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FACILITIES and METHODS

Site: Moving objects are discovered by
imaging the sky with CCD detector arrays on
a 0.9-meter telescope and a 1.8 meter
telescope on Kitt Peak. This location has
several advantages. Except in the summer
when the ecliptic is unfavorably placed
anyway, the climate rarely causes cloudy
conditions for more than 2 or 3 days in a row.
This helps the study of time dependent
phenomena. The proximity to Tucson causes
~0.5 mag loss of sensitivity on moonless
nights, but it also makes excellent
infrastructure possible. The relatively short
commuting time from Tucson is favored by
daytime technical support personnel.

Usage: The two Spacewatch telescopes
complement each other, with the 0.9-m and its
wider field of view operating in a systematic
search pattern near opposition and the
narrower-field 1.8-m concentrating on
followup of specific targets. The wider field
of the mosaic of CCDs on the 0.9-meter
telescope has also recovered lost PHAs. The
image scale on both telescopes is 1.0 arcsec
per pixel, which samples the typical seeing at
this site well. Three images, or "passes", are
made at short intervals to reveal moving
objects.

Optics: R. A. Buchroeder designed the coma
corrector/field flattener for the 1.8-meter f/2.7
paraboloidal primary mirror, based on a
modified Klee prescription that prevents light
reflected off the CCD from forming a ghost
image of the telescope entrance pupil onto the
CCD. Because the CCDs manufactured by
Tektronix in the 1990s were not flat, but
slightly convex, the optical prescription for the
corrector at the 1.8-meter telescope
accommodates the measured spherical
component of the shape of the CCD surface.
This fact must be remembered if the detector
at the 1.8-meter telescope is ever changed!

The lenses were fabricated by Tucson Optical
Research Corporation. Buchroeder also
designed the new (2002) f/3 optics for the 0.9-
meter telescope, which includes a spin-cast
primary mirror from Wangsness Optics of
Tucson, AZ and a multi-element field lens
fabricated by Cumberland Optics of Marlow
Heights, MD. Unlike the 1.8-m mirror, which
has a conventional coating of evaporated
aluminum, the 0.9-m primary is silvered and
protected by a red-optimized overcoating by
Denton Vacuum of Moorestown, NJ.
Rayleigh Optics of Baltimore, MD figured the
0.9-m mirror to a hyperboloidal surface.

Filtering: Both telescopes are filtered with
Schott OG-515 filters that transmit from 515
nm to the long-wavelength cutoff of the
CCDs. The effective wavelength on typical
asteroids is ~700 nm. However, Spacewatch
photometry is still calibrated to the V
bandpass for consistency with the absolute
magnitude system used by the asteroid
community. Reasons for the yellow-orange
filter are primarily simplicity of optical
prescription and ease of fabrication of the field
correction lenses, allowing the use of flint
glass for achromatism and all spherical
surfaces in the lens designs. The filtering also
provides cleaner images at high airmass
without the need for atmospheric dispersion
compensation, suppresses the mostly-blue
twilight and scattered moonlight, and
suppresses color equation between stars and
asteroids in astrometric field modeling at high
airmass. The filtering does not cost much
light from asteroids shortward of 515 nm,
especially when atmospheric dispersion of the
shorter wavelength light is taken into account.
Finally, glass colloidal filters are more stable
and less expensive than interference filters,
and are better suited to fast f/numbers.

Detectors: The back-illuminated,
antireflection-coated 2048x2048 CCDs we
used until 2002 with great success at the 0.9-m
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telescope and which we still use at the 1.8-m
telescope were made by Tektronix (later
Scientific Imaging Technologies, SITe®) of
Beaverton, OR. They have high quantum
efficiency, noise well below the sky
background, and have never malfunctioned for
us. For the 0.9-m telescope we now have six
grade-one back-illuminated, antireflection-
coated 4608x2048 CCDs from Marconi
Applied Technologies (later EEV or E2V) of
Chelmsford, Essex, UK, from which we
selected the best four for our mosaic system.

0.9-meter Telescope:

In 1982 the Director of the Steward
Observatory allocated the Observatory's 0.9-m
telescope exclusively to the Spacewatch
Project on a long-term basis, on the condition
that technical support and maintenance of the
telescope and dome be funded by grants
obtained by and for the Spacewatch Project.
Spacewatch personnel have rebuilt and
upgraded many components and subsystems
of this telescope over the years, making it a
world-class tool for solar system research. In
late 2002 the Spacewatch mosaic camera
(McMillan et al. 2000) replaced our earlier
drift-scan system (McMillan and Stoll 1982,
McMillan et al. 1986, Gehrels et al. 1986,
Gehrels 1991, Scotti 1994) on the same
telescope and boosted our rate of detection of
NEOs with that telescope by a factor of six.
The mosaic of four CCDs on the 0.9-meter
telescope covers a solid angle of 2.9 deg2

(Figures 1 and 2). The history of hardware
and software used on the 0.9-meter telescope
is tabulated at
http://spacewatch.lpl.arizona.edu/history.html
.

Figure 1. Comparison of the sizes and layouts of the
CCDs on the 0.9-m and 1.8-m telescopes. The mosaic
of four CCDs on the 0.9-m covers 2.9 square degrees,
nine times larger than the area of the 2Kx2K CCD
(small square) previously used on the 0.9-m and
currently used on the 1.8-m.

Figure 2. A star field imaged by the mosaic. Tthe
limiting V magnitude is 21.7.

Observations are made in the tracked "staring"
mode because imagers this large are
incompatible with drift scanning. The cycle
goes as follows. We expose for two minutes
on each position. Each exposure is followed
by a 1.5-2 min interval to read the CCDs and
slew and settle the telescope and dome to the
next center. While the exposure time of 2
minutes may seem long for NEO work, it is
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the best compromise between sky coverage
and open-shutter on-sky efficiency. Reading
and slewing cannot be simultaneous owing to
electronic noise from the telescope driving
motors. With 2 minute exposures, the duty
cycle of open-shutter on-sky time is 50%, as
low as we choose to work. The period of the
telescope’s right ascension worm gear is also
2 minutes, so worm errors affect each 2-
minute exposure the same way. Including
overhead such as focusing, longer slews
between regions, and other operations, we
average a 4 min cycle per exposure. It takes
~0.4 hours to cycle once through seven such
pointings. We return to each of the seven
pointing centers in a region three times over
~1.3 hours. Thereby we search with a time
baseline of about 0.9 hours for detecting
motion, reaching V=21-22 mag on objects
moving slower than ~1 arcsec per minute.
The 0.9-m telescope and camera were
completely automated in 2005, and early in
2006 we began operating both telescopes with
one observer.

Software: Two programs written by J. A.
Larsen run on a cluster of computers at the
0.9-m telescope site: MOSAF (MOSaic
Astrometry Finder) and MOSSUR (MOSaic
SURvey). The catalog-based search is fairly
efficient in terms of execution time per
candidate found. MOSAF performs all flat
field, dark, bias, and fringe corrections,
creates an object catalog of detections in a
manner similar to Sextractor (Bertin and
Arnouts 1996), and produces both raw and
processed, astrometrically calibrated MEF
FITS images using the CFITSIO libraries of
Pence (1999), the WCSLIB libraries of Mink
(2002) and the USNO-A2.0 astrometry
catalog (Monet et al. 1998). (Conversion to
USNO-B1.0 on both telescopes is pending in
the autumn of 2006.) The catalogs of detected
objects contain many image parameters such
as the shape, position, flux, moments and the
parameters of a simple fit to an ellipse.

MOSAF is customized to the Spacewatch
imaging system and is integrated into the
image creation pipeline. MOSSUR uses the
object catalogs created by MOSAF to search
for moving objects and creates graphical
displays for review and validation by the
observer at the telescope. The catalogs are
searched for motions with rates between 0.05
and 2.5 degrees per day. This system has been
operational since early 2003 and will be
described in a paper on the derived statistics
of NEOs.

Mosaic Survey Pattern:

Since 2003 April when it went into full
operation, the mosaic of CCDs on the 0.9-m
telescope has covered an average of 1400 deg2

of sky each lunation. A survey pattern is
usually concentrated near opposition, with
three exceptions: in the times of the year when
the ecliptic is most vertical in the evening and
morning skies, in cases of targeted searches,
and in the summer.

Figures 3(a), (b), and (c) illustrate the sky
coverage with the mosaic of CCDs through
May 2005. Since 2004 September we have
been revisiting the same regions during each
lunation to allow linking of main belt asteroids
for statistical studies of that population. The
overprinting of region symbols in Fig. 3(c)
illustrates the effect. The region centers are
actually moved between revisits to follow the
motion of typical main belt asteroids.
Simulations show that 4-8 day intervals of
revisits are infrequent enough to refresh the
content of NEOs in the images, although
admittedly this practice makes sky coverage
by Spacewatch look three times smaller on the
Minor Planet Center’s (MPC's) sky coverage
plots than it really is.


