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,--------, 


1. PURPOSE 


The purpose of this plan is to demonstrate compliance with the requirements of Section E 
INSPECTION AND ACCEPTANCE, Solar Planet Finding Facility Telescope Enclosure Contract 
N62306-03-C-BOOI issued by the Naval Oceanographic Office Contracts Branch on behalf of the 
United States Naval Observatory ("USNO) . 


System under test: Solar Planet Finding Facility Telescope Enclosure ("APF Enclosure") 


Test date: June 11, 2009 


INSPECTION CERTIFICAnON: 


CONTRACTOR: Universit of California, Santa Cruz ("UCSC") 


Name: Steve Vo , PhD 


Title: 


Si nature: 


Date: 


GOVERNMENT: U.S. Naval Observator ("USNO") 


Name: Dr. Kenneth Johnston 


Title: 


Si nature: 


Date: 
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2. TEST CONDITIONS 


All testing conducted at Contract destination designated as the Lick Observatory, Mt. Hamilton, California unless
 
otherwise noted.
 


Tests were conducted under the environmental conditions present at the time of test and are noted below:
 


Tests were conducted in June 2009 on dates as indicated
 


ENVIRONMENTAL CONDITIONS DURING TEST:
 


Weather conditions at night were mild, lOoC to 18°C
 


Dusk temperatures were typically 15° C, and predawn temperatures were typically 10 "C.
 


Dome noon temperatures were typically 20 ±5 °C
 


Electrical power supply reliability was good.
 


,...--
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3. INSPECTIONS & PRELIMINARY PROCEDURES 


3.1 Inspection of Installed Equipment. 
Specification: #N62306-03-C-BOOI 


3.1.1 Objective: General inspection for enclosure installation workmanship 
operation, and functionality prior to conduction of testing. TITLE Solar Planet Finder Facility 


Telescope Enclosure ("APF') 
3.1.2 Special Equipment: None 


3.1.3 System Configuration: Standard 


Comments: 
3.1.4 List of Installed Items: 


YesOperating Azimuth Drives 
YesOperating Shutter Drives 
YesOperating Vent Door Drives 
YesSoftware and PCI LAN Operational 
YesPersonnel Safety System Operational 
YesAir Conditioning System Operational 
Yes3rd Party Chiller Operational 


(3/ FAIL (circle one) 


Signed: Jill 
ucsc: -,nl7'f>l--:l"..Ir-----
USNO:--Jrp'-+.r.f--- _ 
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4. PERFORMANCEIFUNCTIONAL TEST PROCEDURES 


4.1 TEST 1 - Software Functionality 


4.1.1 Objective: Demonstrate enclosure software meets requirements and 
integrates with the telescope control system. 


4.1.2 Special Equipment: 
EOS Application Programming Interface software. 


4.1.3 System Configuration: 


4.1.4 Experiment Technique: 
Demonstrate the following features of the software to the user: 


• User Interface 
• Individual Vent Door control 
• Windshield capability 
• Vent Fans software controlled 


4.1.5 Discussion of Results: 


Specification: #N62306-03-C-BOOI 


TITLE Solar Planet Finder Facility 
Telescope Enclosure (HAPF") 


Test Mode: 


Measured Results: 


Yes 
Vent Doors controlled by windows 
Front! Rear digital shutter control 
Cooling system window operates 


Comments: PASS 


I~AJL (circle one) 


Signed: 


USNO: 


UCSC: -----H-tJ~J~(/---


9" 
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4.2 TEST 2 - Azimuth Speed 


4.2.2 Special Equipment: 
A. control software 
B. stopwatch 


4.2.1 Objective: 
second. 


Verify that the azimuth speed can reach 4 degrees per 
Specification: #N62306-03-C-BOOl 


TITLE Solar Planet Finder Facility 
Telescope Enclosure ("APF') 


Test Mode: 


4.2.3 System Configuration: 


Measured Results: 


4.2.4 Experiment Technique: 
A. Position the enclosure such that a marked point on the static enclosure is 


5 degrees away from a marked point on the moving structure. Move the 
azimuth 90 degrees at maximum speed. Start the stopwatch when the 
moving mark passes the static mark. Stop the stopwatch when the 
moving mark passes the static mark a second time. 


B. Divide 90 by the stopwatch result to generate degrees per second mean 
for the timed move. The stopwatch must read less than 22 seconds. 


4.2.5 Discussion of Results: 


Timed move: 18 seconds min. 


Degrees per second: >4.5 max speed 


SFAIL (circle one) 


Comments: PASS 


USNO: 


Signed: 


UCSC: -,~ti~J~lt 
k)~ 


_ 
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4.3 TEST 3 - Shutter Closure 


4.3.1 Objective: Verify that the shutter closes in less than 1 minute, and 
that it moves at 2 degrees per second. 


4.3.2 Special Equipment: 
Control software 
Stopwatch. 


4.3.3 System Configuration: 


4.3.4 Experiment Technique: 
Fully open the shutters (over the back complete opening). Close the shutters 
and start the stopwatch. Stop the stopwatch when the shutters seal. 
The stopwatch must read less than one minute. 


Mark a ten degree range of shutter movement. Open the shutter beyond both 
marks. Close the shutter across both marks. Use a stopwatch to time 
between the marks. 


4.3.5 Discussion of Results: 


Installed upper shutter gearbox operates with some noise. Test was done 
with installed gearbox as Dome was operational. Dome vendor to replace 
with new gearbox which is on site pending installation after telescope 
assembly has been completed. The shutter panels that cover the drive system 
are currently installed with a minimal number of fasteners to facilitate the 
installation of the replacement new gear box which will be scheduled to be 
completed in June, 2009. 


Specification: #N62306-03-C-BOOI 


TITLE Solar Planet Finder Facility 
Telescope Enclosure ("APF') 


Test Mode: 


Measured Results: 


60 seconds to close. 1.7 degrees per 
second speed used to avoid following 
error. Max speed is 1. 92 degrees per 
second. 


Comments: Specification was for 2 
degrees per second average velocity. 
Tests were done with less than ideal 
shutter chain tension. With some 
tuning we expect that we will exceed 
the specification. If the rate remains at 
1.92 degrees per second the 
observatory efficiency will not be 
impacted. 


~~ FAIL (circle one) 


Signed: 
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4.4 TEST 4- Azimuth Range 


4.4.1 Objective: Demonstrate the ability of the enclosure to track over a 
range of 430 degrees in azimuth. 


4.4.2 Special Equipment: 
Control software for measuring azimuth position and for manual 
movements. 


4.4.3 System Configuration: 
External azimuth control input. 


4.4.4 Experiment Technique: 
Drive the enclosure to one cable chain limit switch. Do not trip the switch
stay in normal operating range. Record the azimuth position with marks on 
the Ll floor. Drive the enclosure to its opposite limit switch, but do not trip 
the switch. Record the azimuth position. 


Calculate the range of motion covered. 


4.4.5 Discussion of Results: 


Specification: #N62306-03-C-B001 


TITLE Solar Planet Finder Facility 
Telescope Enclosure C"APP") 


Test Mode: 


Measured Results: 


One revolution plus another 90 degrees 
between cable chain limit switches, 
equals 450 degrees range. 


Conunents: PASS 


8 FAIL (circle one) 
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4.5	 TEST 6 - Enclosure Environmental Requirements 
Specification: #N62306-03-C-BOOI 


4.5.1 Objective: Verify enclosure protects the telescope from the elements 
and provides a dry environment at the maximum values as listed in TITLE Solar Planet Finder Facility 
Enclosure Performance Specifications table. Telescope Enclosure (HAPF") 


4.5.2 Special Equipment: 
NONE Test Mode: 


4.5.3 System Configuration: 
Closed shutters and vent doors Measured Results: 


4.5.4 Experiment Technique:
 
Visual inspection of Enclosure under environmental conditions present at the
 
time. Completed Enclosure has been monitored for weather resistance
 
during varied conditions for the period Winter 2007 through present.
 


4.5.5 Discussion of Results:
 


Leaks were discovered during the winter 2007-2008 and were mitigated by 
repairs completed by the Enclosure vendor. Any subsequent leaks or Comments: 
weather issues that might develop during the warranty period will be 
repaired by Enclosure vendor and / or Contractor (UCSC). 


Limiting survival conditions were analysed by the Dome contractor and 
proven with Finite Element Analysis. The complete Design Analysis Report 
is present in EOS document CI No. DN-07753-01. The report concludes ~I 


that the dome will meet or exceed all survival requirements. ~ FAIL (circle one) 


Signed: / /
 


UCSC: _..<-'Jlcr,'91.---:;-ll/ _

K)2/


USNO: 
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GENERAL DESCRIPTION 
 
In 2003 The United States Naval Observatory (USNO) contracted with UCO/Lick Observatory  
(UCO) to build a dedicated facility to find extrasolar planets around nearby stars.  The Telescope 
and Enclosure were administered as two separate contracts however they must work together as a 
single integrated instrument.  This report is intended as the final technical report for both 
contracts (N62306-03-M-B014 Telescope and N62306-03-B001 Enclosure). 
 
This facility will provide valuable reconnaissance groundwork for programs such as the NASA 
Space Interferometry Mission and the Terrestrial Planet Finder.  Limited access to current, 
shared facilities has been a major hindrance in the search for extrasolar planets.  Increasing the 
precision of the radial velocity measurements to a level at which we can search for sub-Saturn 
sized planets is a difficult task which demands instrument stability and observation frequency.  A 
dedicated facility with a purposefully built instrument is necessary to maximizing the number of 
new low mass planet discoveries. 
 
APF is a 2.4 meter altitude-azimuth automated telescope and enclosure located near the 20 inch 
Astrograph Site atop Mt. Hamilton, California. It will have its own dedicated spectrometer 
optimized for planet finding situated at the Nasmyth focus. The telescope, enclosure and its 
associated instrumentation will be called the Automated Planet Finder or “APF” facility.  USNO 
has provided the funding for the telescope and enclosure.  Instrumentation has been primarily 
funded by NASA and built by UCO. 
 
When fully operational, this facility will function totally autonomously. The robotic software 
being developed for the facility will have sufficient intelligence to decide when and if 
observations can begin; to acquire targets and guide stars; to take data; to solve and resolve 
foreseeable problems; to move to the next target; to finish the observing program and close down 
at the end of the evening. It is expected that the spectrometer will provide radial velocity 
precision better than 2 meters per second.  
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Ref. Feature Requirement 


 
2.1 
2.1 
2.1 
2.1 
2.2 


 
 


2.1 
 


Telescope 
Mount type 


Primary mirror diameter 
Un-vignetted field of View 


Final focal ratio of telescope 
Optical performance 


 
 


Central Obscuration 


 
altitude-azimuth with two Nasmyth foci 


2.4 -m nominal 
2 arcminutes diameter 


f/15 
80% encircled energy within 0.50 arcsecond diameter; 90% 
encircled energy within a 1.0 arcsecond diameter (over 0-70 


degree zenith angle) 
total projected area <4 % of the primary mirror area 


3.2 Instrument Capacity 850 kg at each of the Nasmyth foci 


 
2.3 
2.3 


Guider 
CCD/TV FOV 


CCD/TV limiting stellar magnitude 


 
2 arcminutes diameter (as needed for acquisition and guiding) 


at least V=15.0 


 
2.9 


2.10 
2.10 
2.10 


Tracking and Pointing 
Absolute pointing accuracy 


Open-loop tracking (for 10 minutes) 
Open-loop tracking (for 60 minutes) 


Closed-loop tracking 


 
<10 arcseconds (over 0-70 degree zenith angle) 
0.5 arcseconds (over 0-70 degree zenith angle) 
2.5 arcseconds (over 0-70 degree zenith angle) 
0.20 arcseconds (over 0-70 degree zenith angle) 


 
 


2.6 
 


Primary Mirror Details 
Focal ratio of primary mirror 


Coating 
Primary Cover 


Substrate material 


 
F/1.5 


aluminum 
remotely deployable with full coverage 


Astrosital 


 
2.6 
4.6 
4.6 
4.6 


 
 
 


Secondary Mirror Details 
Coating 


Focus travel 
Focus resolution 


Alignment adjustments 
Substrate material 


 
protected silver (reflectance > 96% from 0.48 to 1.2 microns) 


5.0 mm 
5 microns 


manually adjustable tip/tilt and piston for initial alignment 
Zerodur 


 
2.6 
2.5 
2.5 


 


Tertiary Mirror Details 
Coating 


Deployment between foci 
Reconfiguration time 


Substrate material 


 
protected silver (reflectance > 96% from 0.48 to 1.2 microns) 


software control to rotate between both Nasmyth foci 
45 seconds 


Zerodur 
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TELESCOPE TECHNICAL SUMMARY 
Contract No. N62306-03-M-B014 


 


DETAILED TELESCOPE SYSTEM REQUIREMENTS  
 


Optical Layout 
The APF telescope is a 2.4-meter diameter primary, plus secondary and tertiary mirrors. The optical 
configuration is Ritchey-Chretien.  The telescope produces a focusing beam with an overall convergence 
of f/15. The projected area of all obscurations is no more than 4% of the primary mirror area. The f/# of 
the primary mirror and position of the secondary is sized such that the obscurations are small and the total 
length of the telescope is minimized to reduce the size the required dome. 


 
Image Quality 


Image quality after reflection off the tertiary has an 80% encircled energy diameter of less than 0.50 
arcsecond, over a 2 arcminute diameter field of view for elevation angles from 20 through 90 degrees. 
Additionally, the 90% encircled energy diameter is less than 1.0 arcseconds for elevations angles from 20 
through 90 degrees. 


 
Acquisition Camera  


The telescope includes a CCD/TV system for acquisition and guiding. This system is an integral part of 
the telescope drive and control system, and capable of fully automated acquisition and guiding on a list of 
targets. This CCD/TV camera system is able to guide on the light reflected from a 45-degree tilted flat 
mirror just ahead of the Nasmyth focus. This guider mirror sends roughly 4 percent of the star light to the 
TV guider while allowing the remaining light to enter the spectrograph slit. Since it is our desire to guide 
on stars as faint as V=12th magnitude, the absolute limit of the TV camera is V =15 or fainter.  This TV 
system will be used to initially acquire an object in the 2 arcminute field of view, and then to center it on 
the science aperture and hold it there to 0.2-arcsecond accuracy during typical 10-60 minute exposures. 
The TV system is integrated with the telescope drive and control system, with compensation for and 
knowledge of field rotation. The camera is in a fixed orientation system, guiding directly on the on-axis 
image. 
 


Acquisition Software 
UCO/Lick software will provide a target list of objects, with accurate coordinates and brightnesses. This 
list will be prioritized, and arranged in sequence to maximize the altitude of each observation, and to 
minimize telescope slewing time. The acquisition software is able to slew sequentially to each target in 
the night’s observing list, acquire the field in the guider field of view, identify the proper star (either the 
first- or the second-brightest in the field) and then center it on a designated CCD/TV pixel. Since the 
University currently doesn’t have plans for an optical field de-rotator, the guider software will have to 
compensate automatically for field rotation. The software therefore includes a coordinate transformation 
to convert the CCD/TV coordinates into telescope coordinates as a function of telescope azimuth and 
altitude.  Once a target is acquired, the software then switches into guider mode and initiates closed-loop 
guiding, holding the light centroid of the star at fixed location on the CCD/TV. This fixed location is 
centered on the rotating field that also corresponds to the center of the spectrometer slit.  At the same 
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time, a box (defined to trace the outline of the spectrometer entrance slit) is used to collect intensity 
information about the star. Numerical values of intensity over pixels in the box are output to an “exposure 
meter” software routine that computes the total amount of light passing into the box vs. time and updates 
the instrument computer at a rate of once per second. This data is then used to compute both an intensity-
weighted time centroid for the observation, and an accumulated exposure measure. The star is observed 
for either a preset maximum time, or by a time determined by the accumulated exposure measure. Then 
the exposure is terminated, the telescope slews to the next object on the target list, and the process is 
repeated. 


 
Tertiary Mirror  


The tertiary can rotate in its mount about the primary’s optical axis to point at either of the twin Nasmyth 
foci under remote control, and in under 45 seconds, with < 4 arcseconds positional repeatability of the 
focal plane axis. 
 


Coating 
The secondary and tertiary mirrors specified above are delivered with a protected silver coating with an 
average reflectance greater than 75% from 0.38 μm to 0.47 μm and greater than 96% from 0.48 μm to 1.2 
μm. The primary is coated with bare aluminum. 


 
Finish 


Finishes on the mirrors are 80/60 for the primary and 60/40 on the secondary and tertiary. 
 


Mount 
The mount is an altitude-azimuth design. The range of motion of the alt-az mount is at least 420° for 
azimuth and zenith-to-horizon for elevation. The zenith blind spot is less than 1.0 degree in diameter. The 
telescope has an unobstructed view down to an elevation angle of 15 degrees. The telescope is designed to 
allow safe storage at the zenith and horizon limits. 


 
Pointing Accuracy 


Telescope engineering tests of the APF Telescope were conducted remotely from UC Santa Cruz on the 
nights of June 10, June 23, and July 16.  These tests demonstrated that we could successfully operate both 
the telescope and dome remotely and that the telescope points and tracks adequately to routinely acquire 
and track stars in all parts of the sky.  The telescope easily meets the specified pointing requirement of 10 
arcsecond rms from 0 to 70° zenith angle after mount modeling corrections.  
 


Tracking Stability 
Based on the tracking performance measurements completed so far, we expect that the tracking 
performance requirements for the APF Telescope will be met over the required range of sky positions 
later this year, once the final optical alignment of the telescope and guide camera are completed and the 
windscreen-functionality of the dome shutters is fully operational.  Exhibit D contains a detailed analysis 
of the current tracking stability and supports our claim that the APF telescope will track better than 0.5 
arcsecond rms for at least 10 minutes and 2.5 arcsecond for one hour for elevations greater than 20 
degrees (0 to 70° zenith angle).  
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Slew Rates  
The Slew rate is 2 degrees per second with a maximum minimum acceleration rate of 1 degree per 
second2. 
 


Emissivity and Rust Protection 
All ferrous surfaces are primed and painted with industrial paints designed for maximum longevity and 
durability. All telescope parts in view of the primary are painted with flat black paint to minimize stray 
light reflections from the telescope.  


 
Temperature Compensation 


The secondary mirror assembly includes a quasi-static tip/tilt/focus assembly to compensate for 
temperature variations and to maintain the nominal focus of the telescope. Additionally, low expansion 
glass is used for the mirror substrates. The telescope is parfocal over the 20 – 90 degree F temperature 
range and over the 0 to 90 degree elevation range.  
 


Structural Stability and Seismic Design 
The lowest structural resonance of the telescope structure is 7 Hz.  The lowest mode can be characterized 
as a rotation of the secondary around the optical axis.  This mode is a direct function of the secondary 
spider vane size.  The telescope is designed, built and installed in a manner that meets all applicable 
requirements of the current version of the Uniform Building Code (UBC).  Any optics that could possible 
come out of their supports or that have supports that could get destroyed (like delicate flexures) includes 
safety clips and restraints to prevent damage in the event of an earthquake.  Any structural components 
that rely on gravity for stability have a safety restraint in the event that the ground motion exceeds –1 g 
acceleration (opposite of gravity). 


 
Static Deflection 


Residual image motion (non-repeatable) and image blur due to flexing of the telescope structure over 0° 
to 90° elevation angles and for azimuth angles of 0 to 360 degrees is: 
 
 


Residual Image Motion ≤  0.05 arcsecond 
Final Image Size due to 
Image Blur 


θ80 <0.50 arcsecond diameter 


 
 
Residuals are assumed to be hysteretic in nature and are therefore not pure flexure.  
 


Baffles   
The telescope is baffled to ensure that only rays that follow the optical path can enter the field of view. 
The sizes and positions of all baffles are optimized to minimize the central obscuration. 
 


Mirror Re-coating 
All mirrors can easily be removed (less than 4 hours) from their mounts for periodic re-coating.   All 
mirrors will have the capability to be mounted inverted (down-looking) within the coating chamber. All 
handling fixtures necessary for safe removal, transportation (truck or air) and re-coating are included with 
the telescope.  The primary mirror includes a dedicated turning cart to assist mirror recoating at the Shane 
telescope. 
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OPTICAL MECHANICAL INTERFACE DESCRIPTIONS  
 


Summary of UCO Supplied Hardware 
The science requirement of the Automated Planet Finder facility will be met with the addition of the 
NASA funded instruments described below.  Together the Telescope, Enclosure and Instrument suite will 
allow the facility to meet and exceed the intended science requirements. 
 


Planet Finder Spectrometer (PFS) 
This is a specialized echelle spectrometer that is being built for installation at one of the Nasmyth foci. 
The instrument design is shown in Exhibit A-C. The instrument is nearing completion at UCO instrument 
fabrication facility and soon will be ready for factory testing.   


   
Atmospheric Dispersion Compensator and Image De-rotators 


Telescope structure near the final focus provides sufficient space and an attachment point for the addition 
of an atmospheric dispersion compensator and an image rotator. The ADC has been installed in the 
telescope and currently is undergoing calibration and testing on sky. 
 


Iodine Cell 
This is a calibration unit that lies in the collimated on-axis telescope beam, some 200 mm ahead of the 
telescope focal plane (see exhibit III for a diagram). Because it is heated to 50 degrees C heat convecting 
from this unit could seriously corrupt the seeing and is therefore a concern.   This sub unit is inside the 
Planet Finder Spectrometer and is actively cooled to prevent seeing degradation. The Iodine cell is 
mounted to a translation stage to move it in and out of the beam as needed. 


 
Calibration Lamp System 


The calibration lamp system, which feeds light from calibration lamps, is mounted in the upper portion of 
the Planet Finder Spectrometer just ahead of the telescope focus. This system closely mimics the 
telescope’s exit pupil. 


   
 
ELECTRICAL AND SOFTWARE REQUIREMENTS AND INTERFACES   
 


Computer Hardware 
The high-level control software runs on a set of off-the-shelf PC's, which provide satisfactory reliability at 
reasonable cost. 


 
Operating Systems  


The telescope and dome control systems run under Windows XP Professional.  The control systems for 
the science camera, spectrometer, autoguider, and autonomous observing suite all run under the CentOS 5 
Linux distribution. 
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Software Interfaces 
All of the software control systems are implemented using a client/server model, and can be 
controlled via graphical interfaces, command-line tools, scripts, and/or C or C++ libraries.  All 
API's have been documented. End user documentation is in progress. All source code is either 
owned by UCO or will be held in software escrow. Error Handling and Recovery 
The telescope software includes procedures for detecting and handling unsafe operating conditions, 
malfunctioning hardware, and internal software errors. 


 
Telescope Drives 


The telescope uses direct drive motors to move the azimuth and elevation axis of the telescope.  
 
Encoding System 


Encoders have been provided to encode each axis of the telescope.  The resolution and accuracy of the 
encoders is sufficient to ensure that the servo system can comfortably meet the pointing and tracking 
specifications. All relative encoders will include a homing device and necessary software to initialize the 
absolute position of the axis. 
 


Secondary Mirror Focus Stage 
The telescope secondary mirror has a focus stage that also is capable of servo-controlled tip and tilt of the 
secondary mirror. The resolution and range of the secondary mirror is ± 5 μm over ± 1.0 mm, 
respectively. 
  


Limits and Interlocks 
The telescope has travel limits and associated interlocks to ensure fail-safe operation. This includes a 
complete weather monitoring package (hardware and software) to control the opening and closing of the 
dome/enclosure. The weather interlock is  capable of sending out an email message when it commands 
the dome/enclosure to close due to poor weather and is capable of initiating a closing via remote control 
(e.g. from a similar incoming email message or via a command from the network). This is to allow a 
second level of weather protection based on observations by the telescope technicians at adjacent 
telescopes. 
  


Cable Wrap 
The facility includes a cable wrap to accommodate all the cabling necessary for the operation of the 
telescope, plus the cabling required by UCO supplied instruments. 


 
Primary Mirror Cover 


The primary and tertiary mirrors are protected by motorized covers.  These covers keep the two mirrors 
clean at any elevation angle and also provide impact protection in the event a tool were to accidentally get 
dropped from higher up in the dome. All covers can fully open or close in less than 30 seconds total 
elapsed time and at any elevation angle. 
 


Weather Station 
A reliable weather station that is integrated with the remote operation control software is included with 
the telescope as a deliverable. The weather monitoring equipment monitors outside air temperature, wind 
speed, wind direction, and humidity. The system also includes a rain sensor to determine if it is wet or dry 
(rain or temperature below the dew point.). The system can also detect snow conditions and respond 
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appropriately. All the data from the weather monitor is available to UCO/Lick through a software 
interface. 


 
 
ENVIRONMENTAL REQUIREMENTS 
 
 
The telescope is designed to operate within the environmental extremes specified below. The telescope is 
protected in its dome/enclosure when weather conditions become adverse. All mechanical and electrical 
components are rated to operate and survive the environmental conditions listed below. 
 
 


Temperature Range to Meet Image 
Quality Specification 


-6 °C to + 30 °C 


Max. Operating Temperatures -15 °C to + 35 °C 
Storage Temperature -20 °C to + 40 °C 
Altitude Sea Level to 5,000 ft. 
Relative Humidity 5% to 95% 
Wind Speed* Up to 50 mph outside the dome. 


 
* Wind speed inside the dome is assumed to be 50% of the exterior wind speed 
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ENCLOSURE TECHNICAL SUMMARY 
Contract No. N62306-03-C-B001 


 


ENCLOSURE REQUIREMENTS  
 


Summary 
 
The APF enclosure is a co-rotating dome. This dome type has two benefits over traditional domes. The 
first is the small footprint on site because the dome rotates with the telescope in azimuth so the overall 
diameter does not need to include space for the telescope tube to sweep through when it moves. Secondly 
since all the equipment is rotating in azimuth with the telescope, a major cable wrap is eliminated. Cables 
can therefore run directly between the spectrometer computers and the Planet Finder Spectrometer. 
 
The enclosure is designed to protect the telescope from the elements and to provide a dry/ leak-free 
environment under the worst possible combination of elements at the maximum values that are listed in 
the table below.   
 
The dome includes provisions to minimize telescope windshake. This is accomplished by tracking the 
telescope in elevation with the bi-parting over-under shutter. 
 
The first level of the dome provides room to house all computers associated with the telescope and 
facility. There is a small work-space for one or two operators who will be on-site during the first few 
months of operation to de-bug and optimize the facility. 
 
 


Enclosure Performance Specifications 
 


 
 Operational Survival 


Temperature -6 C to +30 C -15 C to +35 C 


Wind 50 mph outside enclosure Sustained 120 mph for 1 hour 


Snow 0.2 meters 0.8 meters 


Ice  Not applicable 75 mm solid ice on the entire 
dome 


Rain  Not applicable Leak proof 


Earthquake Not Applicable Seismic zone 4, UBC 1997 
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Mechanical services to the building include electrical, water and high speed network.  Restroom facilities 
are not included with the building due to the close proximity of similar facilities and the short 
commissioning time required for this facility. 
 
The enclosure includes a rail system and custom mirror cart to remove the M1 mirror when it needs 
recoating. The mirror and cart are designed to roll clear of the telescope onto a bridge structure that is 
attached to the dome service balcony.  From this location the mirror is removed from its cell using a 
dedicated lifting fixture and a mobile crane.   
 
  
 
 ACCEPTANCE TESTING 
 
Acceptance testing of the Telescope and Enclosure was successfully conducted with Dr. Kenneth 
Johnston of USNO on June 11, 2009.  Copies of the Telescope and Enclosure test report are provided in 
Exhibits E and F, respectively. 
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Page 20fS u.s. Naval Observatory Automated Planet Finding Facility Telescope 
("APF") 


Purpose 


The purpose of this plan is to demonstrate compliance with the requirements of Addenda 
to FAR Clause 52.212-4, Contract Terms and conditions-Commercial Item, Section 3 
INSPECTION AND ACCEPTANCE (DESTINATION), Automated Planet Finding 
Facility Telescope Contract N62306-03-M-BOI4 issued by the Naval Oceanographic 
Office Contracts Branch on behalf of the United States Naval Observatory ("USNO) . 


System under test:	 Automated Planet Finding Facility Telescope ("APF 
Telescope") 


Test date:	 June 11,2009 


INSPECTION CERTIFICATION: 


CONTRACTOR: University of California, Santa Cruz ("UCSC") 


Name: Steve Vogt, PhD 


Title: Project Scientist 


Signature: ;#v~ rI~ 1J;f 
Date: ~ /11 /01 <.I 


GOVERNMENT: U.S. Naval Observator ("USNO") 


Name: Dr. Kenneth Johnston 


Title: 


Si nature: 


Date: 
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("APF") 


DESCRIPTION AND REQUIREMENTS for the
 
AUTOMATED PLANET FINDER FACILITY
 


1.0 GENERAL DESCRIPTION 


APF will consist of a 2-meter-class, altitude-azimuth automated telescope and enclosure 
located near the 20-inch Astrograph Site atop Mt. Hamilton, California. It will have its 
own dedicated spectrometer optimized for planet finding situated at the Nasmyth focus. 
The telescope, enclosure and its associated instrumentation will be called the Automated 
Planet Finder or APF facility. USNO contract is for the telescope and enclosure. 
Instrumentation will be independently funded by NASA and built by UCOlLick 
Observatory and is not a part of this Site Acceptance Test. 


The facility will be dedicated to the discovery of extra-solar planets via repeated, high
precision «2 meters per second) radial velocity measurements of a large sample of 
nearby stars. To carry out this research with maximum efficiency, the facility is designed 
to function autonomously after the spectrometer is completed, commissioned and 
integrated with the telescope and enclosure. The telescope design must therefore include 
software and hardware hooks to allow integration of the telescope's automation and 
guiding package with the enclosure. 


2.0 ENVIRONMENTAL REQUIREMENTS 


The telescope will be designed to operate within the environment specified below. The telescope 
will normally be protected in its dome/enclosure when weather conditions become adverse. All 
mechanical and electrical components must be rated to operate and survive the environmental 
conditions listed below. 


Temperature Range to Meet Image 
Quality Specification 


-6 DC to + 30 DC 


Max. Operating Temperatures -15 DC to + 35 DC 
Storage Temperature -20 DC to + 40 DC 
Altitude Sea Level to 5,000 ft. 
Relative Humidity 5% to 95% 
Wind Speed* Up to 50 mph outside the dome. 


* Wind speed inside the dome is assumed to be 50% of the exterior wind speed
 


All tests are performed under the environmental conditions present at the time.
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3.0 ACCEPTANCE TESTS 


Ref. Feature Requirement Measured Value PasslFail 


2.1 


2.1 


2.1 


2.1 


2.2 


2.1 


Telescope 


Mount type 


Primary mirror diameter 


Un-vignetted field of View 


Final focal ratio of telescope 


Optical performance 


Central Obscuration 


altitude-azimuth with two Nasmyth foci 


2-m nominal 


at least 2 arcminutes diameter 


fIl5 or faster 


80% encircled energy within 0.50 arcsecond diameter; 90% 
encircled energy within a 1.0 arcsecond diameter (over 0-70 
degree zenith angle) 


total projected area < 10 % of the primary mirror area 


Telescope 


Yes 


2.4 meter 


2 arcminutes dia. 


P/15 


80% ee in 0.3 arcsec 
diam 


90% ee'in 0.5 arcsec 
diam 


0.037 


(A.GS 


PASS. 


PASS 


'PASS 
p~SS 


PA-£;S 


p~~S 


3.2 Instrument Capacity 850 kg at each of the Nasmyth foci Yes PASS 


2.3 


Guider 


CCD/TV FOV 1 - 2 arcminutes diameter (as needed for acquisition and 
guiding) 


Guider 


3 arc min. diam PAss 
2.3 CCD/TV limiting stellar 


magnitude 
at least V=] 5.0 or fainter 


V=17.1 with 4% pellicle PASo'S 


Tracking and Pointing Tracking and Pointing 


PASS 


<(}.5111' 


,8D 


T8D 


2.9 


2.1 


2. ] 


2.1 


Absolute pointing accuracy 


Open-loop tracking (for 10 
minutes) 
Open-loop tracking (for 60 
minutes) 
Closed-loop tracking 


<10 arcseconds (over 0-70 degree zenith angle) 


0.5 arcseconds (over 0-70 degree zenith angle) 


2.5 arcseconds (over 0-70 degree zenith angle) 


0.20 arcseconds (over 0-70 degree zenith angle) 


2.2 arcsec rms to 15° el 


< 2 arcsecs 


TSO 


TSO 
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Ref. Feature Requirement Measured Value/ 
Complies 


PasslFaii 


2.6 


Primary Mirror Details 


Focal ratio of primary mirror 


Coating 


Primary Cover 


SU bstrate material 


nominally f/3 or faster 


aluminum 


remotely deployable with full coverage 


Zerodur, ULE or equivalent zero CTE glass 


Primary Mirror Details 


f/1.5 


Yes 


Yes 


Astrosital 


PASS 


PASS 


PA5S 


P'A5S 
Secondary Mirror Details Secondary Mirror Details 


2.6 Coating protected silver (reflectance> 96% from 0.48 to 1.2 microns) Yes PASS 
4.6 Focus travel at least 2.0 mm 5mm PASS 
4.6 Focus resolution 5 microns Yes PASS 
4.6 Alignment adjustments 


Substrate material 


manually adjustable tip/tilt and piston for initial alignment 


Zerodur or ULE or equivalent zero CTE glass 


Yes 


ULE 


PASS 
PASS 


Tertiary Mirror Details 


protected silver (reflectance> 96% from 0.48 to 1.2 microns) 


Tertiary Mirror Details 


Yes ~EeOA--T2.6 Coating 


2.5 Deployment between foci software control to rotate between both Nasmyth foci Yes PA~S 


2.5 Reconfiguration time less than 90 seconds 60 sec. PASS 
Substrate material Zerodur or ULE or equivalent zero CTE glass ULE PPrSS 
Other Deliverables 


Mirror support designed to fit into coating tank to commonly 
accepted standards for high vacuum systems. 


Weather station that provides temperature, pressure, humidity, 
wind speed, direction and precipitation detection ~~ 


PA~S 


PASS 


3.17 


5.11 


Mirror support handling fixture 


Weather Station 


_ . /) N~~ I I Signat~ Date 


Requirements of Contract I K'€",,,.Q-'K '-.J. CJ. AMi"~ I JWA 10t!or I 
N62306-03-M-BO14 Satisfied 


,4J .0
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EXHIBIT D 
 


Preliminary measurements of APF Telescope Pointing and Tracking 
By:  R. Kibrick, UCO/Lick          Version 2.0, July 26, 2009 
 
 
SUMMARY   
 
Telescope engineering tests of the APF Telescope were conducted remotely from UC Santa Cruz on the 
nights of June 10, June 23, and July 16.  These tests demonstrated that we could successfully operate both 
the telescope and dome remotely and that the telescope points and tracks adequately to routinely acquire 
and track stars in all parts of the sky.  The telescope easily meets the specified pointing requirement, and 
meets the 10-minute open-loop tracking performance requirement in most parts of the sky tested so far.  
We have not yet had an opportunity to measure the 60-minute open-loop tracking performance.     
 
Based on the measurements completed so far, we expect that the tracking performance requirements will 
be met once the final optical alignment of the telescope and the guide camera are completed later this 
year.    
 
BACKGROUND   
 
Although measurements of the telescope tracking performance were carried out on all 3 nights in an effort 
to check compliance with the specified requirements, the results of those tests are confounded by several 
factors:   
 


1. Since the wind direction on all 3 nights was predominantly from NW to N, the results from tests 
performed on objects observed in the north include the effects of wind shake.   


 
2. The dome thermal control system is not yet fully optimized, so there were significant differences 


between the temperature of the telescope and the outside air during the first part of all 3 
engineering nights, resulting in degraded dome seeing.    


 
3. The apparent center of field rotation changes depending upon where in    the sky the telescope is 


pointed, and quite often falls outside of the unvignetted field of view of the guide camera.  The 
resulting field rotation needs to be determined and subtracted out, thus complicating the 
measurement process and adding an additional potential source of error.      


 
We expect all three of these factors to be significantly reduced as work continues on the telescope and its 
control systems:   
 


1. Wind shake should be reduced once the dome shutters are engaged to track the telescope position 
so as to serve as a windscreen.  Due to mechanical adjustments being made to the dome shutters 
and telescope during the weeks when the 3 engineering nights were conducted, this windscreen 
functionality was disabled during our tracking performance measurements.  As a result, the dome 
shutters were left parked in the fully open position during observing, thereby leaving the 
telescope maximally exposed and thus subject to significant wind shake whenever the dome 
shutter was pointed into the wind.  Also, during the week of July 20, vibration dampers were 
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installed on the primary mirror support system and these should further reduce the effects of wind 
shake (although that remains to be confirmed). 


  
2. We will continue to collect and analyze temperature measurements from inside the telescope and 


dome and to adjust parameters of the dome thermal control system in an effort to better match 
those temperatures to the expected nighttime temperature of the outside air so as to improve the  
dome seeing.  


 
3. We believe that the variations in the center of field rotation as observed in images from the guide 


camera are most likely due to a misalignment of the guide camera stage and/or one or more of the 
upstream optical elements.    Final optical alignment has not yet been completed on either the 
telescope or the guide camera system.  Once those alignments are completed, we expect these 
field rotation issues to be resolved.    


 
POINTING ACCURACY  
 
Pointing observations of 87 targets spaced across the sky were collected on-site on June 8 and used to 
generate a telescope pointing (or mount) model.  Pre-fit residuals were 29.49 arcsec RMS in azimuth, 
46.66 arcsec in elevation, and 55.19 overall.  Post-fit residuals were 1.27 arcsec and 1.85 arcsec RMS, 
respectively, in az and el, and 2.24 arcsec overall.   A list of observations, residuals, and pointing terms is 
attached to this report as Appendix A.   
 
This pointing model was then installed and verified that night.    This same pointing model was used for 
all three remote engineering nights (June 10, 23, and July 16) and the blind pointing was sufficiently good 
on the first two of those nights that all objects landed near the center of the guide camera on initial 
acquisition.  The pointing accuracy achieved should be sufficient to support the APF planet search 
observing program.   
 
The pointing accuracy was not quite as good (but still adequate) on the third engineering night (July 16), 
but this appears to be due to the installation of the atmospheric dispersion compensator (ADC) earlier in 
July; the ADC sits in the optical beam between the tertiary mirror and the pickoff mirror for the guide 
camera, and it appears to introduce a position offset in the image the guide camera sees.  A new pointing 
model should be generated to account for the offset caused by the ADC.    
 
TRACKING ACCURACY   
 
June 10 measurements 
 
In an attempt to satisfy Acceptance Test Reference Item 2.1, "10 minute Open-loop tracking test", a 10-
minute-long open-loop tracking test with the APF Telescope was conducted on the night of Wednesday, 
June 10 over the 10-minute interval starting at 22:57:35 to 23:07:34 PDT.  The telescope was tracking a 
12th magnitude object at 12h 54m 34s and +14 52 11.6. The telescope elevation angle was about 53 
degrees and the azimuth about 240 degrees.  There was a 10-15 MPH wind at azimuth 255-260.  The 
seeing estimate from the Shane 3-meter Telescope for optical wavelengths was 1.2 to 1.4 arcsec.   
 
The object was acquired and the telescope offset slightly so as to position the image of the object at the 
center of the guide camera, i.e., at pixel coordinates (256,256).  The guide camera exposure time was set 
to 1-s and full-frame (i.e., 512x512 pixel) images were being read out, so overall the frame rate was 0.912 
Hz, or one 1-s exposure read every 1.097 seconds.  This corresponds to 547 such images being recorded 
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during this 10-minute interval. For each such image, the centroid of the star position was computed, and 
the RMS tracking error derived from those measurements.  A plot of tracking errors versus time is 
attached as Appendix B.   
 
Because of blowing fog that started before sunset but which did not drop below the summit until well 
after 18-degree twilight, we did not have an opportunity to open up the dome to allow the telescope and 
mirror to reach thermal equilibrium prior to starting the observation sequence.  Accordingly, overall 
seeing was likely significantly degraded by dome seeing.   
 
Under these conditions, the measured RMS open-loop tracking error over this 10-minute interval was 
0.312 arcsec for the X (or column) axis and 0.479 arcsec in the Y (or row) axis.  Added in quadrature, 
these yield an overall tracking error of .572 arcsec, which exceeds by almost 15% the limit of 0.5 arcsec 
specified under under Acceptance Test 2.1:  "< 0.5 arcseconds (over 0-70 degree zenith angle)".   
 
However, given that a significant component of this measured error may be due to the other factors 
described earlier (i.e., unmitigated wind shake, dome seeing, and unexpected variations in the center of 
field rotation), the RMS tracking error itself may be within the specified requirement.    
 
June 23 measurement 
 
On the second telescope engineering night conducted 13 days later (June 23), further attempts were made 
to measure the telescope tracking accuracy.  To reduce dome seeing effects, during the day the air 
conditioning system in  the dome was turned on and the inside of the dome cooled to a temperature a few 
degrees colder than the predicted nighttime outside temperature.  The dome shutters and vents were 
opened at twilight to enable the temperature inside the dome to equalize with that outside.  However, 
despite these efforts, our prediction of the expected nighttime temperature was well off the mark, and 
there were still significant temperature gradients at the start of the night.   
 
Since the APF Telescope is an alt-az mount and since there is no image de-rotator, the APF camera 
mounted at the Nasmyth focus sees a rotating field. As reported earlier, the center of that field rotation 
currently does not appear to fall on the APF guide camera CCD where expected (i.e., in the center of the 
CCD), presumably due to misalignment of the APF guide camera and/or one or more of the upstream 
optical elements.  In addition, the center of field rotation currently lands in a different spot on the CCD 
(or, in most cases, completely outside the imaging area of the CCD) as you point to target objects in 
different parts of the sky.  Presumably, these problems will be corrected once the various optical elements 
of the telescope and guide camera are properly aligned.   
 
At present, because of the extreme difficulty (or impossibility) of simultaneously placing the image of 
target object at the center of field rotation AND onto the guide camera's CCD, if you position the image 
of a target object onto a specific pixel on the CCD (e.g., the pixel at the center of the CCD), in nearly all 
cases it will rotate away from that pixel as the telescope tracks that object across the sky.  Accordingly, if 
one attempts (as we did on June 10) to measure the tracking performance of the telescope by simply 
measuring the drift (relative to that pixel) in the position of the image of that target object over a given 
time interval (e.g., 10 minutes), the dominant source of error typically will be due to field rotation rather 
than the telescope tracking errors that one is trying to measure.   
 
Because of these problems, attempts to measure tracking performance during the June 23 engineering 
night were abandoned.  Instead, images were obtained to characterize the behavior of the telescope 
secondary mirror focus.   
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July 16 measurements 
 
To compensate for the variation in the center of field rotation observed when tracking star fields in 
different parts of the sky, software was developed to determine the apparent center of field rotation from a 
sequence of consecutive images obtained while tracking a given star field over an interval of time 
(typically 10 minutes).  Once that determination is made, the field rotation effects can be subtracted out of 
the tracking error measurements to determine the residual tracking errors that would have been observed 
if the center of field rotation had been aligned with the CCD pixel on which the target object was initially 
positioned at the start of the observation.   
 
On the July 16 engineering night, stars fields were observed in several parts of the sky and analyses 
performed (to subtract out the effects of field rotation where possible) on five of those fields as shown in 
Table 1 below.  In three of those five fields, the 10-minute open-loop tracking performance requirement 
was clearly met.  That requirement states the the RMS tracking error (i.e., the "RMS-R" column in Table 
1 below) measured over that interval should be "<= 0.5 arcseconds".   
 
The two fields in which the requirement was not met were both in the north and were observed during 
periods of time in which the dome shutter was pointing into the wind for much of the observation.  As 
such, the tracking errors measured for these two fields likely include a significant wind shake component.  
In addition, both of these fields were observed at higher elevation angles and with the target object either 
transiting or close to transiting the meridian.    
 
CONCLUSION   
 
Based on the tracking performance measurements completed so far, we expect that the tracking 
performance requirements for the APF Telescope will be met over the required range of sky positions 
later this year, once the final optical alignment of the telescope and guide camera are completed and the 
windscreen-functionality of the dome shutters is fully operational.  Already, the telescope appears to be 
meeting the 10-minute open loop tracking performance requirement over the majority of sky positions 
tested to date.    
 
In the meantime, once EOS and EOST completes its current phase of adjustments on the dome and 
telescope, and releases them back to UCO/Lick for further engineering tests, a high priority should be to 
obtain tracking performance measurements of targets transiting the meridian at relatively high elevation 
angles but with targets selected such that they can be observed with the dome shutter opening pointed 
away from the wind so as to minimize wind shake.  In addition, it will be instructive to determine whether 
the vibration dampers installed on the primary mirror support system during the week of July 20 will 
reduce the measured RMS tracking errors.    
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Table 1:  
 
Summary of 10-minute open-loop tracking performance statistics for July 17, 2009 
-------------------------------------------------------------------------------- 
EL    = Elevation   in degrees at start of observation 
HA    = Hour Angle  in minutes from meridian at start of observation 
DEC   = Declination in degrees 
RMS-X = RMS tracking error as measured in guide camera's X axis 
RMS-Y = RMS tracking error as measured in guide camera's Y axis 
RMS-R = RMS tracking error in X and Y added in quadrature 
PASS  = does this observation meet the tracking performance requirement 
 
Catalog  Filename Root     EL     HA     DEC    RMS-X   RMS-Y   RMS-R   PASS 


      -------  -------  ------     --------    ----------   ----------   ---- 
5572F  20090717061920    83     -1m   +44.2      1.10       0.45         1.19          no 
 
5698F  20090717072459    76     20m   +52.1      0.67       0.25         0.71          no 
 
5781F  20090717083839    52     -2m    +0.14      0.31       0.25         0.40        yes 
5781F  20090717083839    52    +8m    +0.14      0.19       0.21         0.28        yes 
 
5490F   20090717093317    27    +262m +12.5     0.31       0.31         0.44        yes 
 
4188F  20090717095629    27     -273m +17.7     0.26       0.35         0.44*      yes  
 
* RMS tracking errors not corrected for field rotation because insufficient 
  stars in observed field to accurately determine the center of field rotation. 
 







Star Observations
=================


Region              Star                   Prefit Residuals            Postfit Residuals
deg                      deg                  arc sec                     arc sec


Obs   Azim  Elev   Catalog     Azim    Elev     Azim     Elev     Error     Azim     Elev     Error
−−−   −−−−  −−−−   −−−−−−−     −−−−    −−−−     −−−−     −−−−     −−−−−     −−−−     −−−−     −−−−−
1    148    64     5277F   150.13   64.72   −10.04    56.52     57.40     1.64     3.23      3.62
2    146    47     5341F   145.96   47.36    −8.72    59.69     60.32     0.01     3.53      3.53
3    147    27     5392F   146.94   26.94    −7.59    62.62     63.08     0.01     2.93      2.93
4    144    16     5432F   144.79   16.01    −8.91    67.80     68.38     0.15     1.86      1.87
5    166    15     5314F   166.04   15.50    −8.59    60.23     60.83    −1.13     0.88      1.43
6    166    34     5285F   165.97   33.56    −4.88    52.53     52.75    −0.06     0.96      0.97
7    170    59     5249F   170.05   59.26    −5.48    44.73     45.06     1.11    −1.96      2.25
8    163    73     5248F   163.90   73.46   −11.55    47.42     48.80     0.16    −0.52      0.54
9    164    81     5228F   165.16   81.02   −14.15    46.58     48.68     0.47    −0.40      0.62
10    168    65     5253F   168.11   64.79    −7.94    47.03     47.70     0.29     0.05      0.29
11    193    82     5207F   194.31   82.43   −12.97    35.24     37.55     0.42    −0.03      0.42
12    197    73     5184F   198.41   72.68    −8.48    35.40     36.40     1.24     1.11      1.67
13    202    76     5185F   202.61   76.10    −9.56    33.15     34.50     1.78     0.77      1.94
14    189    64     5197F   189.73   64.29    −5.12    39.33     39.66     1.64     0.91      1.88
15    186    52     5200F   186.95   52.19    −3.16    41.40     41.52     1.19     0.76      1.41
16    192    39     5171F   191.90   38.68    −3.55    41.57     41.73     0.11     1.16      1.16
17    190    18     5163F   190.27   18.31    −7.58    47.61     48.21    −1.24    −0.11      1.25
18    208    21     5081F   208.46   20.81    −9.29    36.77     37.92    −2.63    −2.35      3.53
19    205    43     5145F   205.01   42.48    −3.97    31.60     31.85     0.55    −3.03      3.08
20    208    51     5149F   208.73   50.57    −4.86    28.17     28.59     0.72    −4.01      4.07
21    232    64     5133F   232.10   63.92   −11.99    18.82     22.32     1.07    −4.08      4.22
22    243    73     5159F   243.60   73.33   −19.33    17.22     25.89     0.41    −1.88      1.92
23    245    87     5247F   246.33   86.95   −28.34    17.66     33.37    −1.70     0.16      1.71
24    258    81     5193F   257.95   80.60   −29.18    16.83     33.68    −1.24     0.99      1.59
25    265    64     5085F   264.85   63.60   −23.79    18.79     30.31    −0.09     2.47      2.47
26    257    42     4977F   257.38   42.25   −15.65    19.98     25.38    −0.53     0.37      0.65
27    263    28     4893F   263.46   27.63   −15.67    23.06     27.88    −1.46     1.11      1.84
28    269    18     4828F   268.97   17.60   −15.62    25.06     29.53    −1.51    −1.12      1.88
29    283    20     4795F   283.46   19.60   −17.67    26.56     31.90    −1.53     1.95      2.48
30    281    41     4923F   281.02   40.90   −21.24    17.91     27.78    −0.11    −0.32      0.34
31    286    63     5058F   285.57   62.48   −30.18    15.65     33.99     0.64    −0.25      0.68
32    284    78     5181F   284.10   77.79   −37.81    13.60     40.17    −0.61    −1.02      1.19
33    292    83     5224F   292.28   83.27   −43.89    16.53     46.89    −0.75     1.75      1.90
34    −60    77     5178F   −60.30   76.26   −41.93    18.79     45.94     0.64     2.62      2.69
35    −53    61     5055F   −53.25   61.18   −36.75    20.69     42.17     0.60     2.13      2.22
36    −59    42     4900F   −59.25   41.82   −25.82    22.23     34.07     0.61     2.49      2.56
37    −59    30     4813F   −59.21   30.34   −23.00    24.31     33.46    −1.22     2.29      2.60
38    −57    15     4711F   −57.21   14.45   −19.15    31.64     36.98    −2.42     1.09      2.65
39    −37    17     4634F   −37.17   17.05   −22.35    33.17     40.00    −3.41     0.51      3.45
40    −35    44     4905F   −34.98   43.86   −31.73    23.79     39.65     0.83    −1.09      1.38
41    −38    57     5045F   −37.91   56.80   −37.69    21.60     43.44     1.51    −0.97      1.79
42    −31    69     5179F   −31.94   69.14   −46.34    22.16     51.36     1.35    −1.11      1.74
43    −33    84     5265F   −33.87   84.35   −54.05    22.79     58.63     1.56     1.19      1.96
44     −8    80     5281F    −8.38   80.11   −58.99    31.15     66.68    −0.55     0.32      0.64
45    −11    64     5231F   −10.62   63.84   −47.68    31.62     57.20     0.80     0.49      0.94
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46    −16    45     4974F   −16.12   44.65   −34.62    30.70     46.27     1.22    −0.32      1.26
47     −7    31     4503F    −7.13   30.66   −29.52    35.65     46.28    −1.47    −1.29      1.95
48    −15    17     4464F   −14.57   16.63   −22.78    38.51     44.74    −2.92    −1.85      3.46
49      8    16     4119F     7.97   15.76   −23.00    48.42     53.61    −3.01    −1.42      3.33
50     12    35     5889F    12.17   34.79   −32.11    41.23     52.26    −0.95    −2.45      2.63
51     12    60     5389F    11.63   59.79   −46.27    36.15     58.71     0.87    −4.18      4.27
52     12    73     5339F    11.84   73.21   −54.95    36.68     66.05     0.48    −2.74      2.78
53      7    81     5316F     6.71   80.74   −60.03    33.93     68.93    −0.20    −2.90      2.91
54     19    84     5321F    18.01   84.09   −62.46    40.30     74.29    −0.93    −0.91      1.30
55     40    78     5371F    39.57   77.65   −54.97    49.89     74.22    −0.03     0.08      0.08
56     30    54     5541F    29.47   54.00   −41.19    47.70     63.02     1.26    −0.18      1.28
57     31    34     5813F    31.45   34.15   −30.94    51.18     59.81    −0.81    −0.15      0.82
58     40    16     5956F    40.08   15.73   −22.99    60.50     64.72    −3.20    −1.59      3.57
59     55    13     5897F    55.33   13.49   −20.48    65.91     69.02    −2.23    −3.21      3.91
60     53    35     5757F    52.73   35.04   −28.48    56.33     63.12    −0.10    −1.94      1.94
61     57    51     5608F    56.53   51.20   −34.66    53.77     63.97     1.60    −3.35      3.71
62     55    66     5481F    55.24   66.32   −42.23    51.75     66.79     2.64    −3.76      4.60
63     49    75     5405F    48.61   75.40   −50.20    50.35     71.08     1.42    −2.60      2.96
64     62    89     5322F    59.80   88.81   −57.58    55.40     79.63     0.14     0.05      0.15
65     66    80     5387F    65.81   79.73   −48.76    57.45     75.33     0.05     0.14      0.15
66     81    80     5388F    80.91   80.20   −44.14    60.62     74.96    −0.65     0.70      0.96
67     77    63     5513F    77.36   63.04   −35.26    60.70     70.19     1.07     0.16      1.08
68     74    45     5638F    74.35   45.54   −28.05    61.19     67.31     0.97    −0.49      1.09
69     71    16     5835F    70.69   15.77   −18.74    69.35     71.84    −0.70    −1.04      1.25
70     86    13     5797F    85.78   12.99   −15.34    75.46     77.01     0.63     0.01      0.63
71     86    39     5656F    86.52   38.90   −21.88    64.35     67.97     1.24     0.21      1.25
72     86    51     5586F    85.89   51.43   −26.08    60.19     65.60     2.11    −2.34      3.15
73     93    86     5356F    93.15   86.16   −42.61    61.34     74.64    −0.71     0.77      1.05
74    104    82     5378F   103.83   82.02   −35.70    63.58     72.90    −0.65     2.75      2.83
75    107    69     5457F   107.20   69.48   −27.04    65.01     70.41     0.87     3.57      3.67
76    102    47     5583F   102.65   46.92   −19.64    65.59     68.46     1.49     2.04      2.52
77     99    16     5744F    99.10   16.41   −14.30    73.76     75.14     0.70     1.20      1.39
78    113    15     5695F   113.43   14.84   −13.52    75.38     76.59    −0.52     2.15      2.21
79    114    37     5601F   114.11   37.22   −14.47    66.85     68.39     0.79     2.71      2.82
80    128    55     5490F   128.50   55.25   −14.20    59.95     61.61     0.97     0.23      1.00
81    133    72     5409F   132.93   72.55   −18.60    57.90     60.81     0.90     0.42      1.00
82    147    81     5364F   147.17   81.44   −19.36    53.53     56.92    −0.48     0.43      0.64
83    176    82     5340F   177.34   81.61   −12.87    41.34     43.29     0.49    −0.87      1.00
84    160    66     5379F   160.41   66.47    −9.44    51.09     51.96     0.53     1.40      1.50
85    158    51     5411F   157.91   51.17    −6.47    53.47     53.86     0.41     1.58      1.63
86    152    33     5474F   152.58   32.78    −7.38    58.68     59.14    −0.86     2.28      2.43
87    148    16     5537F   148.29   15.83   −10.51    65.91     66.74    −1.78     0.85      1.97
−−−   −−−−  −−−−   −−−−−−−     −−−−    −−−−     −−−−     −−−−     −−−−−     −−−−     −−−−     −−−−−


Min:   −60.30   12.99   −62.46    13.60     22.32    −3.41    −4.18      0.08
Max:   292.28   88.81    −3.16    75.46     79.63     2.64     3.57      4.60
P−P:   352.57   75.81    59.30    61.87     57.31     6.05     7.75      4.51
Avg:   110.41   52.07   −24.90    43.38     52.96    −0.00    −0.00      1.95


RMS:    29.49    46.66     55.19     1.27     1.85      2.24


Mount Model Terms







=================


Std Dev     Value 
Term   arc sec    arc sec   Name                              Formula
−−−−   −−−−−−−    −−−−−−−   −−−−                              −−−−−−−
01       0.41  −32081.59   Azimuth Encoder Offset            A=1
02       0.51    1051.71   Elevation Encoder Offset          E=1
03       0.19     −25.53   X Axis Tilt                       A=tEcA;E=−sA
04       0.15      −1.02   Y Axis Tilt                       A=tEsA;E=cA
05       0.16     176.61   Transverse Misalignment           S=1
06       −−−−       −−−−   Az−El Non−Orthogonality           A=tE
07       −−−−       −−−−   Sin(Azimuth) in Azimuth           A=sA
08       −−−−       −−−−   Cos(Azimuth) in Azimuth           A=cA
09       −−−−       −−−−   Sin(Elevation) in Elevation       E=sE
10       1.38      31.35   Cos(Elevation) in Elevation       E=cE
11       0.35      −1.78   Flexure                           E=1/tE
12       −−−−       −−−−   Azimuth Encoder Scale             A=A/r360
13       −−−−       −−−−   Elevation Encoder Scale           E=E/r360
14       0.42      −1.72   Sin(2*Azimuth) in Azimuth         A=s(2A)
15       0.38      −4.49   Cos(2*Azimuth) in Azimuth         A=c(2A)
16       0.75       0.67   Sin(Azimuth) in Elevation         E=sA
17       −−−−       −−−−   Cos(Azimuth) in Elevation         E=cA
18       0.73       0.21   El Sin(Az) in Elevation           E=EsA
19       −−−−       −−−−   El Cos(Az) in Elevation           E=EcA


Covariance Matrix (arcseconds)
==============================
Term       01         02         03         04         05         06         07         08         09         10         11         1
01     8.1e−007
02    −1.1e−009   1.2e−006
03     4.1e−008   5.1e−010   1.7e−007
04     3.2e−008  −3.6e−009  −1.5e−008   1.1e−007
05    −2.3e−007   8.2e−010  −2.0e−008  −2.4e−008   1.3e−007
06       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−
07       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−
08       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−
09       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−
10     1.0e−008  −2.7e−006  −4.7e−009   3.4e−008  −7.5e−009     −−−−       −−−−       −−−−       −−−−     9.2e−006
11    −3.3e−009   4.2e−007   1.5e−009  −1.1e−008   2.5e−009     −−−−       −−−−       −−−−       −−−−    −2.0e−006   5.9e−007
12       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−
13       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−
14     1.1e−007   4.2e−010  −1.9e−008  −1.2e−008  −1.3e−008     −−−−       −−−−       −−−−       −−−−    −3.9e−009   1.3e−009     −−
15    −8.5e−009  −1.5e−011   3.4e−008   4.5e−010  −8.2e−009     −−−−       −−−−       −−−−       −−−−     1.4e−010  −4.7e−011     −−
16     4.9e−008  −3.9e−008   1.7e−007   1.1e−008  −2.6e−008     −−−−       −−−−       −−−−       −−−−     5.0e−007  −2.5e−007     −−
17       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−
18    −6.1e−009  −2.1e−008   2.8e−009  −2.0e−008   4.6e−009     −−−−       −−−−       −−−−       −−−−    −3.8e−007   2.2e−007     −−
19       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−−−       −−


Correlation Matrix
==================







Term     01     02     03     04     05     06     07     08     09     10     11     12     13     14     15     16     17     18   
01     1.00
02    −0.00   1.00
03     0.11   0.00   1.00
04     0.11  −0.01  −0.11   1.00
05    −0.72*  0.00  −0.13  −0.20   1.00
06     −−−−   −−−−   −−−−   −−−−   −−−−   −−−−
07     −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−
08     −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−
09     −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−
10     0.00  −0.81* −0.00   0.03  −0.01   −−−−   −−−−   −−−−   −−−−   1.00
11    −0.00   0.49   0.00  −0.04   0.01   −−−−   −−−−   −−−−   −−−−  −0.86*  1.00
12     −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−
13     −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−
14     0.13   0.00  −0.05  −0.04  −0.04   −−−−   −−−−   −−−−   −−−−  −0.00   0.00   −−−−   −−−−   1.00
15    −0.01  −0.00   0.10   0.00  −0.03   −−−−   −−−−   −−−−   −−−−   0.00  −0.00   −−−−   −−−−   0.02   1.00
16     0.03  −0.02   0.24   0.02  −0.04   −−−−   −−−−   −−−−   −−−−   0.10  −0.20   −−−−   −−−−  −0.01   0.02   1.00
17     −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−
18    −0.00  −0.01   0.00  −0.04   0.01   −−−−   −−−−   −−−−   −−−−  −0.08   0.18   −−−−   −−−−   0.00  −0.00  −0.88*  −−−−   1.00
19     −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−   −−−−  
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