnitudes (AB = – 48.6 – 2.5 log fν ) of point
sources (measured with aperture photometry at a signal-to-noise ratio of 10) for all
WFPC 2 filters. It has been assumed that the field is observed for 30 CVZ orbits
(courtesy Mark Dickinson, STScI).
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Science opportunities
As already stated, the HDF project has
been designed with extragalactic ques-
tions in mind, allowing the study of star
burst activity, galaxy merging, and the
formation and evolution of the different
galaxy populations (see eg, Chincarini
1995).

Nevertheless the HDF exposures
will also be of interest to stellar
astronomers. From previous ex-
perience it can be assumed that
stars can easily be distinguished
from galaxies essentially to
the limiting magnitudes of
the images. Thus the ques-
tion of whether faint red stars (or
perhaps brown dwarfs) contribute sig-
nificantly to the mass budget of the Gal-
axy or to microlensing statistics (Bahcall
et al. 1994) will presumably be taken up
again.

Galactic models have never been tested
to such faint magnitudes as will be reached
with the HDF exposures. For these one
could expect, according to the Galaxy
model of Gilmore et al. (1985, 1989),
about 0.5–1 star per 1/2 magnitude bin
rising slowly to V = 27 (the limit of the
model). Most of these stars would be halo
M dwarfs with B–V≈ 1.5. One would
expect about 0.08 disk white dwarfs. No
brown dwarfs or ‘Jupiters’ would be ex-
pected, unless there were an enormous
number of them, which is unlikely in view
of the MACHO search results. There has
been some recent work in this area from
relatively deep (I ≈ 24) HST frames. Gould
et al. (1995) argue that there are fewer
stars below≈ 0.25 solar masses than many
previous estimates. Similarly Santiago et
al. (1995) conclude that it would be diffi-
cult for the lowest mass M stars to be the
dark matter. They also argue against cool
white dwarfs being very abundant.

In summary, although not many stars
are expected, any stars showing up will be
interesting, especially in view of the UBRI
colour information, which should allow a
rough metallicity estimate for any star.

Project status
Some supporting observations have

already been obtained. Peter Eisenhardt
(JPL) has imaged the three HDF candi-
date fields in the R-band using the
KPNO 4 m telescope (Fig. 4). Ed
Fomalont (NRAO) has imaged the HDF
candidate fields using the VLA at λ = 3.6
and 21 cm. The field appears to be satis-
factory, containing no sources with an
apparent flux density of more than 1 mJy
at 3.6 cm.

Single-orbit test exposures of two HDF
fields (see Fig. 5) were taken with WFPC 2
on 21 June 1995, mostly to ensure that the
guide stars were good. The original data
frames are publicly available in the HST
archive (program ID 6313). FITS files of

the processed (ie, fairly
crudely CR-cleaned and com-
bined) observations are accessible
from the HDF Web pages
(http://planxty.stsci.edu:1024:/hdf/
hdf.html).

The selected fields will be available
for 6 to 7 days in the northern CVZ in late
December 1995. Since the whole HDF
campaign is estimated to take more than
8 calendar days, some portion of the ob-
servations will have to be carried out
outside the CVZ. Meanwhile the HDF
Working Group is soliciting comments
from the community with respect to filter
selection, exposure time distribution, dith-
ering strategy or any other matter of con-
cern. Particularly welcomed are images
of the fields at any wavelength from other
observers.

Current thoughts on HDF observation
design are published on the HDF Web
pages and announcements are distributed
via the sci.astro.research Newsgroup.
Acknowledgements: I have freely made use
of material which Harry Ferguson (STScI) has
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tachments, which were used for launch,
would provide the rigid mounting sur-
faces for two of these auxiliaries and the
latch for one of the high-gain antennas for
the third. Each auxilary assembly would
contain a fast, lightweight ƒ/1.6 primary
and a steerable secondary. Additional
optics would select and collimate two
30 arcsecond fields: the target field and a
nearby guide star. The resulting colli-
mated beams are combined either spec-
troscopically (eg, the target field using
300–700 nm, the guide star 700 nm–
900 nm) or side by side. Optical arms
would project the two fields (× 3) into the
periphery of the HST entrance aperture
where they would be focused into an
axial-bay beamcombining instrument in
the HST focal plane.

The beam-combiner serves two pur-
poses. First, it acts as a delay line for the
light from the main telescope, to make up
for the detour that the light through the
outrigger telescopes have taken, so all
beams are eventually co-phased to within
a fraction of a wave. The delay line optics

I t is important to view opportunities
such as the 2002 HST servicing mis-
sion from a broad perspective. That is

what several engineers and scientists at
STScI and ESO have done. They began
by asking: “What are the fundamental
limitations of HST?” Given that many of
the intrinsic capabilities of the observa-
tory will have been exploited by the in-
struments to be installed in 1997 and
1999, would it be possible to change or
modify HST to achieve significantly bet-
ter optical performance? The result of that
exercise is the ‘outrigger’ proposal to
double HST’s optical resolution using
three auxilary telescopes, in addition to
the current primary optics, coupled with
an axial bay beam-combiner. Given the
scope of the development, close coordi-
nation would be required with the NASA
engineers and astronauts.

The primary features of the design are
shown in figure 1: three 0.8 m mirrors and
baffles which are attached to the forward
lightshield of HST. Two ‘scuff-plate’ at-

also restore the exact geometry of the
entrance pupil of the OTA with outriggers.
This is essential for providing a unique
point spread function within the 30 arcsec
wide, co-phased field. Second, the beams
of the three auxilaries and the HST pri-
mary are reimaged onto a 4096× 4096
CCD array with 5–7 mas pixels, render-
ing a 20–30 arcsec field critically sampled
at 300–500 nm. There are about a dozen
reflections within both main and auxiliary
beamtrains before beam combination.

While fringe trackers and active con-
trol of optics are required to eliminate
focus and pointing errors, the techniques
are exactly those being studied for other
interferometric imagers, both astronomi-
cal and Earth-observing. We do not ex-
pect that the active control would be more
complex than that of COSTAR and
WFPC 2.

We note that the addition of the
outrigger will not significantly compro-
mise the performance of the ACS or STIS.
The amount of obscuration by the outrigger
feeds is less than 7% and the diffractive

Improving the spatial resolution of HST
— the outrigger concept

Pierre Bely†, Jim Crocker*, Oskar von der Lühe*, Pete Stockman† & Rick White†

* ESO, † STScI

One of the ‘instrument’ options for the 2002 HST servicing mission is a
scheme for increasing the optical baseline of the original OTA by a factor

of about two. This would involve both an axial instrument and auxiliary
telescopes attached to the lightshield. The maximum baseline is limited

to 6 m by the position of the solar arrays.
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effort, quite comparable with the devel-
opment of a space-based instrument.

We therefore conclude that the HST
outrigger and ground-based large tele-
scopes excellently complement each other
in terms of wavelength coverage, and we
have every reason to expect that an HST
outrigger would maintain the telescope’s
performance at the forefront of astronomy,
in a cost-effective manner, for many years
into the next decade.

An additional bonus arising from the
project is the experience to be gained in
space interferometric techniques. Other
interferometer concepts are not directed
towards imaging or they require a very
significant investment in resources and
design to replicate the pointing perfor-
mance and stability of HST. Particularly
appealing is the use of moderate sized
apertures (eg, the SIRTF primaries) and
guide stars to provide all optical refer-
ences. It is easy to see how such a design
philosophy could lead to large optical
interferometers with 20–40 m baselines
(ten times the HST resolution).

Figure 2 shows the pupils (top) and
the point spread functions (PSFs, bottom)

for the original Hubble (left), the outrigger
plus HST (middle), and the original Hubble
with the residual outrigger obstructions
(right). An azimuthal average of the
normalised PSFs is shown in Figure 3.
The outrigger PSF is slightly elongated
due to the configuration of the auxiliary
telescopes; this could be improved by a
more even arrangement. The central spike
of the outrigger PSF has a mean FWHM
of 27 mas at 500 nm. There is significant
power at even finer scales—the diffrac-
tion peak is sharper than the normal.

The effect of the outrigger is limited to
sharpening the PSF—rather than produc-
ing interferometric fringes—and the Fou-
rier (‘UV’) plane is essentially continu-
ously filled, which is an important
characterisitc for imaging of complex
sources.

The four-aperture pupil puts signifi-
cant, structured power into the wings of
the PSF. This effect, however, is limited
to the first two Airy rings only and, as
figure 3 shows, never significantly ex-
ceeds the diffracted power of the original
PSF. This feature will become more sig-
nificant for more dilute Fizeau-like inter-
ferometers.

We anticipate that the PSF will be
stable and predictable over the field. As a
result, modest deconvolution will recover
the full resolution of a 6 m aperture, with
sufficient contrast for most studies (see
the section on the HST coronagraph in
this issue).

The increase in total area by a factor of
1.8 and the resulting increased intensity of
the central peak will more than offset
reflection losses. Hence, the overall sensi-
tivity to faint point-like sources will be
comparable to that of the High Resolution
Channel (HRC) of the ACS. The real
scientific benefits will be the study of
objects at twice the resolution of the HRC.

Since one can always improve the
resolution of HST by working at shorter
wavelengths down to 200 nm, why is im-
proving the resolution important? Cur-
rently, much of the imaging performed by
HST is done with the wide field channels
of the WFPC 2. These cameras have pixel
dimensions of 0.1 arcsec—almost four
times the optimum sampling size for even
visible wavelengths and much worse at
200 nm. Indeed, the HRC will be criti-
cally sampled at 500 nm but will require
substepping between exposures to come
close to the potential resolution of HST at
shorter wavelengths. Although this is a
topic deserving deeper study, we believe
that HST users have chosen field-of-view
and sensitivity over the ultimate in resolu-
tion. We do not believe that tendency will
persist except for the deepest cosmology
surveys. Follow-up imaging studies will
be done at the best resolution available
with good sensitivity and dynamic range.
The effective lack of wide dynamic range

scatter is negligible (see figure 3).
Even if the NICMOS cryogenics are

restored in 2002, the lower temperature of
the arms compared to the secondary mir-
ror may permit simultaneous operation of
the two instruments.

With a potential 6 m baseline, the
outrigger concept offers unsurpassable
imaging resolution and quality with mod-
erate field in a wavelength regime which
is fundamentally inaccessible from the
ground. Large groundbased telescopes
may achieve similar resolution with laser
beacon-supported adaptive optics at wave-
lengths longwards of 500 nm, and over
fields which are significantly smaller than
5 arcsec. Even then, the coverage will be
limited to a few percent of the sky because
natural guide stars would still be needed
for image motion control. The increased
variation of the refractive index of air at
shorter wavelengths makes the use of
laser beacon-supported adaptive optics
essentially impossible for any significant
zenith distance. Also, building visible
wavelength adaptive optics for 8 m-class
telescopes, requiring literally thousands
of actuators, is a significant development

Figure 1: A sketch of the HST lightshield with the outrigger telescopes attached,
showing the configuration of the pupil function used for the PSF computations.
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Figure 2: The three HST pupils (left) and their associated
monochromatic point spread functions (PSFs, below) for
the original Hubble (left), the outrigger plus HST (middle),
and the original Hubble with outrigger obstructions (right).
At a wavelength of 300 nm, each PSF frame is 1 arcsec on
the side.

Figure 3: The azimuthally-averaged PSFs for the three configurations appearing in
figure 2. The small, fixed outrigger obstructions (7 %) have negligible effect on the
normal OTA PSF.

and a modest field of view are probably
the reasons why the FOC is not more
widely used (the latter is an important
driver in the outrigger design).

It is useful to consider the fundamen-
tal reason why resolution is important: the
fact that astronomical objects are at large

distances. While it may occasionally be
possible to study objects which are closer,
the rarity of some objects and the nature of
many astronomical studies make that im-
possible. Nearby examples are the star-
forming regions in Taurus, the nearest
globular clusters and our galactic

Outrigger PSF

HST PSF with
obstructions
(dashed)

Original PSF

neighbour, the LMC. For these sources,
higher resolution directly improves our
understanding of their composition. There
are no closer examples. The Future of
Space Imaging (FOSI) study emphasised
the importance of 0.010 arcsec-type reso-
lution for star-forming regions, stellar
populations, novæ, SNe remnants, H II
regions etc. For extragalactic observa-
tions, the Local Group, a handful of small
groups, Virgo, Coma, etc. each offer the
best opportunity to study a new element of
galactic structure, interactions, galactic
nuclei, etc. In a similar fashion, the FOSI
study anticipated that broadband and
narrowband imaging of galactic nuclei
and AGN to detect jets and ionization
cones will be a major use for the outrigger
camera. In these fields, the number of
systems amenable to study will increase
from dozens to hundreds. These objects
are also complex over scales exceeding
the ground-based isoplanatic patch and
will be difficult to study at optical wave-
lengths and comparable resolution using
active optics. Thus, we conclude that
higher resolution will be greatly prized by
HST observers, particularly once the HRC/
ACS shows the improvements to be
achievable over undersampled, wide field
surveys.
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The simplest dithering
procedure is a dual-frame
strategy with a half pixel offset

in both x and y between two
exposures. However, for many
observing programmes it may not be
possible achieve a precision of 0.1
pixel or better. In these cases an
obvious question is “How good will
the combination be if the actual shift
deviates from what is requested?”.
Some simple simulations have been
performed to try to answer this
question.
In order to use a realistic test object
we started from a UIT image taken
on film during one the ASTRO
missions showing the nearby, face-on
late-type spiral galaxy M 74. This
image was taken through a filter
centred at 250 nm. This may be
thought of as similar to some of the
objects expected in the Hubble Deep
Field (HDF) where this sort of near-
UV structure will appear in optical
bands.
The raw picture is shown at the
upper-left of the montage. This image
was shrunk to a realistic size of a
galaxy seen in the HDF (3.2 arcsecs
across a field of 32 WFC pixels) and
convolved with the HST/WFPC 2
F450W PSF (upper-right). When the
WFC pixellation and suitable noise
were applied, the result is shown at
the lower-left. This is one of 17 such
frames prepared each of which is
shifted by 1/16 of a WFC pixel along
the diagonal compared to the
previous one. These were
deliberately given a reasonably high
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signal-to-noise ratio to separate the
effects of the dithering from those of the
noise. The pixel-response function,
discussed in the accompanying article
by Hans-Martin Adorf has been ignored
in these simulations.
The frames were combined one-by-one
with the first of the series using the
Lucy-Hook combination code. The
results represent two-channel
combinations with relative shifts of 0,

1/16, 1/8, 3/16… pixels. The lower-
right image in the montage shows
the result in the case of a true
0.5,0.5 pixel shift. Each of these
combinations was then compared to
the known ‘truth’ and two measures
of the difference calculated, RMS
and mean absolute difference. These
are plotted as a function of the shift
between the input frames.
As expected the quality of the
combination increases as the shift
between the input frames gets closer
to (0.5,0.5) pixels and then
decreases in a symmetrical way
after the optimum position is passed.
It is also clear that, for this object
and S/N ratio, shifts between about
0.3 and 0.7 lead to quite similar
results so that pointing offset errors
of the order of 0.2 pixels from the
ideal (0.5,0.5) sub-pixel shift will
not lead to a significant loss of
quality of the dithered combinations.
It should be noted that these
simulations assume that the true
shift can be measured accurately
and used for accurate registration.
I thank Stefanie Cote (ESO) and
Mauro Giavalisco (STScI) for
supplying the UIT image.

Richard Hook
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The Archive column

The second generation of the Hubble
Space Telescope Archive (called

DADS) is now fully operational. Almost
all traces of the old system (DMF) have
been removed from the archive.With the
reception of the last ‘new-generation’ op-
tical disks containing copies of the old
data, a chapter of the life of the HST
archive has closed.

The transition period during which the
old and new generation archives co-ex-
isted will terminate with the completion
of consistency verification of the new
optical disk archive. So far, the check has
revealed very few problems, most of these
being of marginal importance and having
no impact on users. Thanks to a carefully
organised transition plan, impacts on us-
ers have generally been very limited: the
major difference for the archive researcher
being a slightly different file naming con-
vention.

During the same period, we have been
developing our WWW catalogue brows-
ing interface and hence improved the ease
of access to the archive (see ST–ECF
Newsletter No. 22).

Observatory Monitoring System
(OMS) files can now be requested with
each dataset marked for retrieval. They
provide information on observation pa-
rameters such as jitter, pointing accuracy
etc. They consist of a timeline of the
events affecting the spacecraft during an
observation. More information can be
obtained from: http://ra.stsci.edu/docu-
ments/OL/OL_1.html

Please note that the production of these
files has only started recently. Observa-
tions made earlier than September 1994
will only become available later.

We have recently made the VLA
FIRST images archive (Very Large Array
— Faint Images of the Radio Sky at
Twenty-cm) available to the community.
This survey is a 10,000 square degrees
radio map of the North Galactic Cap. It is
available through STARCAT (cat
vla_first) and will soon have a WDB form
to access it. An extensive description is
available at http://sundog.stsci.edu/first/
description.html. The data are courtesy of
STScI and NRAO.

WDB is now the tool of choice for
users who want to query the catalogue in
a quick and efficient way. We are now
serving an average of 1,400 catalogue
queries per month for HST alone. Again,

the service can be accessed at:
http://arch-http.hq.eso.org/ESO-ECF-Archive.html

The request submission facility of the Web interface to the
database has been improved. Datasets can be marked for re-
trieval by clicking on the left-most column of the corresponding
observation description rows. After all necessary records have
been marked, the ‘Request Marked Datasets’ button can be
pressed and the standard dialogue can be continued (archive
user name and password; selection of output medium…) up to
the actual submission of the request.

Remember that the retrieval of files from the archive still
requires a user name and password. An archive username and
password can be obtained by filling in the registration form
found in:
http://arch-http.hq.eso.org/arch_user_reg_form.html

Due to its very limited use, the SPAN/DECNet direct
gateway to the archive (STARCAT) has been removed. Please
use only our unique Internet address with the following Telnet
command:
telnet ac1.hq.eso.org (or 134.171.2.1), login as ‘starcat’, no
password needed.

A new STARCAT user guide will soon be ready for distri-
bution. Please send e-mail to catalog@eso.org if you would like
to receive it.

It contains updates on all major recent features such as
submission of requests and the Simbad name-to-coordinate
conversion. It also anticipates the future by showing some ISO
(Infrared Space Observatory) archive screen examples.

The ESO NTT archive is now fully available from either the
WDB interface or STARCAT. Submission of requests for NTT
observations is done in exactly the same way as for HST data.
The files are also delivered in FITS. Only raw data are available
for NTT observations.

The Infrared Space Observatory archive preparation has
been a major highlight of our recent activities. About a year
ago, ESA decided to re-use the successful experience of the
HST archive and apply the same methods for the ISO observa-
tory.

The preparation phase is now nearing completion with the
approach of launch. The archive is based on the same tech-
niques and user interface as used for the HST, ESO and CFHT
systems. The same tools can be used to access all these
catalogues and data.

During the next few months we will make further
improvements to the WDB tool. We will also examine
the HST re-calibration problem with the aim of offering
better re-calibration support to archive users. The appearance
of new HST instruments in 1997 requires that we analyse the
impact of their larger data output on our archive.

By looking in more detail at the ways of describing ‘data
quality’ we hope to improve the utility of the catalogue as an
astronomical tool. This task encompasses vastly different
areas such as scientific content of public datasets; the subse-
quent publications generated by a given observation and the
characterisation of signal-to-noise.

Automatic classification of HST targets according
to existing ‘standards’ (eg, the IUE scheme or Simbad)
is also something we have started to study.

Benoît Pirenne
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Using the FOC polarizers

The Faint Object Camera polarizers have been used to
good effect to make polarization maps of highly polar-
ized sources, including 3C 273 (Thomson, Mackay &

Wright 1993), Pictor A (Thomson, Crane & Mackay 1995),
M 87 (Thomson, Robinson, Tanvir, Mackay & Boksenberg
1995), and NGC 1068 (Cappetti et al. 1995). This article de-
scribes how the FOC polarizers are used and details the data
reduction and calibration procedures necessary to produce high
resolution polarization maps. We present FOC polarization
observations of the bipolar reflection nebula Lick Hα 233 to
illustrate the procedures.

What are the FOC polarizers?
The FOC ƒ/96 camera contains three polarizers located on filter
wheel 1. Each polarizer is a double Rochon prism which splits
plane polarized light into orthogonally polarized beams, one of
which passes straight through onto the detector, the other being
shifted out of the field of view of the detector. To completely and
unambiguously solve for the source polarization, three images
are required with polarizers of complementary position angles.
In this case, the three FOC polarizers are nominally oriented at
0° (POL0), 60° (POL60), and 120° (POL120) with respect to the
scan direction (x-axis) of the ƒ/96 detector.

The installation of COSTAR has dramatically improved the
imaging quality of the telescope but, by introducing two addi-
tional reflections, has produced some effect on the instrumental
polarization. As discussed in the FOC Instrument Handbook
(Nota, Jedrzejewski & Hack 1995), these additional reflections
are at small angles of incidence—smaller than that of the FOC
internal fold mirror—so the effect on the instrumental polariza-
tion should be small. As part of a continuing calibration
programme, observations of unpolarized stars show that the
instrumental polarization is < 2%.

One problem of which potential users should be aware is the
poor UV transmission of POL60 which becomes opaque below
2000Å. This limits the useful range of the FOC polarizers to
> 3000Å where all three polarizers have similar good through-
puts. It is possible to do polarimetry in the UV without using
POL60 by rotating the telescope and using only POL0 and
POL120. However, this complicates the scheduling and neces-
sitates non-optimal pointing for the solar panels during the
observations.

Further details about the FOC polarizers are given in the
FOC Instrument Handbook.

Data reduction
After exposure time correction, background subtraction and
image registration, the signal obtained through polarizer i which
passes linearly polarized light at position angle θ

i 
is a function

of the Stokes parameters (I, Q and U) of the source (Lupie 1984):

Si = 1
2

gi (I + kiQ cos 2θi + kiU sin 2θi)

The polarizer position angles (θ
i
), throughputs (g

i
) and polar-

ization efficiencies (ki ) together with the image offsets (δxi, δyi )
are calibration parameters and the current best values (as mea-
sured with F430W) are given in Table 1 (from Robinson &

Thomson 1995). Note that the polarizer throughputs (g
i
) and

offsets (δx
i
, δy

i
) are wavelength dependent and that POL60 does

not transmit shortward of about 2000 Å. POL60 also produces
images with a significantly different offset than POL0 and
POL120.

Defining the corrected intensities as

si = Si

gi

with k
1
= k

2
= k

3
= 1, the total intensity (in instrumental units) is

I  =  
2 s1 + s2 + s3

3
and the normalized Stokes parameters are

q = Q

I
 = 2s1 – s2 – s3

s1 + s2 + s3

and

u = U
I

 = 3(s2 – s3)
s1 + s2  + s3

 .

The fractional polarization is then given by

p = q2 + u2  
1
2

and the polarization position angle by

θ = 1
2

 arctan u
q
 + θ 0

which is measured anticlockwise from the scan direction
(x-axis). The polarization position angle offset (θ

0
) corrects the

polarization position angle for the small zero point offset of the
polarizers’ orientation with respect to the detector scan direction
(x-axis). Note that no absolute flux calibration is required to
make accurate polarization measurements, only the relative
intensities are required.

The polarization position angle offset (θ
0
) has been deter-

mined by assuming that the individual polarizers are located in
the filter wheel at precisely 60° with respect to each other. The
position angle calibration then reduces to a single parameter (θ

0
)

which measures the rotation of the polarizer reference frame
relative to the scan direction (x-axis) of the ƒ/96 detector. Once
calibrated, the polarization map is correct in the detector refer-
ence frame. The direction of North can be obtained using the
ORIENTAT parameter (Hack et al. 1991) and displayed in the
normal manner.

A simplified step-by-step guide to the data reduction proce-
dure detailed above is given in the box.

Error analysis
The general analysis of the uncertainty in the measured polar-
ized flux for Poissonian data is complex and is best addressed by
simulations (eg, Fosbury, Cimatti & di Serego Alighieri 1994).
However, if the fractional polarization is small the fluxes through
the polarizers are similar, and so the noise on the three polariza-
tion observations is nearly equal for equal observation times. In
that case, the algebra is greatly simplified.

Let the uncertainty in the individual flux measurements
(s

1
, s

2
 and s

3
) be  σ. This should include photon shot noise and any

calibration uncertainty. To find the uncertainty in the Stokes
parameters, we observe that the transformation from calibrated
observation vector s = (s

1
s

2
s

3
)T to Stokes parameter vector

† Institute of Astronomy, Madingley Road, Cambridge, UK

Bob Thomson† & David Robinson†

This article shows how to make polarization maps with
the Faint Object Camera. The calibration, data reduction
and error analysis procedures are described and
illustrated with the example of Lick Hα 233.
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Calibration
The polarizers are characterised by the following parameters:

g
i

the polarizer throughputs.
k

i
the polarization efficiencies.

δx
i
, δy

i
the x, y offsets.

θ
0

the position angle offset.
These parameters (except the position angle offset) are wave-
length dependent. Best fit values of these parameters have been
determined at optical wavelengths by Robinson & Thomson
(1995), and by Hodge (1992, 1993) who also discusses the
wavelength dependence. For up-to-date information on the
values of calibration parameters, contact the ST–ECF or STScI
in the first instance.

The polarizer throughputs (g
i
) measure the total (unpolar-

ized and polarized) throughput of each polarizer. In addition,
these parameters can be used to remove the instrumental polar-
ization caused by the OTA, COSTAR and FOC optics. Any such
instrumental polarization is incorporated in the throughput cali-
bration which is achieved by observing an unpolarized star field.
For this reason, determining the polarizer throughputs can be
thought of as determining the instrumental polarization, but it
should be remembered that the biggest contribution to the
instrumental polarization so defined is due to the different
polarizer throughputs. This is especially significant below 3000 Å
where POL60 has an anomalously low throughput.

The polarizer efficiencies (k
i
) have not been measured in

orbit and so the ground calibration must be used. The efficiency
with which each polarizer measures the polarized flux is deter-
mined by the intrinsic properties of the polarizers. There is no
reason to believe these change in orbit, but they could be
calibrated by observations of a polarized standard. The accuracy
depends on the accuracy of the above throughput calibration
which affects both the unpolarized and polarized signals. In
practice, the ground calibration values are not significantly
different from unity and thus the above simplified formulæ can
be used. Values of (k

i
) that are significantly different from unity

Data Reduction Steps

The following step-by-step guide shows how to produce a
polarization map from FOC images obtained with the
polarizers POL0, POL60 and POL120. In each case, the
appropriate IRAF task is given in italics.

❏ Remove reseau marks (tvmark and rremovex)

❏ Remove fixed-pattern noise (fourier)

❏ Scale the polarized images to the same exposure time
(imcalc)

❏ Subtract the background from the polarized images
(imcalc)

❏ Register the polarized images using a point source or
the best calibration values (imalign and/or imshift)

❏ Block average the polarized images to improve the
signal to noise as necessary (blkavg)

❏ Correct for unequal polarizer throughputs gi (imcalc)

❏ Calculate normalized Stokes parameters q and u
(imcalc)

❏ Calculate fractional polarization and position angle
(imcalc)

❏ Mask data as necessary to include only regions of
significant flux (imcalc)

❏ Display polarization map superimposed on contour plot
(fieldplot and newcont)

Figure 1: B-band (F430W) total intensity image of the
bipolar reflection nebula Lick Hα 233. The resolution is 0".04
(FWHM). This image was formed by adding the three
polarized FOC images after alignment and weighting by the
relative exposure times, as described in the text. The best fit
position of the obscured central star (as determined by
Robinson &Thomson 1995) is marked by a cross (X).

u = (I Q U)T can be written as a rotation, R, followed by a
scaling, Λ in {s

i
} space, ie,

t = Rs, u = Λt
The transformations are given by

R = 1
6

 

2 2 2

2 –1 –1

0 3 – 3

  ,         Λ  =  4/3  

1 0 0

0 2 0

0 0 2

 

As elements of s show independent Gaussian noise of standard
deviation σ, then so do the elements of the rotated vector t.
Hence the uncertainties in the Stokes parameters are
uncorrelated, with standard deviations of

σI = 4/3σ,       σQ = 8/3σ,       σU = 8/3σ
In the high signal to noise case, the uncertainty in the polarized

flux IP = Q2 + U 2  is the same as the uncertainty in Q and U,
and the uncertainty in the position angle θ is given by σθ, such
that

σIP ≈ 8/3σ,       σθ ≈ σIP / 2IP

If the uncertainties in s
i
 are entirely due to photon shot noise

then σ = N/3  where N is the total number of counts observed.
The uncertainty in the fractional polarization is then as given
in Capetti et al. (1995), ie,

σp ≈ 2/N ,       σθ ≈ σp / 2p  

In the low signal to noise case the probability distribution of
the measured polarized flux becomes significantly skewed,
and I

P
 is an over-estimate of the true polarized flux. The

correction described by Wardle & Kronberg (1974) as applied
by Capetti et al. appears to under-correct this bias, as discussed
by Simmons & Stewart (1985).
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most applications where the data have been block averaged to
increase the signal to noise ratio. In our experience, block
averaging over 8× 8 pixels is necessary to obtain sufficient
signal to noise in a reasonable exposure on an unsaturated
source. This is large compared to the typical FWHM (~  3 pix-
els) of the polarized images but may be significant for some
applications.

An example — the bipolar reflection nebula Lick Hα 233
Polarized images of the bipolar reflection nebula Lick Hα 233
were obtained on 1 November 1994 using the FOC ƒ/96 camera
with the B-band filter (F430W) and the polarizers POL0, POL60
and POL120. The exposure times were 1500 s in each case.
Fig. 1 shows the total intensity image of the central region with
a resolution of 0.04 arcsec (FWHM). Fig. 2 shows the polariza-
tion map superimposed on a contour plot of the total intensity
image. The data have been block averaged over 8× 8 pixels to
improve the signal to noise, and this gives an effective resolution
of 0.1 arcsec (FWHM) for the polarization map. Note the char-
acteristic circular pattern of the polarization vectors in the
optically thin scattering region as well as the optically thick
dusty torus which obscures the central star and distorts the
circular symmetry of the reflection nebula.

By masking out the heavily obscured central region and
assuming a simple scattering model for the circularly symmetric
region, a least squares fit has been carried out to locate the
position of the obscured central star and to estimate the polariza-
tion position angle offset of the FOC polarizers. Assuming that
the FOC polarizers are oriented at exactly 60° with respect to
each other, the best fit position angle offset is found to be -1.4°
± 0.3° with respect to the x-axis of the ƒ/96 detector. Further
details on the calibration of the FOC polarizers are given in
Robinson & Thomson (1995).
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Figure 2: Polarization map of the optical emission from the
bipolar reflection nebula Lick Hα 233 superimposed on a
contour plot of the total intensity image. The polarization
map has a resolution of 0".1 and shows the orientation of
electric field vectors. The map was formed by combining the
three linearly polarized FOC images, as described in the text.
The best fit position of the obscured central star (as
determined by Robinson & Thomson 1995) is marked by a
cross (X).

Polarizer δxi / pix δyi / pix g i  ki θ0

POL0 0 0 1 0.997 –1.4° ± 0.3°

POL60  –3.60 ± 0.08 –0.66 ± 0.08 0.979 ± 0.01 0.993

POL120  –0.66 ± 0.07  0.24 ± 0.08  0.996 ± 0.01 0.993

Table 1: FOC Polarizer parameters as determined with filters
F430W and F410M. Note that the shifts and throughputs are
calibrated relative to POL0 (from Robinson & Thomson
1995).
must be explicitly entered in the appropriate equations given in
Lupie et al. (1984).

The x, y offsets (δx
i
  and δy

i
 ) are wavelength dependent and

caused by the small offset in the detected ordinary rays when
passing through the Rochon prisms and are probably due to a
slight non-orthogonality of the prism face with respect to the
incoming beam. In cases where there is an unsaturated point
source in the frame, the frames can be registered using standard
algorithms. Where no point sources are present, the images can
be shifted using the calibration values given by Hodge (1993) or
using the values in Table 1. These values can be used with the
formula given by Hodge to determine the appropriate shifts at
different wavelengths. The offsets are the same for both pre- and
post-COSTAR data, since they are measured in pixels and the
relevant light path is completely internal to the FOC and not
affected by the inclusion of the corrective optics.

The inclusion of the FOC polarizers causes subtle but notice-
able changes in the image PSF when compared to images
obtained with the same filter but without a polarizer. This was
more obvious in the pre-COSTAR data, but is still noticeable in
post-COSTAR images. This is not likely to be a problem for



ST–ECF NewsletterPage 36

We should like this Newsletter to reach as wide an audience of interested astronomers as possible. If
you are not on the mailing list but would like to receive future issues, please write to the editor stating

Contacts at ST–ECF
Head: P. Benvenuti

Tel., +49–89–320 06 290
Computer: PBENVENU

Science Data and
Software: R. Albrecht

Tel., +49–89–320 06 287
Computer: RALBRECH

Science Instrument
Information: R.A.E. Fosbury

Tel., +49–89–320 06 235
Computer: RFOSBURY

Computer hot-line and information
Hot-line: STDESK (for e-mail)
Bulletin board: STINFO
WWW: http://ecf.hq.eso.org/

Editor: Robert Fosbury
Editorial assistants: Britt Sjöberg, Fionn Murtagh

Contents

Infrared imaging with HST — NICMOS.......................................... 2

The 2002 M&R mission — study for an ESA instrument ............... 3

The groundbased scene in 2002 .............................................. 4

HST status in 2002 ................................................................... 4

A Superconducting Tunnel Junction (STJ) camera.................. 6

A 3D infrared spectrograph....................................................... 7

Options for HST coronography ................................................. 9

Scientific case for panoramic spectrography ......................... 10

Conference advertisements ......................................................... 18

When and how to dither WFPC 2 observations ........................... 19

The Hubble Deep Field project .................................................... 24

The HST ‘outrigger’ concept ......................................................... 28

How precisely to dither ................................................................. 31

The Archive column ...................................................................... 32

Using the FOC polarizers ............................................................. 33

SPACE TELESCOPE

European Coordinating Facility

500 mas

Electron micrograph of a single
Niobium-based Superconducting
Tunneling Junction (STJ). Arrays of
such devices promise to yield the
next generation of ‘three
dimensional’ astronomical detector
capable of measuring the energy of
incoming photons simultaneously
from the UV and through to the
near-infrared. An HST camera
containing such a detector array
would have a profound impact on
most areas of observational
astronomy. (Photo ESA/ESTEC)
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