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1 Introduction
The Hobby-Eberly Telescope Dark Energy Experiment (HETDEX) will take data with an array of over 150 spectrographs called VIRUS (the Visual Integral-field Replicable-Unit Spectrograph). Each of the unit spectrographs will be coupled to the HET by an integral field unit composed of hundreds of optical fibers. VIRUS requires a substantially larger field of view and different imaging characteristics than currently available from HET. A new Wide Field Corrector (WFC) is needed at the HET prime focus in order to feed VIRUS. 
This document contains the specifications and design requirements for the WFC.

The first revision of this document was sent to potential bidders, and other relevant project and University of Texas personnel, for comment in February 2008. The second revision of this document incorporates changes based upon the comments received regarding the first revision.
1.1 System Overview
The HET (Figure 1) is a fixed-elevation, 9.2 m telescope with a spherical primary mirror and a tracker device at prime focus to follow astronomical objects.  The HET was funded and built by a consortium of five universities, the University of Texas at Austin, the Pennsylvania State University, the Ludwig-Maxmilians Universität München, the Georg-August-Universität Göttingen, and Stanford University.  The telescope was constructed for $13.9 M over the period 1994-1997.  The University of Texas McDonald Observatory (hereafter “the University”) operates the HET on behalf of the HET consortium.

[image: image1]
Figure 1: Hobby-Eberly telescope dome and CCAS tower. The dome shutter is open revealing the location of the WFC. 
The HET employs a spherical segmented primary mirror supported by a steel truss as an essential part of the telescope's low-cost, Arecibo-style design concept.  All 91 segments are identical regular hexagons.  The unique design of the HET allows the primary mirror to remain stationary during an observation; it can be repositioned in azimuth between observations to access different areas of the sky.  The mirror has a constant zenith angle of 35°, and thus always has the same orientation with respect to gravity.  Images of astronomical objects are acquired and followed across the prime focal surface of the primary mirror array for up to 2.5 hours by means of a tracking device (referred to as the Tracker) which is mounted on top of the telescope structure (Figures 2 and 3).  The Tracker carries the Prime Focus Instrument Package (PFIP, Figure 4) which contains a variety of different instruments (e.g. acquisition guide cameras, wavefront sensors, and VIRUS integral field units) as well as the WFC which corrects the incoming wavefront from the spherical primary and forms an image of the sky.  The Tracker can tilt the PFIP ±8.5° from the nominal 35° zenith angle over the tracking range so that the WFC’s optical axis remains normal to and on the focal sphere of the primary mirror at all positions.  


[image: image2]
Figure 2: The HET Tracker is attached to the telescope’s Upper Hex. The Tracker allows the PFIP to follow objects across the sky. A moving baffle at the exit pupil is used to baffle the variable unfilled part of the pupil that occurs during star tracking. This figure shows the PFIP in three different locations on the Tracker.

[image: image3]
Figure 3: Close-up of the Tracker with PFIP.

[image: image4]
Figure 4: Close up of the PFIP with WFC.
1.2 Applicable Documents

1) HX0003 − Acronyms, Richard Savage

2) HX0006 – Wide Field Corrector Statement of Work, John Booth
3) HX0008 – ICD for PFIP to WFC, Richard Savage
4) HX0009 – Wide Field Corrector Request for Proposal, Marc Rafal

5) HX0010 – Summary of HET Wide Field Corrector Design Study Results, John Booth

6) HX0011 – Wide Field Corrector Reference Design (ZMAX File), John Booth

7) US Military Specification Mil-PRF-13830B, January 1997 
8) US Military Specification Mil-M-810F, January 2001

9) ASME Y14.5M-1994, Dimensioning and Tolerancing

10) ANSI/AWS Standard D1.1/D1.1M, Structural Welding Code – Steel
1.3 Acronyms

See HX0003 − Acronyms, for a complete list of HETDEX Project abbreviations and acronyms.  A partial list relevant to the WFC is provided here for the reader's convenience:

ADC

Atmospheric Dispersion Corrector

CCAS

Center of Curvature Alignment Sensor

COC

Center of Curvature

DMI

Distance Measuring Interferometer

ENWA

Entrance Window Assembly

EXWA

Exit Window Assembly

FAT

Factory Acceptance Test

FRD

Focal Ratio Degradation

HET

Hobby-Eberly Telescope

HETDEX
Hobby-Eberly Telescope Dark Energy Experiment

HRS

High Resolution Spectrograph

LRS

Low Resolution Spectrograph

MARS

Mirror Alignment Recovery System

MB

Moving Baffle

MRS

Medium Resolution Spectrograph

OWA

Optical Window Assembly

PFIP

Prime Focus Instrument Package

SAMS

Segment Alignment Maintenance System

SI

Le Système International d’unités

SIRP

Stationary-Image Rotation Point

TBD

To be Determined

TBV

To be Verified

TTCAM
Tip-Tilt Camera

VIRUS
Visible Integral-Field Replicable Unit Spectrograph

WFC

Wide Field Corrector
1.4 Standards

1.3.1 
The International System of Units (SI) shall be used whenever possible. 

1.3.2 
All drawings shall use metric dimensioning.

1.3.3 
All drawings shall incorporate geometric dimensioning and tolerancing per ASME Y14.5M-1994, Dimensioning and Tolerancing or Contractor-proposed international equivalent.
1.3.4 
All welding specifications shall be per ANSI/AWS Standard D1.1/D1.1M, Structural Welding Code – Steel or Contractor-proposed international equivalent.
2 General Requirements

2.1 General Description

2.1.1 General Hardware Description

The reference design for the WFC is a four-mirror design with two concave 1 m diameter mirrors, one concave 0.9 m diameter mirror, and one convex 0.23 m diameter mirror.  The corrector is designed for feeding optical fibers, and so the chief ray from all field angles is normal to the focal surface.  This is achieved with a concave spherical focal surface centered on the exit pupil.  The primary mirror spherical aberration and the off-axis aberrations in the wide field are controllable due to the first two mirrors being near pupils, and the second two mirrors being well separated from pupils.  The aberration balance in the baseline design favors image quality in the outer field over on-axis performance.  This is because most of the field area is in the outer field, and also for the following reason:  the segmented primary mirror of the HET is not phased, and so the diffraction-based performance of the HET is determined by its 1 m diameter primary mirror segments, therefore the on-axis performance of the baseline design need only be constrained to be comparable to the diffraction limit of a single primary mirror segment.

The reference design produces an unvignetted science field of view 18′ in diameter, with a guiding and wavefront sensing annular field out to 22′ in diameter.  
The reference design is shown in Figure 5. It consists of a variety of optical elements and baffles that are contained within a rigid enclosure that attaches to the PFIP via a kinematic mount. The optical entrance and exit of the WFC enclosure are covered by window assemblies that protect the WFC’s internal components from the exterior environment. Since the window assemblies do not provide an air tight seal, the entire enclosure is purged with dry filtered air (instrument air) to prevent ingress of contaminants and to keep the interior of the WFC within 0.2°C of the ambient air temperature. (Note that the air temperature, humidity and flow rate are continually monitored to ensure they are within acceptable limits.) The instrument air inlet and exhaust lines are connected directly to the window assemblies. In addition, the exhaust line is equipped with a relief valve to prevent over pressurization and an electronic pressure sensor to monitor pressure. 

The window assembly located at the WFC’s optical entrance is referred to as the Entrance Window Assembly (ENWA). This assembly is mounted directly to the WFC enclosure which supports its entire mass. The window assembly located at the WFC’s optical exit is referred to as the EXit Window Assembly (EXWA). This assembly interfaces to the WFC via a light tight bellows. The EXWA is supported by the PFIP, and not by the WFC’s rear structure. This design feature will not degrade WFC image quality because it eliminates potential optical element misalignments caused by the mass of the EXWA. 

[image: image5]
Figure 5: Solid model views of the WFC and optical components. Along the vertical axis from the bottom up, the elements are the ENWA optical window (only W1 is shown), input field stop (black), M3 facing upwards, the axial baffle with shutter on a notional spider support, M2 facing downward, M5 facing upwards with M5 baffle, M4, and finally, the EXWA optical window (only W3 is shown). `
The WFC reference optical design is shown in Figure 6. Photons reflected from the spherical primary mirror (M1) enter the WFC through the ENWA. The ENWA is used to support metrology equipment (Facility Calibration Unit, Distance Measuring Interferometer (DMI) and a Tip-Tilt Camera (TTCAM)) and to deploy a set of two interchangeable thin optical windows (W1 and W2) that are mounted to a computer-controlled stage. This two-position stage allows W1 and W2 to be interchanged. Each of these windows is optimized for high transmission throughput over a particular bandwidth. W1 is optimized for the shorter wavelength bandwidth range while W2 is optimized for the longer wavelength bandwidth range.

[image: image6]
Figure 6: The WFC reference optical design excluding the ENWA, EXWA and primary mirror. The primary mirror is approximately 12 m to the right of the Figure and concave towards the corrector. 
Photons passing through the ENWA are reflected off of the WFC mirrors M2, M3, M4 and M5 (respectively). These mirrors are used to correct the incoming wavefront from the spherical primary. The coatings on these mirrors are optimized to achieve maximum throughput over the desired bandwidth. 
Photons reflected from M5 exit the WFC through the EXWA. The EXWA consists of a Moving Baffle (MB), two thin optical windows (W3 and W4) and an Atmospheric Dispersion Compensator (ADC). The optical windows and the ADC are mounted to a computer controlled stage. This three-position stage allows W3, W4 and the ADC to be interchanged. Each of these windows is optimized for high transmission throughput over a particular bandwidth. W3 is optimized for same bandwidth range as W1, and W4 is optimized for the same bandwidth range as W2. The ADC is optimized for the wavelength range of 350 nm to 1100 nm.

The MB is mounted directly below the three position stage at the exit pupil to baffle the variable unfilled part of the pupil that occurs during star tracking. The pupil becomes unfilled as the optical axis of the WFC points away from the center of the primary mirror during a track (see Figure 2). 

Photons exiting the EXWA travel towards the WFC focus where they form a 22 arcminute diameter image of the sky. The central portion of the field of view is reserved for science instruments and has a diameter of at least 18′. This is the field diameter required by the baseline distribution of the optical fibers (referred to as integral field units) feeding VIRUS. The annular region surrounding this central region has a diameter of at least 22′, and is available to sensors which provide signals for closed-loop positional control of the Tracker, WFC and other PFIP instruments. 
The WFC will be equipped with baffles to control stray light. The reference design has a baffle that is located between M2 and M3. The center of the baffle contains a small circular aperture that is used to facilitate optical alignment of the WFC with respect to the other telescope optics. A computer controlled shutter is used to block the circular aperture when the telescope is in use. In general, all baffles that block light travelling along the WFC optical axis will need to be equipped with computer-controlled shuttered apertures to facilitate optical alignment. 
2.1.2 General Functional Description

The HET will be operated 365 nights per year under normal West Texas outdoor conditions, shielded from the wind somewhat by the surrounding dome structure. During the day the dome interior will be air conditioned to the expected nighttime opening temperature to offset solar heating.

Prior to starting an observing run, HET’s Mirror Alignment Recovery System (MARS) is used to ensure that all of the primary mirror segments are aligned in tip and tilt relative to one another. This process is known as “stacking” is accomplished with the help of a Shack Hartmann based sensor that is located at the spherical mirror’s desired Center of Curvature (CoC) which is located in the Center of Curvature Alignment Sensor (CCAS) tower adjacent to the HET dome (Figure 1). MARS automatically sets the tip and tilt of each mirror segment based upon measurements made with the Shack Hartmann sensor. After the segments are aligned the Segment Alignment Maintenance System (SAMS) automatically maintains segment alignment for extended periods.

After all segments are aligned, an observation is initiated by rotating the entire telescope structure to the desired azimuth and then using the Tracker to slew the PFIP to the track starting position selected by the Resident Astronomer. During the observation, the Tracker automatically moves the PFIP to track the image (formed by HET’s stationary primary mirror) as it moves across the spherical focal surface of the primary mirror. Motion along five axes (X, Y, W, θ and Ф as shown in Figure 7) is required to track the image and maintain the WFC’s optical axis normal to the primary mirror focal surface. 

[image: image7]
Figure 7: Tracker coordinate system. This figure shows the PFIP in its central position. The Z and W axes are coincident when the PFIP is in its central position. As the PFIP moves away from its central position the angle between the Z and W axes change. Note that the X, Y and Z axes are orthogonal, the Z axis is coincident with the primary mirror optical axis, and the positive direction for Tip, Tilt and Rho is based upon the right-hand rule. Also note that the angle between the W and Z axes is referred to as β (and is not shown in this figure).
Requisite motions are achieved with the Tracker’s hexapod (referred to as the Tracker Hexapod) and X-Y stage (Figure 7). The X-Y stage translates the PFIP in a plane perpendicular to the primary mirror’s optical axis while the hexapod translates the PFIP along the WFC’s optical axis (i.e. the W axis) to maintain focus. (Note that the Z axis is orthogonal to the X and Y axes and is not coincident with the W axis.) The hexapod also tips and tilts the PFIP (i.e. rotates it about the X and Y axes, respectively) to keep the WFC’s optical axis normal to the primary mirror focal surface. Tipping and titling (by as much as ±8.5° about the 35° zenith angle of the optical axis on the HET) occurs around the WFC’s Stationary-Image Rotation Point (SIRP) near the circle of least confusion of the primary mirror. (Note that for the reference design the SIRP is located about 70 mm below M3.) Rotation about the SIRP changes the coma of the optical system while not moving the image on the corrected focal surface.    
HET’s science instruments (e.g. VIRUS and other fiber fed spectrographs (HRS, MRS and LRS)) and metrology equipment observe the WFC’s focal surface from above. The science instrument fiber feeds, and metrology equipment, are attached to the PFIP via another smaller hexapod (referred to as the PFIP Hexapod) which is equipped with a rotation stage. The rotation stage is used to compensate for field rotation (about the ρ axis as shown in Figure 7) while the PFIP Hexapod sets the alignment of the science instruments with respect to the WFC’s focal surface.  
During a track, the Tracker attempts to hold the WFC and PFIP instruments at the correct orientation and location in track space under closed loop control. Closed loop control is operating at all times while tracking a field. This includes when instruments are shuttered, but not when they are being calibrated through the corrector. Closed-loop control feedback is provided by the following instruments:

▪ Two guide probes which are used for guiding in Right Ascension and Declination and sensing changes in plate scale. 
▪ Two wavefront sensors which are used to directly sense the tip and tilt of the WFC relative to the primary mirror, and to directly sense focus.
▪ A TTCAM which measures the tip and tilt of the WFC relative to the primary mirror  

▪ A DMI which measures the distance between the primary mirror and WFC

▪ Additional sensors that measure the alignment of the science instruments with respect to the WFC’s focal surface. Signals derived from these measurements are only used to control the PFIP Hexapod.
Tracker closed-loop control positioning errors will cause misalignment between the WFC and primary mirror during a track. The magnitudes of these errors are presented in Table 1. 
	Parameter
	Misalignment
	Notes

	Tilt (β)
	4.0″
	β is the angle between the W and Z axes

	Defocus (ΔW)
	10 μm
	ΔW is measured along the W axis

	Decenter (ΔR)
	10 μm
	ΔR is measured in the XY plane and is measured from the Z axis


Table 1: WFC/primary mirror misalignment due to Tracker.
It should be noted that many alignment errors of the corrector optics in known designs, both static and dynamic, produce coma as the dominant aberration. To a limited but useful extent, such coma can be compensated by introducing a tip or tilt of the entire PFIP (with WFC) relative to the primary mirror. Coma can be sensed and controlled closed loop so that the tightness of the corrector alignment and flexure specifications can be relieved. However, the extent of the relief depends upon the magnitude of other adverse effects introduced by the tip/tilt compensation process. Tip/tilt coma compensation will only be considered if Contractor provides convincing evidence that the magnitudes of these other effects are within acceptable limits.
During emergency situations, emergency stop switches located throughout the HET facility can be used to bring all telescope and Tracker motions to an abrupt stop. In general, the acceleration experienced by the WFC during an emergency stop is substantially larger then the accelerations experienced while slewing and tracking. 
2.1.3 Optical Alignment
The ability to quickly and accurately align the telescope optics, and then maintain their alignment for extended periods while tracking, is essential for the success of the HETDEX project.  

In an ideal world the optical axes of M1, the WFC, and the PFIP instruments would be concentric. Since this is not practical, adjustment mechanisms are required to align these optical subsystems with respect to one another. Since the WFC is the largest/heaviest of these subsystems, it will be mounted directly to the PFIP structure within a reasonable tolerance, and all of the other items will be equipped with fine adjustments so that they can be aligned with the WFC’s optical axis. 

The Tracker Hexapod is used to maintain the alignment between the WFC and primary mirror during an observation. Since the WFC is connected to the Tracker hexapod via the PFIP structure, any misalignment between the WFC and PFIP structure will be accommodated (i.e. taken out) by the Tracker hexapod. This requires an additional small range of motion for each hexapod axis that is above what is required to track the sky during observations.
The PFIP Hexapod sets the alignment between the WFC and PFIP instruments. The goal is to design the system so that the PFIP Hexapod does not have to be controlled in real time to maintain image quality. 
The WFC will be equipped with equipment and features (see Section 11.2) to facilitate achieving, verifying and maintaining alignment. The goal is to be able to rapidly achieve and verify overall system optical alignment without having to dismount the WFC. Anticipated features include:
▪ Ability to use a laser to establish the WFC’s optical axis and project this axis onto M1 and through the WFC’s exit pupil and focal plane, and through central holes in M2, M3, M4 and M5  
▪ Precision mechanical surfaces which can be used to facilitate initial alignment of the WFC with respect to the PFIP structure 

▪ Precision mechanical surfaces which can be used to facilitate initial alignment of the WFC with respect to the PFIP hexapod 

▪ A variety of WFC mirror plugs that can be used with an autocollimator to perform a rough alignment check.
3 Functional Requirements
3.1 Operational Functions

	Item
	Requirement

	1
	Receive light from the primary mirror and correct its optical aberrations

	2
	Prevent scattered light from degrading the image and increasing the brightness of the background

	3
	Support, locate and maintain position of the WFC optical elements and internal baffles within the required tolerances over the full range of the telescope operating environment, WFC orientation and motion 

	4
	Provide structural support for equipment that will be mounted below the entrance window to the WFC

	5
	Provide an airtight cover around the WFC internal elements to allow for slight positive pressurization to prevent ingress of contamination and humid air

	6
	Provide a light tight cover (excluding the entrance and exit windows) around the WFC internal components

	7
	Provide internal mirror flats, targets and mechanical reference features to facilitate active optical alignment of the HET optics via closed loop control. Contractor’s scope is limited to providing mirror flats and/or targets and mechanical reference features at strategic locations on the WFC that can be used to facilitate alignment in real time (see 11.2.18)


3.2 Maintenance and Support Functions

	Item
	Requirement

	1
	Allow straightforward removal/installation/alignment of all mirrors for periodic re-coating

	2
	Provide handling points for WFC installation and removal from the PFIP, WFC Maintenance Fixture, Transfer Fixture and shipping crate

	3
	Provide handling points for WFC optical element installation and removal from the WFC and shipping crate

	4
	Provide capability to verify proper alignment of the WFC optical elements while the WFC is installed in the PFIP when the PFIP is on the telescope and when the PFIP is in its Maintenance Fixture

	5
	Provide capability to adjust the alignment of the WFC optical elements while the WFC is installed in the PFIP (i.e. the WFC optical element adjustment mechanisms are accessible when the WFC is installed in the PFIP)  

	6
	Provide internal optics and features to facilitate optical alignment of the WFC/PFIP with respect to the other telescope optical components 

	7
	Allow ready access to all internal components (for visual inspection, for making mirror reflectivity measurements, and for cleaning the mirrors and optical windows) when the WFC is installed in the PFIP and on the telescope 


3.3 Control Functions

NA
4 Interfaces
The WFC interfaces with the following components:
▪ PFIP via a kinematic mount
▪ ENWA
▪ EXWA

▪ ENWA and EXWA Optical Window Assemblies (OWA) for optical windows W1 through W4
Interfaces between the WFC and these components are described in HX0008.

5 Optical Requirements
5.1 Aperture and Focal Length
5.1.1 
The WFC design shall use the existing HET spherical primary mirror with its 26.16392 mm radius of curvature.
5.1.2 
The WFC shall use a telescope entrance pupil of 10 meters diameter. Ten meters is the largest circular aperture that passes through the top hex of the HET structure.
5.1.3 
The Effective Focal Length (EFL) shall be 36.500±0.050 m. It follows that the image scale will be 177.0 μm per arcsec, and that the focal ratio will be f/3.650.
5.2 WFC Configuration

5.2.1 
The corrector shall use a maximum of four mirrors to provide image correction as shown in the previous figures.  
5.2.2 
Mirror diameters shall not exceed 1.2 m.

5.2.3 The separation of the corrected focal surface from the primary mirror focal surface, measured along the optical axis of the WFC, shall be at least 3.50 m and shall not exceed 3.80 m. The 3.8-m specification is to keep the WFC inside physically acceptable bounds within the HET dome.
5.2.4 Four OWAs shall be provided. One for W1, W2, W3 and W4. Each assembly shall consist of an optical window that is mounted in a cell.

5.2.5 The ENWA shall be located between the primary mirror and M3.

5.2.6 The EXWA shall be located between 100 mm and 150 mm after the exit pupil in the direction of light propagation. 

5.3 Field of View
5.3.1
The WFC field of view shall have a diameter of at least 22′. 

5.4 Image Quality and Characteristics

5.4.1
Baseline WFC image quality shall be EE80 ≤ 0.45″ from the center of the WFC’s optical axis out to a 5′ radius, and then increasing linearly to EE80 ≤ 0.8″ out to an 11′ radius. The WFC shall meet this specification in the presence of the residual aberrations from the WFC’s optical design, aging, gravity effects (due to Tracker motion), temperature effects (e.g. due to dome temperature changes), misalignment of the WFC optics with respect to themselves, and misalignment of the WFC with respect to the primary mirror that is caused by Tracker errors (see Table 1), and image quality degradation caused by the optical windows at the WFC entrance and exit. This image quality specification does not include image quality degradation from atmospheric effects, the atmospheric dispersion corrector or coma compensation via closed loop control of the WFC orientation.  
5.4.2
The bandwidth in the absence of an Atmospheric Dispersion Corrector (ADC) shall be 350 nm ≤  λ ≤ 1800 nm. 
5.4.3
The bandwidth for optical windows W1 and W3 shall be 350 nm ≤  λ ≤ 1100 nm.

5.4.4
The bandwidth for optical windows W2 and W4 shall be 850 nm ≤  λ ≤ 1800 nm with a goal of 650 nm ≤  λ ≤ 1800 nm.

5.4.5
The chief ray from all field positions in the WFC field of view shall be normal to the focal surface with an error ≤ 0.02°. This is to minimize Focal Ratio degradation (FRD) in optical fibers positioned normal to the focal surface at any point in the field. The specification keeps the fiber input focal ratio slower than f/3.64.
5.4.6
The focal surface shall be spherical with a radius of curvature ≥ 0.85 m. This is to allow the chief ray angle of incidence to be normal to the focal surface without use of optics near the focal surface.
5.4.7
Axially symmetric geometric distortion (e.g. pin cushion and barrel) in the WFC field of view shall be < 0.5%. Non-axially symmetric geometric distortion shall be < 0.05%. 
5.4.8
No two points in the field of view may change their separation on the focal surface by more than 35 μm for any operational temperature and orientation of the WFC with respect to gravity. 

5.5 Vignetting and Obscuration

5.5.1
When the WFC is centered upon the primary mirror’s optical axis, the number of photons from the 10 meter diameter entrance pupil that are incident upon the focal surface, shall be maximized subject to the following constraints:

▪ The throughput at the edge of the field (i.e. at an 11′ field angle) shall not be less than 15% of the on axis throughput

▪ The variation in throughput as a function of field angle shall be a monotonically decreasing function


Optical fabrication techniques shall be employed which minimize vignetting and obstruction. The clear reflective apertures shall extend to within 3 mm radially at critical edges in order to maximize throughput. In the reference design these critical edges are at the inner diameter of M2 and the outer diameter of M4.
5.5.2
Any spider-like (or other equivalent) support structure within the corrector shall be maximally separated axially from any caustic or intermediate focus. 
5.5.3
All spiders shall have the same angular orientation (as measured in a plane which is normal to the WFC’s optical axis) to reduce loss of light due to obscuration and simplify diffraction patterns.

5.6 Stray Light
5.6.1
The optical path shall be fully baffled. That is, from any point on the focal surface within the field of view, the only surfaces to be visible, either directly, or through reflection or refraction by the WFC optics, are the optical surfaces within their clear apertures, and the baffle surfaces.
5.6.2
Baffles shall have knife edges, and be black with a reflectivity ≤ 0.03 over the full bandwidth. More than 98% of the surface area of the other non-optical surfaces within the WFC, that can illuminate the focal surface or an optical surface via one reflection off of a baffle surface, shall be matte black.
5.6.3
All baffles that block light travelling along the WFC optical axis shall be equipped with circular apertures that are centered upon the WFC’s optical axis to within 1.0 mm. Circular aperture diameter shall be at least 50 mm to accommodate a precision autocollimator.
5.6.4
Each baffle central circular aperture shall be equipped with an electronically controlled shutter that has a response time of no greater than five seconds (see Section 7 for additional requirements) that can be used to completely block and unblock its respective aperture. 
5.6.5
Each shutter mechanism shall not generate heat when in its blocked and unblocked positions.  
5.6.6
The WFC shall be light tight. See Section 6 for additional details.

5.6.7
The WFC shall not emit light within the scientific bandwidth. However, it shall be permissible to allow metrology instruments to operate in a narrow wavelength band centered on 1.5 μm.
5.6.8
All components mounted in optically sensitive areas shall be free of fluorescent, phosphorescent and radioactive materials.

5.6.9
No optical component shall be positioned such that any part of the optic is illuminated by an optical beam, originating from a point object anywhere in the WFC’s field of view, of less than 5 mm diameter. This same specification applies to all zones of any caustic. These specifications do not apply to the final focal surface. 
5.7 Materials and Coatings
5.7.1 WFC mirror and optical window coatings shall be selected to maximize the overall telescope throughput over the desired band pass.  Utilization of different coatings on each mirror and optical window is acceptable and desirable to even-out dips in throughput as a function of wavelength. The primary mirror coating is currently bare aluminum, but is subject to change. Specifications for the primary mirror coating will be provided to Contractor after contract award.  
5.7.2 Mirror and optical window coating processes shall be selected that is compatible with the chosen substrate and with any bonding materials used on the substrate.

5.7.3
Reflectivity of each mirror following the primary mirror shall be R ≥ 0.95  for all wavelengths over the bandwidth, and over the full range of angles of incidence on the mirrors. The goal is R ≥ 0.96. The coatings shall have no observable pinholes and shall meet the following US Military Specification Mil-PRF-13830B requirements:  B.3.5, B.3.6, B.3.7, B.3.8, B.3.9 and B.3.10 (humidity test only). 
5.7.4 All mirror optical surfaces are to be polished to 60-40 scratch and dig standard (or better, as per Mil-PRF-13830B), with a micro-roughness accuracy of 2 nm or better. 
5.7.5 Mirrors shall be fabricated from Zerodur, ULE, Astro-Sital or other equivalent ultra-low thermal expansion coefficient material.

5.7.6 All optical window optical surfaces are to be polished to 60-40 scratch and dig standard (or better, as per Mil-PRF-13830B), with a micro-roughness accuracy of 2 nm or better. 

5.7.7 All refractive surfaces in the optical path are to be anti-reflection coated. The coatings shall have no observable pinholes and shall meet the following US Military Specification Mil-PRF-13830B requirements:  C.3.3, C.3.4, C.3.8.2, C.3.8.4 and C.3.8.5.

5.7.8 Optical specifications (e.g. material type, absolute index of refraction, index of refraction variations (i.e. homogeneity and striae), stress birefringence, and bubble quality), opto-mechanical specifications (e.g. figure, radius of curvature, center thickness, centering, diameter and bevels), beauty and scattering specifications (e.g. bubble, scratch and dig) and coating specifications shall be selected so that the WFC meets all specifications stipulated in the document over a 5 year period (see Section 11.1.2) without recoating any of the mirrors over this period provided (1) the mirrors and optical windows are cleaned as per the manufacturer’s recommended procedures, (2) the interior of the WFC is continually purged with dry filtered air (instrument air) to prevent ingress of contaminants, and (3) occasional accidental exposure to condensing water (assume no more than 8 hours exposure per year). 

5.7.9
All WFC external surfaces shall be painted with a mutually agreed upon ultra flat black durable material. 
5.7.10 Mirror and optical window coating witness samples shall be supplied (along with appropriate reflectivity and transmission measurements as a function of wavelength) in sufficient quantity to demonstrate compliance with a requirements. 
5.7.11
Mirror coatings shall be chemically strippable.

6 Mechanical Requirements

6.1
The WFC shall fit within the cylindrical envelope shown in Figure 1 of HX0008.
6.2
The WFC’s mass shall not exceed 1400 kg with a goal of 1000 kg. 
6.3
The WFC shall have a minimum fundamental frequency of 20 Hz.
6.4
The WFC enclosure shall prevent ingress of light, air, moisture and contamination.

6.5
Interface between the WFC enclosure and ENWA shall be environmentally sealed to prevent ingress of light, moisture and contamination.  
6.6
Environmental seal between the WFC enclosure and ENWA shall not affect the mechanical alignment between the WFC enclosure and ENWA. For example, an elastomeric seal which completely spans the interface between the ENWA and WFC enclosure is not permissible because it does not rigidly fix the location of the ENWA with respect to the WFC enclosure.

6.7
Interface between the WFC enclosure and EXWA shall be environmentally sealed to prevent ingress of light, moisture and contamination.

6.8
Environmental seals between the WFC and the window assemblies shall be able to be removed intact to facilitate maintenance activities. For example, utilization of adhesive seals (e.g. RTV and epoxies) is not acceptable.

6.9
The WFC enclosure shall be continually purged with dry filtered air (instrument air) to prevent ingress of contaminants and to keep the interior of the WFC within 0.1°C of the ambient air temperature. The WFC and environmental seals shall be able to safely withstand over pressurization which is 5% above ambient pressure. 

7 Electronic Requirements

7.1
Baffle shutter mechanisms shall be electronically controlled via a low-voltage (i.e. ≤ 50 volt) DC signal.
7.2
Baffles shall be equipped with an electronic means to sense when the shutter is in its full open and full closed positions.

7.3
Electrical interconnect to shutters shall be via a single female bulkhead connector that is mounted on one of the WFC’s external surfaces.

7.4 
A female connector shall be provided that mates with the male bulkhead connector.

7.5
Connectors shall be a circular Mil Spec connector with the following features:


▪ Environmentally sealed


▪ Protective cap with lanyard


▪ Keyed


▪ Bayonet type


▪ Equipped with strain relief

▪ Pin count ≤ 50

8 Thermal Requirements

8.1
The WFC shall not contain any heat generation or heat removal equipment that would cause the internal and external surfaces of the WFC to deviate from the ambient air temperature by more than 0.2°C when the HET is observing.
9 Computer Hardware and Software Requirements
NA
10 Environmental Requirements
10.1
The WFC shall meet all performance specifications for any combination of the Normal Conditions shown in Table 2. The WFC shall survive any combination of the Normal Conditions without damage or requirement for repair/realignment.
10.2 It is desirable that the WFC be able to function (with reduced image quality performance) for any combination of the Marginal Conditions shown in Table 2. The goal is to have 0.8″ EE80 image quality (or better) over the entire field of view as specified in Section 5.4.1. Contractor shall specify the level of performance that shall be obtainable with the WFC under these Marginal Conditions at PDR. The WFC shall survive any combination of the Marginal Conditions without damage or requirement for repair/realignment.
10.3 The WFC will reside on the telescope when not in use, and will be periodically repositioned with the Tracker (using slewing motions) to prepare for another track and to facilitate maintenance while on the telescope. It will also be periodically removed from the telescope to allow for maintenance inside the HET facility (which includes the dome, shipping/receiving bay and mirror lab). During these periods the WFC shall withstand any combination of the Non-Operating Conditions shown in Table 2 without damage or requirement for repair/realignment.
10.4
The WFC shall withstand any combination of the Survival Conditions shown in Table 2 when the WFC is not operating and is anywhere inside the HET dome. The WFC shall survive any combination of the Survival Conditions without damage or requirement for repair/realignment.
10.5 The WFC shall survive any combination of the Shipping Conditions shown in Table 2 without damage or requirement for repair/realignment when packaged in its storage/shipping containers and being transported by truck (non air ride), train, ship and plane. 
10.6 The completely assembled WFC shall be able to safely handle (without damage or requirement for repair/realignment) the shock and vibration imparted to it when being handled (using best practices and following the handling instructions provided in the WFC Maintenance Manual (see HX0006 Section 7.8.4)) with the HET dome crane, shipping/receiving bay crane, mirror lab crane, and forklift. 

10.7 The individual WFC mirrors shall be able to safely handle (without damage or requirement for repair) the shock and vibration imparted to it when being individually handled (using best practices, an appropriate handling fixture, and following the handling instructions provided in the WFC Maintenance Manual (see HX0006 Section 7.8.4)) with the HET dome crane, shipping/receiving bay crane, mirror lab crane, and forklift.  
	Quantity
	Normal
	Marginal
	Non-Operating
	Survival
	Shipping

	Elevation 
	Sea level to 2026 m
	Sea level to 2026 m
	Sea level to 2076 m
	Sea level to 2026 m
	Sea level to 11000 m

	Air temperature range
	-5°C to 20°C
	-10°C to 25°C
	-5°C to 25°C
	-25°C to 35°C
	-25°C to 35°C

	Maximum rate of ambient air temperature change
	0.5°C per hour
	1°C per hour
	1°C per hour
	10°C per hour
	10°C per hour

	Relative humidity
	≤ 95.5% non condensing
	≤ 95.5% non condensing
	≤ 100% condensing
	≤ 100% condensing
	≤ 100% condensing

	Steady wind speed
	≤ 14 m/s (30 mph)
	≤ 21 m/s (45 mph)
	≤ 21 m/s (45 mph)
	≤ 45 m/s (100 mph)
	≤ 45 m/s (100 mph)

	Peak wind gusts
	≤ 21 m/s (45 mph)
	≤ 25 m/s (55 mph)
	≤ 25 m/s (55 mph)
	≤ 54 m/s (120 mph)
	≤ 54 m/s (120 mph)

	Forces generated by tracking motions

▪ X-axis 

▪ Y-axis 

▪ Z-axis 

▪ Rho-axis 

▪ Azimuth
	0.5 mm/sec2

0.5 mm/sec2

0.183 mm/sec2

5 deg/sec2

NA
	0.5 mm/sec2

0.5 mm/sec2

0.183 mm/sec2

5 deg/sec2

NA
	NA
	NA
	NA

	Forces generated by slewing motions

▪ X-axis 

▪ Y-axis 

▪ Z-axis 

▪ Rho-axis 

▪ Azimuth 
	NA
	NA
	20 mm/sec2

20 mm/sec2

0.183 mm/sec2

5 deg/sec2

0.1 deg/sec2
	20 mm/sec2

20 mm/sec2

0.183 mm/sec2

5 deg/sec2

0.1 deg/sec2
	NA

	Gravity orientation
	±8.5° about 35° zenith angle
	±8.5° about 35° zenith angle
	±8.5° about 35° zenith angle
	Any orientation
	Any orientation

	Vibration 


	NA
	NA
	As per Maintenance Manual specifications 

(see HX0006 Section 7)
	As per Maintenance Manual specifications 

(see HX0006 Section 7)
	MIL-STD-810F, Jan 2001

	Shock
	NA
	NA
	As per Maintenance Manual specifications 

(see HX0006 Section 7)
	As per Maintenance Manual specifications 

(see HX0006 Section 7)
	As per Maintenance Manual specifications 

(see HX0006 Section 7)

	Seismic (peak acceleration)
	NA
	NA
	NA
	0.2 g in any direction
	0.2 g in any direction

	Rain, hail & snow
	NA
	NA
	NA
	Occasional exposure
	Occasional exposure

	Wind blown dust, sand & insects
	Yes
	Yes
	Yes
	Yes
	Yes

	Lightning strikes
	NA
	NA
	NA
	Yes
	Yes

	Glycol spills
	NA
	NA
	NA
	Yes
	Yes

	Liquid nitrogen spills
	NA
	NA
	NA
	Yes
	Yes

	Maritime environment
	NA
	NA
	NA
	NA
	Below ship deck


Table 2: Environmental conditions that WFC must be able to safely withstand.

11 Reliability, Maintainability and Servicing Requirements

11.1  Reliability

11.1.1
The WFC shall be capable of operating 365 nights per year. 
11.1.2
The WFC shall not cause any downtime except for periodic recoating of the mirrors every 5 years.

11.1.3
The WFC shutters shall be capable of operating for 10,000 cycles without failure. It is anticipated that the shutters will be operated several hundred times over a six to nine month period prior to deployment on the HET, and after they are deployed, they will be operated no more than once per day. 
11.1.4
The amount of time required to remove the WFC from the PFIP shall not exceed four hours when the WFC/PFIP is off of the telescope and on the ground.  
11.1.5
After the WFC has been removed from the PFIP, the amount of time required to remove the mirrors and pack them for shipment to the coating facility shall not exceed two consecutive sixteen-hour days.

11.1.6
The amount of time required to unpack the mirrors, install them in the WFC, then align them (with respect to one another) to specification shall not exceed four consecutive sixteen-hour days.  
11.1.7
The amount of time required to install the WFC in the PFIP and optically align it with respect to the PFIP shall not exceed eight hours. 
11.2  Maintainability and Servicing

11.2.1
WFC shall have a design lifetime of 20 years.
11.2.2
All components shall be protected from corrosion by proper surface treatment (e.g. anodizing and painting). This includes protection from corrosion that could be caused by using cleaning agents (e.g. soap and water) to clean the optical surfaces as per the manufacturer’s recommended procedures.
11.2.3 
WFC shall be equipped with drain plugs in strategic locations to facilitate removal of cleaning fluids and condensate.

11.2.4
Metric fasteners shall be utilized.

11.2.5
Spares (excluding the mirrors M2, M3, M4 and M5) shall be provided for components critical to WFC operation.  
11.2.6 
Each mirror shall be marked with the following information:

▪ Mirror identification number (e.g. M2, M3, M4 and M5) 
▪ 12 o′clock position at the circumference of each mirror which may be used to determine the orientation of surface maps generated during testing, and may be used to ensure that each mirror is remounted in its cell in the same orientation after it has been removed for recoating
11.2.7
Provisions for inserting a Hartmann mask at M3 are not required because it is anticipated that the mask will be inserted at the exit pupil which is external to the WFC.

11.2.8
The WFC shall be equipped with lifting points to facilitate lifting with an overhead crane.

11.2.9
All lifting points shall be labeled.

11.2.10
A Maintenance Fixture shall be provided to support the WFC (on its kinematic mount) when not installed on the HET. The fixture shall:

▪ Be equipped with wheels (with air filled tires) that have manual brakes
▪ Be equipped with shock (as per item 13.3.2) absorbers to prevent excessive shock to the WFC if it is accidently lowered too quickly onto the fixture
▪ Be equipped with shock absorber lockouts (e.g. jacking stands) to eliminate unwanted motion when performing maintenance

▪ Provide access to interior components for inspection and alignment

▪ Provide access to mirrors for installation and removal

▪ Provide access to mirror marking (see 11.2.13)

▪ Allow the WFC corrector’s optical axis to be titled ±45° from its vertical position and held in this position via a suitable mechanism
▪ Orient the WFC so that its optical alignment can be verified and adjusted
▪ Allow the ENWA to be installed on the bottom of the WFC

▪ Support the WFC (with ENWA installed) with a minimum floor clearance of 100 cm when the WFC optical axis is perpendicular to the floor

▪ Be able to fit through a 304 cm wide by 360 cm high (10’0” wide by 11’10” high) door when the WFC is installed in the fixture. Note that it is acceptable to tilt (rotate) the WFC when installed in the fixture to reduce the assembly’s overall height so that it may fit through the door.
▪ Not exceed a width and length of 244 cm (8 ft). Note that the width of the annular shaped pathway around the telescope pier is 426 cm (14 ft) except in one area where it reduces to 254 cm (8.33 ft).
11.2.11
The WFC shall be designed so that all WFC components are readily accessible for maintenance when the WFC is installed on the telescope. The WFC enclosure shall be equipped with removable panels to facilitate access to internal components (especially to the optical elements for visual inspection, reflectivity measurements, and cleaning) that meet the following requirements:
▪ Removable panels shall be attached to the enclosure via lift-off hinges.

▪ Removable panels shall be secured with captivated fasteners.

▪ Each removable panel shall be equipped with a handle to facilitate opening and closing.

▪ Each removable panel shall be equipped with a removable tether to the enclosure.

▪ Each removable shall be equipped with environmental seals.

11.2.12 
Access panels (to facilitate visual inspection for corrosion) shall be provided in all locations that could accumulate cleaning fluids and condensate.   
11.2.13
Special tools and equipment required for WFC operation and maintenance shall be provided with the WFC. This includes lifting fixtures, straps, shackles, reflective coating fixtures, null optics, jigs and alignment fixtures. It also includes fixtures required to:

▪ Transfer the WFC (with ENWA installed) between the PFIP and Maintenance Fixture 

▪ Transfer the WFC (without ENWA installed) between the PFIP, Maintenance Fixture and shipping crates
Lifting tools/equipment shall be designed to prevent excessive shock to the WFC and individual mirrors if the lifting crane is accidently raised/lowered too fast. 

11.2.14
WFC shall be equipped with readily accessible mechanical features to facilitate system assembly, alignment and troubleshooting. This includes utilizing self-aligning mechanical interfaces (e.g. kinematic mounts, alignment pins, etc.) and fine position adjustment mechanisms.
11.2.15
All critical adjustment mechanisms shall be equipped with locks to prevent them from creeping (“walking”) due to vibration experienced during shipping and handling, wind buffeting and slewing.

11.2.16
All critical adjustment mechanisms shall be protected from disturbance/damage that might be caused by service personnel working in the vicinity of the WFC.
11.2.17 
Procedures, features and equipment shall be provided to check the alignment of the WFC’s optics when the WFC is installed:

▪ On the HET at any Tracker orientation
▪ In its maintenance fixture at any fixture orientation
11.2.18 
Procedures, features and equipment shall be provided to realign the WFC optics when the WFC is installed:

▪ On the HET 
▪ In its maintenance fixture
11.2.19 
Procedures, features and equipment shall be provided to:

▪ Check the alignment of the WFC’s optical axis with respect to the primary mirror
▪ Realign the WFC optics with respect to the primary mirror.

11.2.20 
Procedures, features and equipment shall be provided to:

▪ Check the alignment of the WFC’s optical axis with respect to the instruments in the WFC’s focal surface 
▪ Manually realign these instruments to the WFC’s focal surface
▪ Automatically realign (in real time) the instruments at the WFC focal surface  with respect to the WFC, during telescope observations. Contractor’s scope is limited to providing mirror flats and/or targets and mechanical reference features at strategic locations on the WFC that can be used to facilitate alignment in real time.
11.2.21
An alignment telescope, autocollimator and mirror plugs shall be provided to quantitatively measure and monitor the alignment of the WFC mirrors with respect to themselves and other HET optics. They will not be used to achieve alignment, they will only be used to monitor alignment. 

11.2.22 
Mirror plugs (consisting of a precision optical flat with cross hair) shall be provided for each mirror. The plugs shall be able to be easily inserted (without binding) into their respective mirror holes while the WFC is on the telescope and in its maintenance fixture. Gravity (or other suitable means) shall be used to secure the plugs for all orientations the WFC can be subjected to with the Tracker.

11.2.23
Plugs shall be able to be inserted into their respective mirror holes in a repeatable manner regarding their angular orientation. Features shall be provided to ensure that the angular orientation is within 5°.

11.2.24
Mirror plugs and cross hairs shall be designed so that the autocollimator can be used to measure the tip/tilt of each mirror plug to within 2″, and the relative concentricity of the mirror plugs to within 50 μm. 
11.2.25 
The plug optical flats shall be fabricated from Zerodur (or equivalent material). 
11.2.26 
An autocollimator shall be provided to measure the tip/tilt of the mirror plugs to within 2″, and the relative concentricity of the mirror plugs to within 50 μm.

11.2.27
Alignment telescope and autocollimator will each be equipped with a black and white CCD camera which has a digital readout and 5 frame per second readout rate. 
11.2.28 
A stand shall be provided for the alignment telescope and autocollimator that attaches to the WFC via a kinematic mount. The stand shall provide all of the degrees of freedom (with fine adjustment capability) required to align the autocollimator to the WFC’s optical axis. This stand will only be deployed when the WFC is installed in its maintenance fixture.
11.2.29
A stand shall be provided for the alignment telescope and autocollimator that attaches to the top of the PFIP via a kinematic mount. The stand shall provide all of the degrees of freedom (with fine adjustment capability) required to align the autocollimator to the WFC’s optical axis. This stand will only be deployed when the WFC is installed in the PFIP.

11.2.30
Reusable storage cases shall be provided for the alignment telescope, autocollimator and each mirror plug.   
11.2.31
An optical window assembly mount shall be provided which attaches to the WFC via the ENWA mounting interface. The mount shall simulate the ENWA OWA mount in all aspects except that it only needs to accommodate a single OWA at one time (i.e. this mount does not incorporate a stage which allows W1 and W2 to be interchanged). This mount will be used for the Factory Acceptance Test (FAT) if the ENWA is not available for the FAT.
11.2.32
An optical window assembly mount shall be provided which attaches to the WFC via the EXWA mounting interface. The mount shall simulate the EXWA OWA mount in all aspects except that it only needs to accommodate a single OWA at one time (i.e. this mount does not incorporate a stage which allows W3 and W4 to be interchanged). This mount will be used for the FAT if the EXWA is not available for the FAT.
11.3  Shipping and Handling 
11.3.1
WFC shall be provided with shipping covers for entrance and exit apertures to protect interior components during shipping and handling. These covers shall form an environmental seal to prevent ingress of moisture and other contaminants. 

11.3.2
During shipment the WFC can experience a wide range of altitudes. One of the WFC covers shall be equipped with a device if necessary to prevent damage due to altitude changes experienced during shipment via and ground transportation when the shipping covers are installed. This device must prevent over pressurization and under pressurization without ingress of moisture, dust and other contaminants to the inside of the WFC.
11.3.3
A re-useable shipping crate shall be provided for the WFC. The crate shall be re-useable at least 5 times over the WFC’s design lifetime. 

11.3.4
Re-useable shipping crates and packing materials shall be provided for each mirror. Each crate shall be re-useable at least 20 times over the WFC’s design lifetime. 

11.3.5
Re-useable desiccant shall be provided to maintain a dry environment within each crate. 
11.3.6
Crates shall be designed to transport items by overhead crane, forklift, truck (not air ride) and plane.

11.3.7
Crates shall be equipped with shock absorbers as needed to protect contents from shock and vibration.
11.3.8
Crates shall be equipped with reusable shock indicating labels (or equivalent) which have a sensitivity of 5 g (i.e. they can detect shock as small as 5 g).  
11.3.9
At least three shock indicating labels shall be provided in each crate so that shock can be monitored in three orthogonal directions.
12 Safety

12.1 
All single-point failures that can lead to loss of life, serious injury to personnel or damage to equipment shall be indentified and the design modified to prevent such failures. If the design cannot be practically modified, the design shall be qualified by appropriate analysis and/or testing (e.g. proof testing lifting fixtures) to demonstrate that the probability of failure is acceptably low.
12.2
WFC shall be designed to minimize the number and variety of on-telescope use of tools and equipment for servicing and maintenance.

12.3
Lock washers shall not be used for on-telescope accessible fasteners. Utilization of chemical locking compounds and aircraft locking nuts are acceptable.
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