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ABSTRA CT

Steward Obsenatory is currently commissioninga prime focuswide- eld imager for the 90-inch telescoge located
at Kitt Peak. The camera'sfocal plane array is populated with a mosaic of four thinned Lockheed 4096£ 4096
pixel CCDs. The f/2.98 systemprovidesa plate scaleof 0:45°9pixel and a total “eld-of-view of 1:16* £ 1:16*. The
optical designincludesa four elemert corrector and six position ‘Tter wheel. The "rst sciencerun was conducted
in November 2003. We will describe the designof the \90prime" instrument and results from the commissioning
runs.
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1. INTR ODUCTION

Steward Obsenatory sharesa large number of major telescope facilities, namely, the MMT (45%), Magellan |
and |1 (10%), and the soon-to-be-commissioned BT (25%). Obsenatory personelare alsoinvolved with major
surveys and related projects with SIRTF, 2MASS, and SDSS,all of which demand optical follow-up. Both the
MMT and Magellan telescopesare equipped with instruments that allow wide- eld spectroscopy. Yet, Steward's
older telescopes,the Bok 2.3-m (90-inch) and the 1.5-m classtelescopes, could not meetthe demandfor wide- eld
imaging in support of the newer facilities.

90prime, as described belaw, has increasedthe areal coverage of a single exposure at the Steward facilities
by a factor of 150. When we couple this new ability with the capabilities of our 6.5-m telescopes, and with our
spacebased projects, we allow scienceto be done that was impossibleat Steward facilities in previous times.
90prime was ervisioned as a workhorsefacility instrument and wastherefore designedto be a robust userfriendly
instrument.

The instrument consistsof a \top" ring, an optics can, a topbox, and a CCD camera. A labeled medanical
drawing of the instrument is shown in Figure 1, and a picture of the completed instrument on the telescope is
shown in Figure 2. The instrument is currently completing the commissioning phaseand has been o®eredto
astronomersfor sharedrisk observing.

2. TOP RING

The prime focus position of the Steward 90-inch has never beenused, and therefore, we were required to build
a new \top" ring for the telescope. The top ring provides an interface between the telescoge truss and the
instrument. This called for retro- tting a telescope built in 1968. The ring itself weighs 1300 pounds, far more
than is required for mechanical stability. This weight is necessaryto match the existing f/9 and /45 rings so
that instrument changesand subsequeh balancing is made easier.
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Figure 2. The 90prime instrument mounted on the telescope.



There are four pairs of spider arms which connect the ring to the \center hub". The certer hub is the
mounting location of the optics can. The four spider arms are not precisely radial, they are slightly o®setto
reducetorsional frequencies.

Alignment of the lens can is achieved by manually adjusting the length of ead spider arm. This is done
by tightening or looseningnuts on a ne thread on the outer end of each arm. This alignment was performed
at night so that extrafocal images could be obtained after eadh adjustment. These imageswere analyzed to
determine the remaining wavefront error. The Zernike coetcients were compared with ray trace software to
estimate the magnitude and orientation of the next adjustment. The alignment required the distance between
the primary mirror and the lenscanto be positioned to within 8§ 1:0 mm of nominal, the lenscanto be certered
to the primary axis to within 0.1 mm, and the the lenscanto be aligned in rotation to 0.05mrad about middle
of the system. Although the initial alignment of the optics was relatively tedious, the system provides a stable
alignment for an instrument which is mounted on the telescoe many times per year.

The instrument top box is mounted to the certer hub with three linear actuators. Theseactuators provide the
medanism for focusingand °attening the focal plane array. The actuators use stepper motors with a resolution
4800 steps per inch or 5:29 1 m per step. The actuators are cortrolled with a Galil motion cortroller which is
described in greater detail in Section 7. The actuators can move individually or in coordinated motion.

3. OPTICS

The Steward 90-inch telescope has historically delivered a median-seeingof approximately 1:3° Therefore, the

prime focus optics were designedto match that level of seeing,but alsoto give modestly well-sampledimagesif

the seeingimprovesto as good as 1:0°° The goal of the optical designwas to provide good image quality over
one squaredegreewith nearly no vignetting. This goal was achieved using a four-elemen design,three elemeris

within the \lens can" and one used as the dewar window. The lens can provides ba2ing and properly spaces
the three lens cells. The spacingbetweenlens three and the CCDs (and thus the "Tter and the dewar window)

is allowed to changefor focusing. There is an additional ba2e which extendsbelow the optics can.

The design of the four-element optical corrector is shown in Figure 3. The corrector removes spherical
aberration, coma, astigmatism, and “eld curvature to produce an RMS spot radius of lessthan 8:5* m or 0:25%
The best performanceis on axis in the blue (0:35; 0:551m) where the spot sizeis lessthan 2:9 * m or 0:09%
In order to meet these requiremerts lens two of the corrector has one aspheric surface. Lens four, the dewar
window, hasonly a small amourt of power.

All the optics are madefrom fusedsilica which allows imaging down to the atmosphericUV cuto®. The optics
were polished in the Steward Obsenatory Mirror Lab small optics facility. The hard broad-band anti-re°ection
coating was applied by the Los Angelesbasedcompary ZC&R. The re°ectanceis lessthan 2% from 300 nm to
950 nm.

The systemwas designedto usea Tter betweenlensthree (the top elemer of optics can) and lens four (the
dewar window). This is not the most optically ideal location. Howevwer, this position was chosento keep the
“Tter sizesmall and therefore a®ordableto allow individual astronomersto purchasecustom Tters required for
their science.The Tters are 6.0" square,slightly larger than the 5.75" NOAO mosaic Iters. The designallowed
a lter thicknessin the range of 4{12 mm. We have now adopted a standard Tter thicknessof 12 mm to match
the existing the NOAO mosaic Tters.

The TTters dominate the vignetting but only at the very edgeof the "eld. A vignetting curve is shown in
Figure 4. The baselinevignetting is the obscuration by the instrument, which is approximately the sameasthe
amourt of areain the Cassegrainhole. The fraction of unvignetted beamis approximately constart at 85% out
to 65 mm and then drops to 60% at the very edgeof the "eld. Sincethe TTters are squarethe vignetting pattern
is roughly square.

The current Tter set consists of the \Bessell" prescription of the standard U, B, V, R, and | TTters, the
SDSSu, ¢, r, i', and z' "Tters, and the Washington C, M, and DDO51 Tters. In addition, R. Windhorst of
Arizona State University has provided accessto his BATC set of Tters, a set of 15 medium-bandwidth “Tters
(seehttp://www.noao.edu/noao/mosaic/filters.html for the BATC TTter transmission curves).



As with all such cameras,ghostimagesare producedby multiple re°ections of bright stars. An optical analysis
indicates that the strongest ghost image is produced from re°ections o®the CCD onto the dewar window and
badc onto the CCD. In a simulation the result ghost had an RMS diameter of 1.91 mm. The number of photons
from the ghost on any single pixel is 6£ 10' 7 times smaller than the number of photons per pixel from the image
itself. A highly overexposedimage of one of the brightest stars in the sky shows all of the ghosting.

The bare 90" mirror has a focal ratio of f/2.67. The corrector optics modify the f-number slightly to /2.98.
This provides a plate scaleof 30.2"/mm or a pixel scaleof 0.45"/pixel. The edge-to-edge eld-of-view is 1:16* £
1:16* and the active "eld-of-view (area of the CCDs on the sky) is 1:03* £ 1:03".

4. SHUTTER

The 90prime instrument utilizes a 200mm aperture Bonn? slit-t ype shutter, made by the Astronomical Institutes
of the University of Bonn. Two carbon- b er bladesare driven by stepper motors and toothed belts and move on
a pair of linear ball bearings. Uniform exposuresare produced by moving one blade out of the beamfor the start
of the exposure and moving the other into the beamto end the exposure. For short exposuresthe two panels
move simultaneously and a slit illuminates the focal plane. The exposuretime is set by the distance between
the two panels,i.e. the slit width. Exposuretimes as short as 10 ms are possible. The exposure homogeneit is
better than 1.0% for a 100 ms exposure. The shutter is cortrolled with an external TTL signal from the CCD
controller. Figure 5 shows picture of the 90prime shutter.

5. FIL TER WHEEL

The size of the 90prime top box and therefore the vignetting due to the instrument was set by the size of the
“Tter wheel. We chosea sizethat would accommalate six Tters (e.g. U, B, V, R, | and clear). A classico®set
“Tter wheel, typically used at the Cassegrainfocus, would have required a relatively large top box. Therefore
we designeda wheelin which the Tters encircle the optical axis. The wheel rotates about the axis and at one
position a Tter can be translated into the optical beam.

Figure 6 shows a picture of the 90prime Tter wheel. The outer ring rotates on an 18" diameter bearing. The
wheelis driven by a stepper motor that advancesa PIC2 cableladder belt which encirclesthe circumference. Idler
wheelsassistin constraining the belt. Six aluminum tabs of di®ering lengths are mounted on the circumference
of the wheel to provide indexing of the wheel. A Hall e®ectsensoris usedto measurethe length of ead tab
during rotation of the Tter wheel.

Each of the Tters is housedin a dedicated Tter holder. There are eight holes on ead holder which are
populated with a unigue combination of magnets. A TTter is identi ed by its combination which is read by a set
of Hall e®ectsensorsmounted at the Tter load position.

A TTter is loaded into the beam with a stepper motor driven arm (not shown in the "gure). A pin on the
arm engagesa slot in the "Tter holder asthe wheelrotates into place. The stepper motor drivesa threaded rod
which draws the arm toward the optical axis. The arm slidesthe "Tter along wheelswhich guide the rails on the
“Tter holder. A limit switch stopsthe arm asthe holder beginsto compressa spring loaded bar.

6. CCD MOSAIC AND DEW AR

The CCD camerawas built at the University of Arizona's Imaging Tednology Laboratory (ITL). The focal
plane is populated with four Lockheed CCD485 devices. Each CCD cortains 4096£ 4096 15t m pixels. There
are four ampli ers on ead device, one at eat corner. The deviceswere badcside thinned by ITL. An anti-
re°ection coating was applied to enhancethe UV-to-blue response. A CCD quantum ezxciency curve is shonn
in Figure 8. All four of the CCDs have beencoatedwith a single 500 layer of hafnium oxide (HfO,) and two of
the CCDs have an additional single layer of 900A magnesium©uoride (MgF;). The quatum ezciency curve for
the deviceswith a MgF, coating are shovn asthe dashedcurvie in Figure 8. The CCDs are not edge-buttable
and are therefore mounted with a gap of approximately 15.8 mm betweenthe CCDs. This gap corresponds to
approximately 1060 pixels or 500°°on the sky. Figure 9 shows the focal plane of the camera.
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Figure 4. 90prime vignetting diagram. The dominant e®ectis from the clear aperture of the Tter.

Figure 5. The 90prime 200 mm aperture Bonn? shutter.



Figure 6. The 90prime Tter wheel.

The dewar is a modi ed version of the standard ND-12 Infrared Laboratories liquid nitrogen (LN2) cooled
dewar (seehttp://www.irlabs.com ). The dewar hasa 23 liter LN2 capacity and at an operating temperature
of approximately j 100°C hasa hold time of greater than 48 hours. However, weight changesfrom boil o®of the
LN2 require lling onceper day to avoid having to rebalancethe telescome. An image of the dewar is shavn in
Figure 7. The cortroller mounts onto the side of the dewar at the two connectorsnear the mounting °ange.

The 90prime instrument usesan ARC Generation |11 eight-channel CCD cortroller built by the San Diego
State University (SDSU) CCD Laboratory. The camerais cortrolled with the AzCam software padkage (see
Lesseret al. in these proceedings). Each CCD is read out through two of its four ampliers. Therefore, the
camerais currently an 8 channel (4 video cards) systemwith provisions for adding the remaining 8 channels. A
Windows-basedPC runs the sener (with the b er optic interface card) and clients may connectfrom remote
madhines over ethernet. We typically operate with a local Windows client and a remote Linux client, all written
in National Instrument's LabVIEW. A screenshotof the main cameracontrol GUI is shown in Figure 10.

The CCD gain is approximately 2 electronsper data number. Clearing the array takesthree secondsbefore
ead exposure and readout is complete in 50 seconds. The readout rate is about 170 kpixels/sec per ampli er,
or 1.36 Mpixels/sec total. This speed producesa read noise of about 12 electrons, although it varies from 10 -
14 over the 8 ampli ers. Sinceour main useis broad-band imaging with fairly large pixels on the sky, we were
able to tolerate a higher readnoisethan one would like for spectroscopicapplications, i.e. the camerais seldom
read noise limited. The most signi cant issueof the CCD systemis the limited full well of approximately 60k
electrons per pixel in Multi Pinned Phase (MPP) mode, which may be due to our common clock driver. This
limitation should be improved in the future.

The eight channelsare read out simultaneously in 50 secondsand storedin the memory of the CCD cortrolling
computer. The data are then de-interlaced (madeinto 8 appropriate images)and sert to the obsener's computer.
These deinterlacing and shipping tasks take an additional 35 seconds. The total time from end of exposureto
being able to start a new exposureis thus 85 secondsfor unbinned readout.



Figure 7. The 90prime dewar.

There is amplier crosstalk at an as yet unmeasuredlevel. Crosstalk is con ned to the two amps on each
individual CCD, not to other CCDs.

During operation of the sciencecamera, the CCD-controlling computer prepares the image as a multi-
extension FITS Te with all headersrequired for display and analysis of the image by IRAF's and ds9's mosaic
reduction routines. The image is then transfered acrossthe network to the obsener's computer, where it is
received by a data sener daemonthat is listening on the appropriate TCP port. This daemon has the three
functions: receiving the image data, writing it to disk, and producing an immediate "quick look' by sendingit
(via the "xpa' protocol) to a ds9image display tool. The daemonruns under the high-priority real-time sched-
uler, using a graduated set of priorities to insure that the listener is always ready to receivwe data and also uses
multiple threadsto make e®ectiwe useof both processors.The daemonruns suid root sothat it can be started by
a non-privileged userand still have the permissionsrequired to make the scheduler systemcalls, but it is careful
to drop root at all other times. An alternative designthat used SAMBA to simply allow the CCD-controlling
computer to write the data to a mapped linux drive was rejected as being lessezxcient, not allowing the ne
cortrol of processpriorities, and not providing a direct method of generating the “quick look' display.

Our original plans had a secondcomputer which receivescopiesof the raw data from the CCD cortroller, for
reduction and analysis. This secondcomputer is probably necessaryfor optimal data reduction and archiving.
We currently do not have an automatic archiving scheme;it is up to ead individual obsener.

7. INSTR UMENT CONTR OL SOFTW ARE

The 90prime obsener's computer is a dual-processormachine using AMD Athon 2400+ cpus, 2 Gb memory
and running linux. Approximately 280 Gb of primary data storage is provided by a software RAID 5 array
containing 5 active and 1 spare73 Gb 10,000rpm SCSldisks. We can easily upgrade storagecapacity by adding
new disks. Matrox 450 graphics hardware supports dual 19" monitors which provide ample display areafor the
simultaneous useof the instrument control program, seeral analysiswindows for IRAF, and the ds9 "quick look'
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Figure 8. The measuredquantum ezciency for the 90prime CCDs. All four of the CCDs have beencoated with a single
500A layer of hafnium oxide and two of the CCDs have an additional single 900A layer of magnesium °uoride. The
quantum ezciency for the deviceswith the the hafnium oxide only (hafnium oxide plus magnesium °ouride) coating are
shown as a solid (dashed) curve.

image. A DDS4 DAT drive and writable DVD device are available for badkup and archiving of data. Gigabit
ethernet connectsthe obsener's computer to the CCD cortrolling computer.

The instrument motors are cortrolled with an ethernet basedGalil model 2180 eight-axis motion cortroller.
The Tter wheelrotation motor, ‘Tter wheeltranslation motor, the focusactuators, the guide camerafocus stage,
and the guide camera Tter wheelare all cortrolled with the Galil. A set of low level motion cortrol application
routines have been\burned" into the Galil's 4 Mb non-volatile EEPROM memory. Theseroutines are comprised
of a set of two letter Galil speci ¢ commandswhich specify the motion control. Higher level software is used
only to senda set of variables, such as motion distance or speed,and a commandthat executesone of the Galil
routines. This programming model prevents motor runaways if the communication is lost to the Galil during
motion. The higher level software is written in LabVIEW but any scripting languagecould be used. Figure 11
shaws a screenshotof the front panel of the 90prime main GUI.

8. GUIDER

The 90prime instrument utilizes a dedicated Steward Obsenatory CCD guide camera. These guide cameras
are currently usedat the 90", the Vatican Advance Technology Telescog, the 61", and the MMT. The guide
cameradewar is a self contained unit which measures4” in diameter by 2" thick. The CCD is a 1024£ 512 pixel,
thermoelectrically-cooled, thinned, bad-illuminated device operating in frame-transfer mode. The pixel size of
151 m matchesthe sciencecamera. The “eld-of-view of the camerais 4°£ 4°.

The camerais fed by a pick-o® mirror which is in a vignetted portion of the edgeof the "eld. The vignetting
is at the level of approximately 40% or one magnitude. In the optical path, the pick-o® mirror is positioned
before the science Tter location. Therefore, an additional modi ed commercial Oriel "Tter wheel with colored
glass lters is usedto guide at approximately the samewavelength asthe sciencecamera. The guide cameraand



Figure 9. The 90prime focal plane array.

Figure 10. The main GUI for the AzCamT ool software.



Figure 11. The main 90prime instrument control GUI.

“Tter wheel are mounted on a linear stage that allows focusing of the guide cameraindependert of the science
camera.

The guide camerais cortrolled with an SDSU Generation | controller through a PCI cortroller to a Windows
2000 PC. The acquisition code is generalizedthrough the use of network command/control interfacing. A
complete user GUI for guiding written in Tcl/Tk and compiled C is provided. The camerais cooled with an
alcohol water mixture.

The pick-o® mirror and therefore the guider eld is xed relative to the sciencecamera. The limiting
magnitude of the camerais V = 19:0 for a 10 s integration under poor seeingconditions. However, good guiding
requires stars brighter than V = 16:0. The combination of the camera sensitivity and its “eld-of-view usually
provides seweral guide stars per “eld. It is occasionallynecessanyto dither the telescoge slightly (< 49 to obtain
a bright enoughguide star.

9. MOUNTING THE INSTR UMENT

We have paid special attention to easeof mounting the instrument. It is currently possiblefor two mountain

sta®personnelto remove the previousinstrument, the f/9 or /45 top end, and to mount the 90prime instrument

in lessthan four hours. The mounting procedureis asfollows: 1. The optics and cabling are inspected. 2. The

instrument is lifted to the top of the zenith-pointing telescope with an overhead crane. 3. The instrument is
bolted to the telescope. 4. The telescope is moved to a southern maintenance position approximately 10 degrees
above the horizon. 5. A steel plate which weighsthe sameas the dewar is removed. 6. The dewar is installed

and cabled, and the telescope is balanced. 7. The main ba2e, shown in Figure 2 below the 90prime optics can,
is installed. 8. The telescope is moved to a north maintenance position. 9. The communications cablesand

guide cameracablesare installed and chedked. 10. The computers are turned on and the sciencecamera, guide
camera, and communications to the top box chedked. 11. The three focus actuators are set to their nominal

relative positions, thus ensuring that the focal plane is aligned and °at.



Figure 12. A B-band image of M33 and a U-Band image of the moon obtained with the 90prime instrument. The "gures
show targets which use only one of the four CCD chips in the mosaic. (Courtesy K. Gordon, Steward Observatory)

At this point the instrument is ready for scienceobsenations.

10. CURRENT USE

Sharedrisk observingwith the 90prime instrument beganin November 2003. Obseners from Steward Obsena-
tory, the University of Arizona Planetary SciencedDepartment, Arizona State University, and Northern Arizona
University have beenawardedtime. University of Arizona Obsenatories encompassegastronomersfrom all three
Arizona Universitieswith morethan 150potential obseners(including faculty, postdocs, and graduate studerts),
and an equal number of collaborators from other institutions.

Figure 12 shows a B-band image of M33 and a U-Band image of the moon obtained with the instrument.
Both images cover only one of the four CCDs, or 1/4 of the available area. The M33 image was used in
Hinz et al. (2004Y to compare with Spitzer far infrared images. The instrument was scheduled for 49 nights
betweenJanuary and July 2004,and we expect more substartial useasthe instrument commissioningcortin ues.
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