5.
The Dark Energy Survey Instrument 

5.1
The Reference Design

This section describes the essential elements of the Reference Design for the Dark Energy Survey Instrument. It includes the camera, cooling, wide-field optical system, the data acquisition system (DAQ), and the mechanical and electrical interfaces to the V. M. Blanco Telescope and its infrastructure.  The Reference Design is not intended to be the final design, since we are still evaluating a number of technical choices.  Nevertheless, it has allowed us to develop a reasonably complete enumeration of the tasks that must be executed in order to build the Dark Energy Survey Instrument. In Section 5.2, we describe the present configuration of the Blanco and in sections 5.3-5.17, we describe the choices we made in the Reference Design and the issues that we must resolve before proceeding to a final design.   With the Reference Design in mind, we have developed a Reference Work Breakdown Structure (WBS) and identified the critical items that will require development before production can start. We have made a preliminary estimate of the schedule and the resources that will be needed for the construction of the instrument and its interfaces to the Blanco as well as the commissioning of the instrument in Cerro Tololo.  This is provided in Chapter 6.  These initial estimates suggest that we should be able to deliver a fully tested instrument with a fully integrated and tested DAQ to CTIO in Jan. 2008. 

5.2
The Blanco Telescope
The Blanco is an equatorial mount telescope with a flip cage at the prime focus.  A photograph of the Mayall telescope at Kitt Peak, which is a near twin of the Blanco, is shown in Figure 5.1 and a drawing of the layout of the optical components in the Blanco cage is shown in Figure 5.2.  Together, they provide a perspective of the layout of components at the Blanco prime focus.  

In the present configuration on the Blanco, the light from the primary mirror is focused onto Mosaic II, the existing wide-field imaging camera, when the cage is in the position shown in Figures 5.1 and 5.2. Mosaic II consists of eight 2k ( 4k CCDs.  An optical system corrects the field of view over an angular diameter of 0.85 degrees.  It consists of 4 lenses and an atmospheric dispersion corrector.  The optical system, filters, camera and the f/8 secondary mirror are all mounted on the cage that is attached by the spider to a ring.  When the cage is flipped through an angle of 180 degrees into the other position, the f/8 secondary mirror reflects the primary beam on to the Cassegrain focus.  The prime focus plate scale at the Blanco is 55 μm/arcsec (1 meter/5 degrees).  Table 5.1 provides a further enumeration of some of the essential parameters of the Blanco telescope.  
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Figure 5.1  Side view of the cage on the Mayall telescope. The Mosaic camera and corrector are mounted inside the cage.  The spider attaches the barrel to a ring that is in turn attached to the main truss (white) of the telescope.  The ring can flip the orientation of the cage such that the other end points toward the primary.
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Figure 5.2 The cage and optical components of the Blanco 4m telescope.  The corrector lenses are contained in a barrel, which is supported by a pedestal bolted to the centerpiece of the cage.  The secondary mirror is located on the far left.

Table 5.1 Parameters of the Blanco Telescope and Facilities at the Site
	Blanco location
	Lat. 30o 10’ S,

Long. 70 o 49’ W

Altitude 2200 m (7200 ft)

	Primary Mirror
	4m dia., 50cm thick, 15 ton

	Telescope Mount
	Equatorial

	Prime Focus
	f/2.87

	Plate scale 
	55 μm/arcsec

	Typical V-Band seeing  FWHM
	0.8 to 1.1 arcsec

	Outside Temp. Range 
	-10 to +25 deg. C

	Slew time
	35 sec. for 1 or 2 deg. slews

	Guider Update Rate 
	2 sec.

	Adj. Range needed for focus 
	~2 cm

	N2 plant on mountain top
	9 lts/hr capacity, 

50,000 lts annual consumption

Cost ~ $1/lt

	Power
	120V, 60hz in dome and cage


We propose to replace the cage and everything inside it except for the atmospheric dispersion corrector which is not needed for our survey due to the proposed short exposure times and because the Dark Energy Survey does not propose to observe at airmass greater than 1.5. We also propose to replace the mechanical, electrical, and communication interfaces between the cage and telescope. This project incorporates handling of the f/8 secondary mirror in order to avoid compromising other functionality of the telescope.  To provide room for the camera vessel and services, we may need to remove the f/8 secondary mirror from the cage.  In this case we will develop a repeatable precision mounting system that will allow the mirror to be reinstalled during the day to the required alignment tolerances and with minimal risk to the f/8 secondary.

The Mosaic II has two guide cameras in addition to the eight image CCDs. The guide cameras provide small corrections for the telescope tracking system so that a star image will stay in precisely the same location during an exposure. In our Reference Design we have CCDs on the focal plane devoted to guiding, along with additional CCDs devoted to a new semi-automatic focusing system.

5.3
Technical Specifications

Our science program was presented in Chapter 2 and Chapter 3 showed how those science goals translated into technical specifications.  Chapter 4 outlined how the survey would be performed with an instrument that met the technical requirements of Chapter 3. A brief summary of the science goals and technical specifications is given below:

Science Requirement: Cover 5000 sq-degrees in the South Galactic Cap in 5 years (≤ 550 nights) 

Technical requirement: 3 sq-degree camera (2.2 deg FOV)
Science Requirement: Measure galaxy cluster photometric redshifts to z=1.0 and 0.5 EQ L\s\up5()* with z 0.02

Technical requirements:

a. SDSS g, r, i, z filters covering 400nm to 1100nm
b. Limiting magnitudes g=22.8, r= 23.4, i=24.0 z=23.6 
c. QE > 50% in the z band
d. Photometric calibration to 2%, enhanced goal to 1%
e. Read noise <10 e-

Science Requirements: A small and stable PSF

a. Seeing < 1.1” FWHM with median  0.9'' FWHM
b. PSF stable to 0.1% over a 1 sq-cm (9 sq-arcmin) area

Technical requirements:

a. Pixel size and optical plate scale which give  <0.3”/pixel
c. Optical, mechanical and telescope tracking which contribute < 0.4” FWHM across focal plane in the i and z bands
d. Focus  chip area > 17 sq-arcminutes
e. Guide chip area > 25-50 sq-arcminutes,  1 Hz readout rate

5.4
Overview of Dark Energy Survey Instrument Project

5.4.1
Introduction

As mentioned earlier, we plan to replace the prime focus cage and everything inside it. Figure 5.3 shows a solid model of the Reference Design of the new cage, corrector and camera. The camera vacuum vessel contains the CCD focal plane, the liquid nitrogen cooling system, and all power and signal feedthroughs.  Cables will be routed to two crates containing the front end electronics. In our current design, all the cryogenic and cable connections are made through the sides of the cryostat.  This facilitates the camera assembly process and does not interfere with the existing f/8 secondary mirror mounting system. If it is necessary to provide more space for the camera and associated services, we propose to remove the f/8 secondary mirror from the back of the cage and make a repeatable mount system for it on the front of the cage.  Further design of the electronics, the camera vessel, and the layout in the cage will show if this is necessary.

The optical configuration consists of five active lens elements and four interchangeable filters. The corrector components are shown in Fig. 5.3 along with a filter storage and changing system.  The filters are stored outside the optical path, but within the corrector support barrel.  The camera vessel is aligned to and supported by the corrector barrel.  A shutter is located directly in front of the camera window.
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Figure 5.3  Proposed layout of the prime focus cage with the 2.1 degree corrector (lenses are white), filters (red is in the optical path, blue and yellow
 are shown in their storage locations), shutter (blue), camera vessel (grey) and 2 crates (purple) for data acquisition electronics (may not be needed). 

5.4.2 Organization (Level 2)

The Dark Energy Survey Instrument Project has been divided into seven distinct Level 2 subprojects. Figure 5.4 shows the organizational structure of the project at Level 2.  

Instrument Management, WBS 1.1, is where all the management costs associated with the instrument project are accumulated, including the Management Committee costs relevant to the instrument.  This also covers costs associated with the preparation of schedule and costs, management and specification of technical requirements, active tracking of progress of the project (periodic reports) and reviews. WBS 1.2, Instrument Construction, covers the design and construction of the camera, cage, corrector and all associated equipment.  Most of the remainder of this chapter is devoted to describing this element and what we call our Reference Design for the instrument. Survey Strategy, WBS 1.3, covers the strategy for collection of the images and was described in detail in Chapter 4.

 [image: image4.png]Dark Energy Survey Instrument
Work Breakdown Structure

Dark Energy Survey Instrument Project
WBS 1.0
Bronna Flaughor- Projoct Manager
Tim Abbott - Deputy
Jim Annis - Instrument Scientist

WBS 1.1
Insirument Management

wes 1.2
Insirument Constructon
Brenna Flaugher

WS 13
Survey Strategy
Jim Annis
Huan Lin

WES 1.4
Telescope Improvements
Tim Abbott

WBS 15
Commissioing at CTIO
“Tim Abbott

WES 15
System Integration
Peter Limon

WeS 17
Dark Energy Science





Figure 5.4  Work Breakdown Structure of the Dark Energy Survey Instrument Project

Telescope Improvements, WBS 1.4, and Commissioning at CTIO, WBS 1.5, represent activities at the Blanco site and are presented near the end of this Chapter. System Integration, WBS 1.6, covers development and implementation of interface control documentation for Level 2 systems 1.2 - 1.5 and the Level 3 subsystems within them. This also covers review of the testing plans to make sure they are consistent with specifications. Dark Energy Science, WBS 1.7, covers the support needed for doing science and writing papers with the data.

5.4.3
Organization for WBS 1.2, Dark Energy Survey Instrument Construction 

The Instrument construction project, WBS 1.2, is divided into eleven Level 3 sub-projects.  These are:

1.2.1 CCD procurement
1.2.2 CCD packaging
1.2.3 Front end electronics
1.2.4 CCD testing and grading
1.2.5 Data acquisition
1.2.6 Focal plane, camera vessel
1.2.7 Cooling
1.2.8 Optics (corrector and filters)
1.2.9 Prime focus cage and integration with all cryogenic, electrical, and mechanical systems
1.2.10 Auxiliary components 
1.2.11 Assembly and testing

The corresponding organization chart is shown in Figure 5.5. The next sections describe these subprojects and the choices we have made for the Reference Design.
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Figure 5.5. Organization of the Dark Energy Instrument Construction Project

5.5
CCDs Properties and CCD Procurement Plans (WBS 1.2.1)

5.5.1
CCD Technical Specifications

Our survey goals require that we have high quantum efficiency (QE) at the near infrared wavelength of ~1000 nm. The standard astronomical CCDs typically have a QE at this wavelength of 5-10% because the charge collection region is 10-20 μm thick and the total device thickness is often less than 50 μm.  The absorption length in silicon is 205 μm at a wavelength of 1000 nm and thus thick sensors are required for a better QE at that wavelength. Photons at near infrared wavelengths will simply pass through 50 μm of silicon. LBNL has already developed thick, fully depleted, back illuminated CCDs 200-300 μm thick1. For our Reference Design we use 250 μm thick LBNL CCDs. The QE of the LBNL CCDs is shown in Figure 5.6 and compared to a standard thinned astronomical CCD and a deep-depleted CCD2.
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Figure 5.6.  QE curves from different types of CCDs.

LBNL has produced a variety of CCDs for different projects and several devices have already been deployed for astronomical use.  Figure 5.7 shows a 6” diameter wafer with LBNL CCDs. For our Reference Design we choose the 4-side buttable 2048 ( 4096 CCD. These are the two largest devices shown on the wafer.  The development of this CCD is complete.  This CCD has 15 μm pixels, 2 readout channels and meets all of our specifications as shown in Table 5.2.  These devices have been clocked at 250 kpixel/s with a readout noise of 7 e- and 4 e- at a rate of 100 kpixel/s. At this rate the readout will take 17.5 sec which is well within the 35sec slew time of the Blanco. 
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Figure 5.7.  LBNL CCDs on a 6” wafer

Although we have not ruled out using commercially available CCDs, the approach in our reference design is to assume we will use the LBNL fully depleted, thick CCDs. We believe this maximizes the science possible with the instrument while minimizing the R&D needed for this project by using CCD designs that have already been proven.  As discussed in Chapter 3, deep depleted CCDs are commercially available, but their QE in the near-infrared region is about half that of the thick fully depleted LBNL CCDs.  They could be used for our survey, but the completeness of our galaxy redshift catalogue would suffer. 

Figure 5.8 shows our Reference Design for the focal plane layout with the 2k ( 4k 4-side buttable LBNL CCDs.  It contains 62 CCDs and a total tile active area of 3.0 deg2.  This satisfies the requirements described in Chapter 3 for the camera size. 
Table 5.2.  CCD Specifications

	
	LBNL CCD performance
	DECam Requirements/

Reference Design

	Pixel array
	2048 ( 4096 pixels
	2048 ( 4096 pixels

	Pixel size
	15 m ( 15 m
	15 m ( 15 m (nominal)

	<QE (400-700 nm)> 
	~70%
	>60%

	<QE (700-900 nm)>
	~90%
	>80%

	<QE (900-1000 nm)>
	~60%
	>50% at 1000 nm

	Full well capacity
	170,000 e-
	>130,000 e-

	Dark current
	2 e-/hr/pixel at –150oC
	<~25 e-/hr/pixel

	Persistence
	Erase mechanism
	Erase mechanism

	Read noise
	7 e-  @ 250 kpixel/s
	< 10 e- 

	Charge Transfer Inefficiency
	< 10-6
	<10-5

	Charge diffusion
	8 m
	< 10 m

	Linearity
	Better than 1%
	1%
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Figure 5.8.  Focal plane layout using 62 2k ( 4k LBNL CCDs and 8 additional small CCDs for guiding and focus.  The dark (red) line shows the outline of the tile area.  

5.5.2
Guide and Focus CCDs

LBNL has developed a variety of small CCDs.  For our Reference Design we have selected a 982 ( 935 pixel device with 15 μm pixels.  These are shown along the top and bottom of the focal plane layout in Figure 5.8.  At the nominal rate of 250 kpixel/s these can read out in 2 sec. For guiding however, we expect to be able to tolerate higher noise and will operate at a higher readout rate.  Once the guide stars are identified, it is also typical to read out only a small number of the surrounding pixels, further reducing the readout time. 

For focus our Reference Design has two sets of these chips installed ~ 200 μm above and below the mosaic focal plane.  As the telescope drifts out of focus for the image CCDs, the focus in one or the other set of chips will get better. The focus chips will be read out with the image CCDs. The focus is thus monitored with every image and can be adjusted as necessary.  

These CCDs can easily be incorporated into the new mask needed for the 2k ( 4k devices by using the leftover space on the 6” wafer.

5.5.3
CCD Acquisition Plan

LBNL has produced and packaged the 2k ( 4k devices we have chosen in small quantities4 and these devices are in use in telescopes at UCO/Lick Mount Hamilton and Kitt Peak National Observatory with great success.  A production model for CCD fabrication has been established in which the silicon wafers are manufactured by a commercial vendor and  delivered to LBNL for final processing. The steps performed by LBNL include thinning to 250 μm from the 650 μm thick wafers supplied by the vendor, application of the backside layers and antireflective coatings, and finally etching and application of the Al for the front-side electrodes and bond pads. Through discussions with our collaborators at LBNL we have developed a conservative CCD procurement and delivery cost and schedule.  In our model, LBNL oversees the production process at the foundry, receives the wafers, performs the final processing and tests the wafers on a cold probe station. These tests are performed at -40 ºC and test for shorts, opens, broken readout amplifiers and warm or hot columns. LBNL is responsible for dicing the wafers into the individual devices and shipping all the unpackaged devices to Fermilab along with the testing results.  Fermilab will perform the packaging and subsequent testing. 

We have avoided extensive development on the CCDs by basing our plans on the existing 2k ( 4k design.  However, the CCDs have a lead time of approximately 10 months for delivery of processed, unpackaged CCDs and the yield is as yet unknown. At the time of writing, experience is limited to a few devices; out of a total of 10 devices which were packaged in a picture frame but not thinned or backside coated, 6 have been determined to be good quality.  For our purposes we will assume a yield of 25% and develop a CCD acquisition plan based on this number.  In the plan outlined below we determine the yield before committing to the majority of the CCD processing costs and thus significant cost and schedule saving will be possible if the yield is higher.  Contingency plans have been developed to cover the additional cost and schedule issues if the yield is lower than 25% and this is discussed in Chapter 6.

Discussion with LBNL and our experience with the construction of silicon vertex detectors lead us to believe that it will require a dedicated effort to develop CCD packaging skills and techniques at Fermilab and to develop an efficient CCD packaging production line.  We will begin this process as soon as possible to reduce the possible risks later in the project. 

Our CCD acquisition strategy proceeds in 4 phases:

· Phase A: Sept. 04, order mechanical parts for packaging studies, and 4 unpackaged engineering grade electrically functional CCDs, ~3 month delivery time
· Phase B: Sept. 04 design new mask with four instead of two 2k ( 4k CCDs/wafer, plus as many 1k ( 1k devices that fit.  Order preproduction parts and process ~2 wafers, est. 10 month delivery = July 2005

· Phase C: Aug. 05, process the remaining wafers, ~3 month delivery, establish yield

· Phase D: Aug. 05, place production order, ~8 month delivery

Phase A is the purchase of a large number of mechanical CCDs (blank silicon with the top layer of metal for wirebonding studies), as well as four unpackaged devices.  These will be used to develop our packaging techniques, tooling and procedures, assess adhesives, and study thermal behavior and mechanical warping during cooling down.

The initiation of Phase B (preproduction) is on the critical path for the project and is a key step towards reducing both cost and schedule risk. In Phase B we ask LBNL to generate the preproduction masks for our project and place an initial minimum order for 24 wafers. The existing masks for the 2k ( 4k CCDs have only two of these devices per wafer. The new mask would use the same, proven, 2k ( 4k CCD design and would have four devices per wafer as well as 1k ( 1k devices that fit in the empty spaces.  The delivery schedule is ~10 months after the masks have been approved by the foundry. These 10 months consists of 7 months at the foundry and 3 months for processing at LBNL.  On receipt of the wafers at LBNL (~May 2005) only ~2 wafers will be processed for use in our initial CCD acceptance and packaging studies. The remainder of the wafers will be set aside for phase C.  Delivery of phase B CCDs to Fermilab is anticipated in August 2005. These will be packaged, evaluated and tested with the goal of proceeding with Phase C and the production order (Phase D) before the end of August 2005.  

In Phase C, we will authorize LBNL to process the wafers that were set aside in Phase B. Based on LBNL experience we assume that out of the initial 24 wafers, 2 will be lost due to breakage and 2 more will be used by the foundry for processing tests.  Phase B processing used 2 wafers, leaving 18 wafers for processing in phase C.  The wafers would already be at LBNL and thus delivery of these devices would begin 3 months ARO. LBNL is estimating that they can process and test 5 wafers/month, thus delivering 20 tested devices/month to Fermilab. This represents roughly one quarter of the processing capacity of the LBNL Micron Systems Lab. These CCDs would start to arrive at FNAL in ~November 2005 and finish in February 2006.  They would be used to start the ramp up to full production packaging and to determine the yield.    The testing information provided by LBNL will be used to determine the order in which the CCDs are packaged.  Initially in Phase C we will package the lower quality parts and reserve the high quality parts for after the packaging process is perfected.  With these assumptions and 25% yield, we will have 54 low quality parts for packaging development and 18 high quality parts that could be used in the focal plane.

The final phase, D, is the production run of 3 lots of 24 wafers each. Unless significant problems were found from the preproduction run and analysis of the packaged Phase B parts, phase D would use the preproduction wafer mask. For our initial planning purposes we assume that 20 out of each 24 wafer/lot will be available to us for a total of 60 wafers.  With the assumption of 25% yield we will need to process all 60 wafers. We thus anticipate delivery of 240 CCDs to Fermilab.  The LBNL delivery rate will be 20 tested devices per month for a total delivery time of 12 months. As in Phase C, we will use the testing results provided by LBNL to determine the order in which CCDs will be packaged. The Phase D wafer order would be placed in August 2005 with the delivery of fully processed tested parts to Fermilab expected 8 months later (April 2006) continuing to April 2007.  

Processing and packaging of the Phase C parts will indicate if our assumptions of the yield are correct.  If the actual yield is higher than 25% we can reduce the total cost by limiting the number of Phase D wafers to be processed at LBNL.  This would also accelerate the schedule.  If the actual yield is less than 25% we have sufficient cost contingency to cover an additional 24 wafer lot order.  This order would be placed after analysis of Phase C was completed (~March 2006).

One way to advance the schedule beyond what is presented above is to increase the Phase B order to 2 lots (48 wafers) and to proceed with continuous processing as soon as they arrive at LBNL.  This could potentially gain 5-6 months in the schedule.  The cost and risks associated with this approach will be discussed in Chapter 6.

5.6
CCD Packaging (WBS 1.2.2)

CCD sensors are packaged into modules that provide an electrical interface and mounting features. The CCD package consists of a sensor, a readout hybrid, and a mounting foot. Our Reference Design for the CCD package is based on the package developed at LBNL4.  The readout hybrid is glued to the front (non-optical) surface of the sensor and has a pad layout designed to allow wirebonding connections to pads on the CCD that extend out beyond the edges of the hybrid, as shown in Figure 5.9. The board is also equipped with an electrical connector.  A few small surface mount components, such as a temperature sensor, will be added very near the connector location. Aluminum nitride ceramic is to be used for the hybrid substrate since its thermal expansion characteristics are similar to that of silicon.
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Figure 5.9.   A readout hybrid board packaged with a 2k ( 4k CCD

A mounting foot is also glued to this assembly, as shown in Figure 5.10, in order to provide structural support and precision mounting engagement to the focal plane support plate.  It is constructed of Invar to provide a stiff, thermally-stable framework for the module.  A clearance hole permits access to the connector on the hybrid.  Mounting pins engage locating holes in the focal plane support plate and set the module position.  One pin is designed with a diamond-shaped cross-section to permit ease of installation for small variations in machining tolerances.  Pin lengths are longer than the overall thickness of the foot / readout hybrid / sensor package in order to guide the module accurately past its neighbors during installation.  Threaded holes in the foot permit attachment with screws from the back side of the focal plane support plate.  The pin and threaded hole volume are vented in order to eliminate trapped volumes that can act as virtual leaks inside the evacuated camera environment.
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Figure 5.10.  A fully packaged 2k x 4k CCD module

CCDs are typically operated at temperatures of -90 to -120 ºC, however, they must be glued to the support and readout hybrid at approximately room temperature.  This wide temperature difference requires careful consideration of the thermal expansion properties of all the materials involved, as flatness of the focal plane is important for the camera to achieve a good focus.  As described in Reference 4, LBNL has demonstrated packaging of 2k ( 4k CCDs. 

For construction of our camera, we need to develop packaging techniques and establish a production model at Fermilab that can handle a large number of CCDs.  The Silicon Detector Facility at Fermilab already has significant expertise in bonding and gluing ceramic parts to silicon sensors as a result of the construction of the numerous silicon vertex detectors for the Fermilab Tevatron collider program. We believe that CCD packaging will be a natural extension of that experience. 

Each CCD module will be constructed in several steps.  The first is to assemble the components and connector onto the readout hybrid.  Second, the readout hybrid is epoxied to the front (non-optical) surface of the CCD sensor.  Fixturing that holds the parts with vacuum is used to control the flatness and relative positioning of the two pieces based on their physical edges.  Spacers that are part of this tooling set the thickness of the epoxy joint.  After curing, the electrical connections between the readout hybrid and the CCD are wirebonded.  A test is then performed to verify the basic functionality of the module.  Fixturing is then used to attach the foot assembly to the readout hybrid with an epoxy joint.  This tooling is used to precisely control the overall package height in order to maintain uniformity of the focal plane planarity.  It also accurately locates the foot mounting pins relative to the physical edges of the CCD sensor in order to ensure that the edges of the assembled module do not violate the clearance gap between adjacent modules.  After epoxy curing, the CCD package is complete.  Due to the height of the foot assembly, wirebonding repair is not possible on a completed package.

During production, a delivery rate of 20 CCDs per month translates into an average throughput of one module per day.  The assembly steps discussed above are each anticipated to require only a few hours of technician time, but they typically require a one-day curing time for the epoxy to reach satisfactory handling strength.  Therefore, it is possible to construct modules with a one-per-day throughput with a single set of fixtures.  However, two sets will be needed to ensure that this average capacity could be sustained over an extended period.

5.6.1
Guide and Focus CCDs

As discussed in Chapter 3, an area of ~40 sq. arcmin would typically have ~three bright stars which are useable for guiding and/or focusing.  LBNL has developed a variety of small CCD options.  For our Reference Design we have selected a 982(935 device with 15 μm pixels.  Each CCD covers 18.6 sq. arcmin and has two readout channels. Four of these CCDs would be used for each of the focusing and guide systems.

The packaging of these units is anticipated to be similar to the 2k ( 4k CCD modules, with its own aluminum-nitride readout hybrid board and mounting foot design.  These devices will not be 4-side buttable as the connector covers a significant fraction of the CCD itself. Both thicker and thinner mounting feet will be fabricated for the focus CCDs. With adjustable assembly fixturing these modules can then be constructed with the desired total heights.

5.7
Front-end Electronics (WBS 1.2.3)


The front-end (FE) electronics provides the interface between the CCD sensors and the Monsoon data acquisition system (DAQ) (WBS 1.2.5). Figure 5.11 shows a block diagram of the reference design for the FE electronics. The proposed scheme provides for electrically isolated optical signal transmission between the FE electronics attached to the camera cryostat and the DAQ system located off the telescope. Within the cryostat, the FE electronics will include the design of the circuitry on the aluminum nitride (AlN) hybrid used to back each CCD sensor. A flex cable circuit will connect the hybrid to a printed circuit board that also forms the vacuum seal (vacuum seal board). The flex cable will carry active components that switch clock lines and that preamplify the CCD analog outputs.

The vacuum seal board will receive flex cables from each device and route signals from inside to outside of the vacuum. Cables will provide connection to modules that reside in compact-PCI crates attached to the cryostat. These modules will function to provide the correlated double sampling of the analog signals, analog to digital conversion, distribution of clock signals and control lines, and power distribution. The temperature of the FE electronics will be controlled so that thermal air currents from the electronics will not impact the seeing. The compact-PCI crate will also provide the optical drivers to send signals to the Monsoon DAQ that is located off of the telescope.

An alternative implementation would be to locate the full Monsoon DAQ crates on the cryostat and interface directly with the vacuum seal board. In this implementation, Monsoon detector head electronics (DHE) modules process and digitize the analog signal. It is thought that this alternative implementation requires enclosed crates and more stringent thermal management than the current reference design. A decision between the alternatives will be made after experience is obtained operating LBNL CCDs and the Monsoon DAQ electronics. 
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Figure 5.11.  Schematic drawing of the FE electronics reference design.
5.7.1 Requirements for the Front-end Electronics
The requirements for the FE electronics are briefly described. For the Dark Energy Survey, the requirements are relatively loose compared with other CCD systems. The FE electronics must accommodate the characteristics of the LBNL CCDs. The output signal from the CCD has an expected level between 0-1V corresponding to the expected well depth of 170K electrons. The requirement on the FE electronics system noise is to be less than 5e- so as not to dominate the noise from the CCD devices at 250 kpixel/s. The electronics system must maintain linearity over the dynamic range at a level of 0.25% so as not to dominate the total system linearity limit of ~0.5%, which is required for precise photometry. The electronics needs to be compatible with a readout rate of 250 kpixel/s over the entire CCD array so that a focal plane image can be read out faster than 20 sec, less than the time required for slewing the telescope. These requirements have been achieved on other CCD systems. A key challenge for the FE electronics is to meet or exceed these requirements with such a large CCD focal plane array. The enhanced design goal of the front-end electronics is to exceed these rather loose requirements so that the instrument has the widest possible use.

5.7.2
Aluminum Nitride Hybrid 

The aluminum nitride (AlN) hybrid functions to bring the required pads of the CCD device to a connector. The hybrid is part of the four-side buttable packaging effort (WBS 1.2.2) to manufacture CCD modules. We describe the aspects of this board that are relevant to the front-end electronics. Pads on the CCD sensor are connected to traces on the hybrid through wirebonds. In addition to traces, the hybrid will have a good reference ground plane that should benefit the LBNL CCDs. Other large-scale CCD systems have had performance compromised through the effect of “substrate bounce” that would be less likely to occur in the presence of a good ground plane. As for the electrical traces, the AlN circuit will route the various lines from the CCD device to the connector on the AlN board. Two trace layers are required in order to tie various clock lines together to minimize pin count. Each hybrid will have space for a temperature sensor to be mounted but only a fraction of the devices on the final focal plane will be required to have a temperature read out.

5.7.3
Flexible Cable

The flexible cable interfaces between the connector on the back of each CCD module’s AlN board and the vacuum seal printed circuit board. The design of the flexible cable will emphasize several features that are directed towards the requirements of the FE electronics. The flex cable will carry the reference ground in a separate conducting plane. Trace widths will be determined on the basis of proper impedance for signal propagation and for voltage levels including the bias. The cable will allow for passive components to perform necessary bypassing and filtering.

The reference design of the flex cable includes a section that will be stiffened to allow for the mounting of active components. We are especially concerned with driving the clock lines (with high switching currents) over a long cable. Putting solid-state switches on this stiffened section so that the clocks going to the device can be generated and driven locally mitigates this concern. Another concern is the low-noise transport of the analog output and the protection of the output transistor. Putting preamplifiers on the flexible cable would mitigate both of these concerns. 

Any component mounted on the flexible cable will be considered for use in the cryogenic environment. Of particular concern is use of components at extreme temperatures. While a thermal model for the temperature on the cable hasn’t been performed, we have begun an investigation as to the suitability of different components at extreme temperatures. In this investigation, we have found information used by the space community that lists known problem components as well as successes at low temperatures. We plan to limit parts inside the cryostat to those with well understood outgassing and hygroscopic properties, with the goal of avoiding the deposition of water or other foreign material on the CCDs. 

Finally, we recognize that any electronics inside the cryostat must be robust against failure since it will be difficult to service the inside of the cryostat once the camera is commissioned. The Reference Design reflects the concerns that have been mentioned. Testing of individual and multiple devices will be done to determine the need for active components inside the cryostat. If these active components are not required for the FE electronics to meet the requirements, then the flexible cable will not carry them and other functions such as protection will move to the vacuum seal board.

5.7.4 Vacuum Seal Board

The vacuum seal board is a printed circuit board and provides connectors that accept the flexible cables inside the cryostat. As shown in Figure 5.12, the board is mounted into a metal frame by sliding though a slot in the frame on one edge. It is potted (glued) to the frame, and then vacuum-side connectors are assembled onto the board.  The board’s frame is then installed on a flange on the cryostat and covered with an o-ring sealed cap.  The board thus has regions both inside and outside the cryostat and conducting traces on the board function as the feedthroughs of the cryostat wall, as shown in Figure 5.12.  These traces will be appropriately multiplexed and will terminate into connectors that will be used to bring signals to electronics that sit in compact-PCI crates. The vacuum seal board will be designed based upon experience at Fermilab in the design of a similar board for the BTeV project. 
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Figure 5.12  Electronics feed-through using the Vacuum Seal Board

5.7.5
Camera Vessel Crate Electronics

Cables from the vacuum seal board will carry signals to printed circuit boards that will reside in compact-PCI crates mounted on the cryostat. These crate electronics include boards that perform a variety of functions for the FE electronics. The analog signal lines from each CCD will undergo correlated double sampling (CDS) in order to reduce noise from the reset amplifier. In this sampling scheme, a charge sensitive amplifier will sense the analog line both during an integration window during which a signal may be present and during an equivalent time window when no signal is present. An electrical subtraction removes correlated noise that is generated when the reset switch of the output transistor is turned on and off. The subtracted signal will then be converted to a 16-bit digital signal using a commercial low noise analog-to-digital converter (ADC) chip. The digitized data will be serialized and sent over a high-speed serial optical link to the interface to the Monsoon DAQ system. The control of the CDS and digitization and data formatting will be accomplished by suitably sized field programmable gate arrays (FPGAs). The data stream will include digitized levels from temperature sensors and other similar monitors.

Clock signals and control lines will also be distributed by the crate electronics. The generation of these signals (the sequencing) will be handled by the DAQ. The generated clock signals will be converted by the crate electronics into the logic levels that are sent into the cryostat to control the solid-state switches that generate the actual clocks that go to the CCDs.

The crate electronics will include circuitry that distributes all the required voltages for the CCDs. These voltages will be derived from a voltage source that is the output of an isolation transformer. The transformer will isolate a voltage source that comes up the telescope in order to separate the electronics in the cage from other electrical circuits that may be susceptible to undesired transients or subject to fluctuations due to nearby lightning strikes.
5.7.6
Interface to the Monsoon Data Acquisition

The interface to the Monsoon data acquisition consists of circuitry that makes all the signals compatible with the Monsoon system. In particular, this board will send and receive optical transmission to the FE electronics. This interface board is likely to be connected to the backplane of the Monsoon crates. This board is at the border between FE electronics and DAQ. Depending on the complexity of this board in its final design and whether the final implementation is chosen to have Monsoon crates on or off the telescope will determine whether this interface printed circuit board remains under FE electronics or whether it becomes a DAQ task.

5.8
CCD Testing and Grading (WBS 1.2.4)

Testing and grading CCD activities include an initial phase where CCDs are exercised and characterized and a production phase where these activities are used to classify the production devices to determine the best ones that should populate the focal plane. The initial phase is important to develop the infrastructure and experience so that the production phase may begin when production devices first become available. The production phase will be designed to test up to 20 devices per month, with some capacity to absorb bursts of higher delivery rates.

In the initial phase, a CCD test stand will be developed that incorporates the Monsoon data acquisition system. Various optical devices and test and measurement equipment for CCD characterization will be added and incorporated into the testing lab. As the test stand develops, it will also be used for evaluating FE electronic design options. After the testing program is developed, a production testing procedure will be documented and devices will be tested and graded with proper bookkeeping, travelers, and a database of test results. These results will form the basis of an initial calibration of each sensor. 

The testing and grading task is required to make a comparison of the test results against the device requirements to insure that each CCD device that is installed meets the minimum requirements for use in the DES. The task is also required to assign a grade so that devices with the highest grades above the minimum requirements will be used.

5.8.1 Test Stand Overview

Figure 5.13 shows a block diagram of the test stand that will be commissioned. The various optical and DAQ components will be used to perform a sequence of measurements on the CCD device under test. The test stand provides a variety of measurement conditions. Dark images can be obtained by reading out the CCD when the shutter is closed. Uniform illuminated images can be obtained by reading out the CCD when the shutter is open and broadband light from the integrating sphere is shown on the device. A calibrated photo-diode will provide an absolute intensity measurement of the light. Exposure of the CCD to Fe55 also can be used for charge transfer efficiency measurements. The monochrometer and filters can be used to select a narrow band of wavelength for illumination onto the device for quantum efficiency measurements.

[image: image14.png]CCcD
electronics

DAQ and Instrument
Control Computer

Cryostat with
CCcD

CCD

Integrating
Sphere

Quartz Window " 5
Light Tight Box

Calibrated
Photodiode

Fe®® Source

Broadband, High-
Intensity
Light Source
(~300 to 1100 nm)

Monochromator
(~300 nm to 1100 nm)

Shutter

Filters





Figure 5.13  Diagram of the test stand.

For production testing, two additional test stands will be commissioned to increase the testing throughput. Ideally, all three test stands will be configured equally in order to benefit from test stand software development. After visual inspection, the production testing is estimated to take two full days per device. The device is first carefully loaded into the test cryostat and cooled down. The first day of testing will record image data under various conditions. On the second day, scans to measure the quantum efficiency will be made. Since the QE depends on temperature especially at the longer wavelengths, the QE vs temperature will be measured. Each device will be thermally cycled and checked to better insure robustness against thermal cycling. Finally, the device will be warmed up, removed from the test dewar, and testing data will be checked.

5.8.2
Test Dewar

The test cryostat or dewar, seen in Fig. 5.14, is designed to cool down and warm up rapidly for fast turn-around of the CCD tests. This dewar is patterned off of a similar dewar in use at LBNL in the CCD evaluation lab. The dewar consists of a copper thermal shield in a vacuum box that is in contact with a boiler column cooled by liquid nitrogen. The level of liquid nitrogen in the boiler is self-regulating due to gas pressure built up in the vertical column. A fused silica window allows light on the CCD when a door is open.

Fast cooldown is initiated by opening an exhaust valve, allowing liquid nitrogen to directly cool a cold mass and the CCD bolted to it. After a few minutes, when the CCD is cold, the valve is shut, and the cold mass and CCD come to equilibrium at a temperature established by the balance between a thermally conducting foil connecting the cold mass to the boiler and the various heat sources. This foil is sized to establish the equilibrium temperature slightly below the desired operating point. A small electrical heater embedded in the cold mass maintains the test temperature. 

Illumination enters the end of a light-tight cylinder that surrounds the window. There is also an Fe-55 X-ray source for independent calibration of the CCD. After the tests are complete, warm up is accomplished by evacuating the liquid nitrogen from the boiler and heating the shield and CCD with electrical heaters until they are safely above the dew point.
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Figure 5.14  3D model of the test cryostat.  A light tight cylinder surrounds a fused silica vacuum window (left).  On the right, the front cover is removed to show the cold plate on which CCD devices can be mounted. 
5.8.3 Testing Procedure

The exact testing procedure and acceptance criteria will be specified after experience is obtained using the test stand to operate and characterize LBNL CCDs. Listed below are a variety of tests that can be performed using the test stand described above. For the Dark Energy Survey, the strategy of recording multiple images over the survey area relaxes the need for perfect devices. A study has been performed that introduces approximately 100 consecutive bad columns randomly for each of 62 devices – thought to represent a worse case. The net result after five tilings is that only about 1.5% of the survey area is imaged less than three times, which is acceptable. The enhanced goal of the testing is to select devices that exceed the minimal CCD requirements. As a guide, we will strive to select devices that fall into the top grades defined by the number of bad columns assuming the devices are otherwise fully functional and that other defects affect fewer pixels than a column (4096). The grading scheme motivated by another large focal plane (Megacam) specified acceptable devices as:
Science Grade 1: Fewer than 6 bad columns

Science Grade 2: Fewer than 12 bad columns

Science Grade 3: Fewer than 20 bad columns

Engineering Grade: functional, non-science grade device

Mechanical Grade: non-functional

Visual Inspection 

Each bare CCD needs to be visually inspected for gross flaws and particle contamination before it is mounted and tested. This will be done with a low power inspection microscope. Devices that show gross defects will be classified as non-science grade.

Pixel, Column, Row Defects

Pixel defects are defined as any CCD pixel that has a response outside of a predefined range for a given input light intensity. Pixel defects can take the form of a dead pixel (no or little response) or a hot pixel (large response for little input). Defective pixels can also be defined as a pixel with a response that is far from the average pixel response of a good CCD pixel.  Column and row defects are defined as any column or row that has a response outside of a predefined range. Pixel defects can be found by taking many CCD flat field images at a constant low light level then finding the mean and sigma of each pixel over all the images. Bad pixels have a large sigma or a mean outside the average.

Linearity

CCD pixel response over a range of illumination intensities allows one to measure the linearity of the response of the CCD. Multiple images are taken at a number of different illumination levels over the full dynamic range of the CCD, using constant integration times (or a constant illumination level and a range of exposure times). Illumination intensity is measured with the integrating sphere photodiode and is plotted versus average pixel response over a stable CCD region. A linear fit is applied and the maximum deviation from the fit defines the CCD linearity.

Pixel Full Well, Serial Register, Parallel Registers Full Well Capacities
The full well capacity can be measured by either spatially varying the illumination intensity across the CCD or by illuminating the CCD during readout. Since this is just a check of available dynamic range, the measurement need not be very precise. With all of these measurements, care must be taken not to saturate the pixel, serial register and amplifier before saturating the acquisition ADC. This can be done by limiting the gain from CCD to ADC.

Pixel Full Well Capacity

Flat field illuminate the entire CCD at the beginning of readout such that the CCD will saturate by the end of the readout cycle. Pixels across columns will have a response proportional to their order in readout. A profile of the number of electrons per pixel versus column will show a plateau which is the pixel full well capacity.

Serial Register Capacity

Similar to pixel full well capacity measurements except that one bins rows together. This allows the serial register response to increase with readout time up to saturation.

Output Amplifier Capacity

Similar to pixel full well capacity measurements except that one bins rows together along with pixels along row to form an N x M region of pixels input to the output amplifiers.

Charge Transfer Efficiency

Charge transfer efficiency (CTE) is a measure of how efficiently a CCD moves charge from pixel to serial register to output amplifier. High-quality imaging requires that large CCDs have a very high CTE. An accurate method for measuring CTE is to use a Fe55 source that produces a precise number of electrons in a pixel.

The CCD under test is exposed to an Fe55 source with an activity level that produces a few 10’s of X-rays per second per cm2. Many images are acquired of these X-ray exposures. Since each X-ray produces either 1616 electrons (5.9 keV X-ray) or 1778 electrons (6.2 keV X-ray), a known quantity of electrons is produced per pixel. Pixel CTE can be measured by comparing the response of pixels near the serial register to pixels far from the serial register. Serial register CTE can be measured in a similar way by comparing signals near the output amplifier to those far from the output amplifier.

In addition, Fe55 measurements give a value of the conversion factor of pixel electrons to ADC counts. This conversion factor can be found from the mean of the Fe55 signal histogram of pixels near the output amplifier.

Quantum Efficiency

This is normally a difficult and time consuming measurement requiring measurement of absolute pixel response over several narrow optical bandpasses at, possibly, several temperatures. The measurement proceeds by passing the broadband optical source of the test stand through a narrow band monochromator to select a measurement frequency. The CCD is then illuminated by this source and the CCD and integrating sphere calibrated photodiode responses are acquired. In general, the calibrated photodiode response gives a measure of photons per second per cm2 at the CCD surface. The quantum efficiency, as a function of wavelength, can then be recorded as the ratio of the number of electrons measured to the number of incident photons.

However, there is a quartz optical window between the integrating sphere and the CCD which must be accounted for. This is done by placing a second calibrated photodiode inside the cryostat in place of the CCD and measuring its response compared to the integrating sphere photodiode response for each measurement wavelength. This gives a response measurement of the quartz window which can be used to determine the photons per second per cm2 on the CCD surface.

Dark Current

Dark current is a measure of the random thermal signal produced in each pixel. At operating temperatures and exposure times selected for the Dark Energy Camera, these signals are very small and therefore difficult to measure. Also, cosmic rays must be removed and stray light contamination must be eliminated. Small dark current signals can be measured by binning several pixels into one pseudo-pixel before being read out. Dark current can then be measured by taking the pseudo-pixel signal difference between a short (1 second) and long dark exposure (few hours) and dividing by the number of binned pixels and the number of seconds in the long exposure minus the short exposure.

Read Noise

Read noise is a combination of noise of the external electronics and noise of the CCD output amplifier. Read noise can be determined from several zero integration time, dark field images. The zero integration time eliminates dark current effects while the dark field eliminates light induced signals.

Thermal Cycling
During the testing process, each CCD module will be thermal cycled between ambient and operating temperatures several times to identify any weaknesses in the fabrication process.

5.8.4 Database Software and Travelers

The test results will be recorded into a web-based database and information of each device tested will be recorded on a traveler document that stays with each device. Similar tracking tools for production testing have been developed at Fermilab for other projects. We plan on adapting these tools for the use of CCD testing.

Each CCD will be assigned a grade that indicates its potential end use. Devices that are functional but have too many defects or other problems will be classified as engineering grade. Devices that meet the scientific requirements will be classified as science grade devices. Testing data will be further analyzed so that best science grade devices are the ones that are used on the focal plane.

5.9
Data Acquisition (WBS 1.2.5)

The data acquisition (DAQ) serves two functions.  One is to convey data from the sensors to permanent storage for subsequent (off-line) analysis.  The other is to monitor and control the telescope and environmental parameters that determine image quality.  The DAQ contains both hardware and software components.  It must be able to respond to commands issued by the personnel operating the telescope.  It must also be able to operate autonomously, maintaining optimal telescope behavior during routine operations and responding appropriately to abnormal conditions.

The data acquisition will be a collaborative endeavor led by the University of Illinois and involving Fermilab, LBNL, and NOAO.  NOAO has developed a data acquisition framework, called Monsoon, which we propose to adapt to this project.  This approach carries two advantages over an entirely new design.  It reduces the cost and time to completion of the project by taking advantage of previous work.  It also maintains and extends a standard for astronomical data acquisition, reducing the costs of future projects.
We will use the data acquisition during instrument fabrication and assembly as well as during survey operations.  The former use, in “test stands,” not only will permit testing of the data acquisition, but also will provide a test facility for the CCDs and focal plane.  Test stand operation requires that the DAQ be operational well before the instrument as a whole.  We will begin by using an unmodified Monsoon system, replacing components with their production versions as they become available.

In the existing Monsoon system, CCD digitization is performed in detector head electronics (DHE) crates by acquisition (ACQ) cards, which must reside within about a meter of the CCDs in order to minimize noise.  Each DHE crate also contains a clock/control board (CCB) that sends clock signals and bias voltages to the CCDs and a master control board (MCB) that communicates with the outside world and controls the ACQs and CCBs.

In the production DAQ that we plan to build, the analog functionality will be separated from the digital, allowing us to move much of the electronics off the telescope.  Figure 5.15 shows block diagrams of the two architectures.  Image sensors include both the main image CCDs and the focus CCDs, which are read out together.  Guide CCDs are read out separately.  The left diagram shows the existing Monsoon architecture.  The right diagram shows our modified architecture.  The DHE is a crate with a cPCI backplane.  The PANs (pixel acquisition nodes) and supervisor are processes running on PCs.
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Figure 5.15  Block diagrams of data and control signal flow.

5.9.1 Data Acquisition Test Stands (WBS 1.2.5.1)

The first use of data acquisition will be in test stands that will be used to verify the functionality and measure the performance of CCDs as they are produced by LBNL and packaged by Fermilab.  The test stands will also be used in DAQ software and hardware development.  

To match the CCD development schedule, these test stands must be functioning by October 2004.  In order to meet this schedule, they will consist of unmodified Monsoon DAQ systems.  We already have the NOAO software in hand, and two sets of hardware (sufficient to read 8 CCDs each) have been ordered by UIUC for delivery in September 2004.  The time before hardware delivery is being used to evaluate the capabilities of the system, to ensure that all required diagnostic capabilities exist.  In particular, to simplify the data analysis, the test conditions must be included as metadata in the FITS files that Monsoon produces.  FITS (Flexible Image Transport System) is an astronomy standard, and much existing analysis software can read data that is in this format.

As the new electronics becomes ready, we will verify its performance by using it in the test stands.  This means that testing of the focal plane during assembly (starting in mid-2006) will use the production DAQ.  Test stand use drives the DAQ schedule.  See the Management chapter for schedule details.  As well as being the initial test stand implementation, the unmodified architecture also serves as a fallback design, in case the new front-end electronics is not ready on schedule.  While less optimal (more expensive, and more space and power on the telescope), the fallback would allow the DES instrument to operate.

Table 5.3  Data Acquisition Parameters.

	Image CCD Array (+focus CCDs)

	Number of CCDs
	62 (+4)

	Pixels per CCD
	2048(4096 (1024(1024)

	Amplifiers per CCD
	2

	Pixel digitization rate
	250 kHz

	Digitization time
	17 sec

	Bytes per image
	971 MB

	Data rate (FE(DAQ)
	57 MB/s

	Guide CCD array
	

	Number of CCDs
	4

	Pixels per CCD
	1024(1024

	Amplifiers per CCD
	2

	Pixel digitization rate
	1 MHz

	Digitization time
	0.5 sec

	Bytes per guide
	8 MB

	Data rate (FE(DAQ)
	16 MB/s


The front end to DAQ data rate is the highest (burst) rate in the system.  The data rate to storage is significantly lower (e.g., 9.7 MB/s for 100 sec image exposures).

5.9.2 Telescope Data Acquisition (WBS 1.2.5.2)

The important DAQ parameters are listed in Table 5.3.  The focal plane contains 62 image CCDs and four focus CCDs (placed slightly out of the focal plane).  These 66 CCDs are read out together.  The focal plane also contains four guide CCDs that are read out during the exposure in order to maintain telescope pointing accuracy.

The highest data rate, 57 MBps between the front end ADCs and the DHE ACQ buffers, occurs during the 17 s required to digitize the 971 MB of CCD information.  This is high by astronomy standards, but is not beyond what particle physics experiments routinely achieve.  The data rate is determined by the 250 kHz CCD digitization rate.  Because the data is carried on 140 optical fibers, data flow is not a significant technical issue.  The DAQ could easily handle a 2 MHz digitization rate.  The data rate to permanent storage is much lower (9.7 MBps for 100 s image exposures).

In the proposed architecture, CCD digitization is performed by custom front end electronics to be developed at Fermilab.  Digital data will flow off the telescope on 140 optical fibers (one per ADC) to modified ACQ cards in the DHE crates.  The modified DHEs have no analog functionality and do not directly control the readout.  Readout control is performed on the telescope in response to digital signals from the DHE.  This allows us to move all of the DAQ, except for ADCs, DACs, and electrical/optical interfaces, off the telescope.  Separating analog and digital functionality retains the ability to minimize noise by keeping the ADCs near the focal plane, while reducing the heat and space budget by moving most electronics off the telescope.  Because the current Monsoon implementation performs both the analog and digital operations in detector head electronics (DHE) crates, some electronics must be redesigned, as described below.

The DAQ will accept the digitized CCD pixel information and deliver it to permanent storage for further processing.  The guide CCDs will be read out once per second during image exposure, and real time processing will include using guide stars to control the telescope pointing.  Thus, there will be two readout sequences, one for the image CCDs and one for the guide CCDs.  For organizational purposes, electronics on the telescope is considered to be part of the front-end subsystem.  The DAQ includes hardware and software that resides off-telescope.

5.9.2.1 DAQ Work Packages

Although Monsoon is a working data acquisition framework and implementation, we must make significant changes to accommodate our hardware configuration:
· Signal digitization will be performed outside the DHE crates, by the front end electronics.

· The CCDs will be read out at two different rates, one for telescope guiding, and one for image acquisition.

Monsoon work must be closely coordinated with the design of the front end electronics (WBS 1.2.3).  This coordination will be one of the principal responsibilities of the Data Acquisition Working Group (DAWG).

5.9.2.2 DAQ Hardware (see the Management chapter for a cost itemization)
Much of the hardware will be a replication of the existing Monsoon configuration.  This includes two DHE crates, each with a Master Control Board, a Clock/Bias Board, and several Acquisition boards.  The system also requires a Pixel Acquisition Node (PAN) PC and a Supervisor PC.  We have not yet determined how much of this functionality can reside on one computer and one electronics crate.

Some hardware must be modified or newly designed:
· The use of the front end ADCs obviates digitization in the Monsoon detector head electronics (DHE).  As a consequence, the DHE Acquisition cards will be redesigned and greatly simplified.  They will become digital buffers.

· The Clock/Bias Boards generate the digital control signals and analog voltages for the CCD focal plane array.  We must redesign them to accommodate the LBNL CCDs.  The functionality will be split in two: a card in the DHE crate will generate digital control signals that electronics on the telescope (part of the front-end) will turn into the analog signals needed for the CCD readout. 

· The on-cage interface converts the electrical data signals to optical for transmission off the telescope.  It also receives (isolated) AC power from off-telescope and generates the appropriate DC voltages.
5.9.2.3 DAQ Software

The existing Monsoon software is functional, but we must adapt it to the needs of our project.  For example, the DAQ will actively control telescope pointing (on a one second time scale) during exposure.  The real-time software must measure the point-spread functions of stars imaged by the guide CCDs and send commands to the telescope controls.  Also, CCD diagnostics must be developed for the test stand application.  These diagnostics will then be modified for use as focal plane monitors on the telescope.  We will also develop graphical interfaces, both for the description of the readout sequences and for the operational displays.

5.9.2.4 Fallback scenario

As was mentioned above, in case the front end digitization development does not proceed quickly enough to be useable on our timescale, the fallback DAQ scenario is to use the existing Monsoon system with minor modifications.  This fallback will be more expensive, will dissipate more power in the telescope cage (251W vs. about 60W), and will require more space in the cage (two cPCI crates).  These parameters are not ideal, but would not fatally compromise DES performance.  In this scenario, the main hardware design work would be of a 16 (or higher) channel ACQ board, to minimize space requirements.  NOAO engineers have already begun such a redesign, and we will assist them if it becomes necessary. 


5.10
Camera Cryostat Vessel and Focal Plane (WBS 1.2.6)
This section describes the vacuum vessel that houses the CCD focal plane and all the associated cooling and mechanical components. 

5.10.1
Camera Vessel

The Camera Vessel (cryostat), shown in Figure 5.16, consists of a front plate, a forward spool piece that houses the supporting electronics, a rear spool piece that contains the cooling package.  The front plate of the cryostat, which mounts to the corrector optics housing assembly, contains the housing and vacuum seal for the C5 optical lens and supports the focal plane plate with its CCD modules.  The front plate of the cryostat is attached to the forward spool piece, shown in Figure 5.17, which supports the cables, the cable vacuum feed-through board and outer crates for the Front End Electronics (FE). The two FE crates are mounted on opposite sides of the camera vessel. The two electronic feed-through board enclosures are located between the crates. A vacuum port and a port for a vacuum gauge are also mounted to the forward spool piece. 
The rear spool piece supports a liquid nitrogen dewar, as shown in Figure 5.18. The dewar is thermally coupled to the focal plane via copper braids. The dewar is cylindrical and the outer diameter is small enough to leave access between the dewar and the cryostat wall for attachment of the copper braids. Mounted to the back surface of the dewar is a cell of Zeolite to help maintain good vacuum even with some out-gassing from the cables and PC boards inside the cryostat. Ports are attached to the spool piece for utilities such as liquid nitrogen dewar supply and return lines, a vacuum port and a port to mount a vacuum gage. The back of the rear spool piece is used for access during final assembly and maintenance. The back plate used to close this opening has no connection ports. The heat load to the dewar is reduced by polishing or gold/nickel plating all of the internal metal surfaces and additional internal radiation heat shields are not required. With two separate spool piece modules, the camera portion of the cryostat can be preassembled at the same time the cooling package is assembled and integration of the two systems is simplified.  The cryostat dimensions are shown in Table 5.4.
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Figure 5.16 Camera vessel assembly with vacuum seal boards for signal feed-through and crates for electronics
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Figure 5.17 Camera vessel forward spool piece with vacuum seal boards.
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Figure 5.18 Camera vessel rear spool piece with liquid nitrogen dewar.
Table 5.4  Cryostat Dimensions
	Feature
	Dimension

	
	Inch
	mm

	cryostat overall length 
	30.0
	762

	cryostat flange outer diameter (OD)
	32.0
	813

	crates, between outside walls 
	49.5
	1257

	crates, OD of a wrapping cylinder
	52.4
	1331

	boards, with cover, OD of a wrapping cylinder
	41.2
	1047

	Inner diameter of prime focus cage 
	62.0
	1575

	CCD mounting plate, between long flats
	19.5
	495

	CCD mounting plate, between short flats
	20.6
	523

	dewar total height
	8.0
	203

	dewar OD
	16.0
	406

	minimum distance between dewar and CCD support plate
	5.0
	127


5.10.2 Focal Plane

The CCDs will be precisely located and attached to a large metal plate called the focal
plate.  This plate defines the interface between the CCDs and the camera vessel.  The positions of the CCDs are set by engagement of locating pins in the CCD module support feet with precision holes machined into the focal plane support plate.  Additional holes are provided to permit a screwed connection from the rear of the plate to fix the CCDs into place and to provide access for the readout cable connection.  The focal plane
support plate will be several centimeters thick in order to provide a stable support and limit the effect of gravitational sag to a few μm.

In order to maximize the active area density within an image, it is desirable to minimize the gaps between adjacent CCD modules.  The closeness which can be achieved depends on the accuracy to which the mounted module profile is known.  A study of anticipated tolerances on the modules, focal plane plate, and assembly jig concepts has been performed assuming the following tolerances:

	Sensor size
	~15 μm

	Machined feature locations
	~13 μm

	Machined hole diameters
	~13 μm


	Minimum pin / hole radial clearance:
	~2 μm


The sequential stack-up of the various factors involved in the CCD module assembly and mounting into the focal array found that the location of an edge could vary by 124 μm when the individual factors were added linearly and 42 μm when added in quadrature.  For our Reference Design we assume a gap of 250(μm is needed between modules to accommodate these tolerances and allow for removal and or installation of a CCD after the focal plane is completed.  

To achieve the low noise necessary for astronomical applications, the CCDs are typically cooled to -90 to -120 ºC.  For our Reference Design we assume they need to be cooled to -100 ºC, although we will investigate running them at warmer temperatures. The focal plate will be thermally coupled through copper braids to a cold mass that is directly cooled by a liquid nitrogen volume inside the vacuum vessel. Small heating elements will be used to actively regulate the temperature of the focal plate.  The focal plane support will be designed to keep temperatures uniform to within a few degrees and to minimize distortions resulting from temperature changes during cool down and from temperature variations within the plate.  This can be achieved by designing the plate’s mounting system to accommodate its contraction as it cools and by designing the plate to have small thermal variations and stable mechanical characteristics.

During assembly onto the focal plate, handling rods inserted into the backs of the CCD modules aid in handling and installation by providing a convenient handhold away from the sensitive electronics and by providing guidance into the focal plate before the module alignment pins are engaged.  Once the module is in place, these installation rods are replaced one-by-one with fasteners to fix the module in place. The flexible module cables can be installed onto each module from the rear.  This cable will be clamped to the back surface of the focal plate in order to provide strain relief and a thermal intercept for any heat conducted along the length of the cable. The populated focal plate is then assembled into the front half of the cryostat vessel, which contains the C5 optics window and the vacuum feed-through boards.  The cables are connected to the feedthroughs and dressed in place, and then the cooling module of the cryostat vessel is installed and connected to the focal plate via copper braids.  Finally, the back cover of the cryostat is installed.
Once integrated into the completed camera vessel assembly, replacement of individual CCD modules can be achieved with the camera cryostat assembly removed from the telescope and placed in a clean work environment.  The rear spool vessel module of the cryostat and the C5 optical window package are then removed.  With some CCD cables disconnected for access, a CCD can be re-equipped with installation rods and then extracted through the C5 window opening.  The module can then be replaced and recabled and the camera vessel reassembled.
5.11
Cooling & Vacuum Systems (WBS 1.2.7)

This section describes the systems that provide cooling to the CCD focal plane and vacuum inside the camera cryostat vessel.

5.11.1
Cooling System

Figure 5.19 shows a sketch of the cooling system components located within the camera vacuum vessel.  These components include the focal plate (CCD’s mounted on the cold plate), a liquid nitrogen reservoir, copper braids used to thermally connect the liquid nitrogen reservoir to the cold plate, and zeolite to assist in maintaining a low vacuum level in the vessel.

5.11.1.1 Camera Heat Load

The camera heat load is due primarily to the radiative heat load through the window (~50 Watts), the CCD’s (~20 Watts) and associated electronics.  The mechanical support of the focal plate will be from the window end of the vacuum vessel and will be minimized by fabricating the supports using a low conductivity material.  The load due to the focal plate supports is estimated at 10 Watts. The wiring and cables contribute about 25 Watts.  The radiative heat load other than that realized through the window is another 20 Watts.  The total of these estimated heat loads is 125 Watts.  Since detailed information about the heat load from the electronics is not known and in the interest of including a safety factor, a total heat load of 200 Watts in the camera vessel is presumed at this time.
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Figure 5.19 Schematic of the Dark Energy Camera Using Liquid Nitrogen Cooling.
5.11.1.2 Liquid Nitrogen Cooling System

It is assumed in this discussion that the camera will be cooled with liquid nitrogen.  In order to avoid manually filling the liquid nitrogen reservoir, an automatic filling system is planned.  This system includes a refrigeration system to cool and condense the nitrogen, a dewar to store the liquid nitrogen, a liquid nitrogen pump, and transfer lines. The supply and return transfer lines between the camera and the liquid nitrogen storage dewar require a length of about 150 feet each.  The total heat load of the transfer lines is estimated at 140 Watts.  The liquid head of the supply line will range from 70 to 100 feet depending on the camera position.

The heat load of the storage dewar must also be considered and is estimated at 60 Watts.  The total system heat load is thus estimated at 400 Watts.  One appropriate refrigeration system for this heat load is the Stirling refrigeration cycle.  A system is available which produces 10 to 14 liters of liquid nitrogen per hour depending on the supply pressure chosen.

Based on these estimates, a liquid nitrogen supply rate averaging seven liters per hour will be required.  The camera will use roughly five liters per hour while the supply line will require two liters per hour to remain cold.  Taking into account some vaporization of the liquid through the supply transfer line, the pump should be able to deliver to the camera vessel at a rate of 1.4 liters per minute.  If fill periods of 30 seconds each are used, 10 fills per hour are required.  This implies one fill every six minutes.  This will maintain the camera liquid at a fairly constant level, varying by only 0.5 liter.

The camera liquid nitrogen reservoir size is currently designed at 22 liters.  By maintaining the liquid level in the reservoir at 10 liters, a two hour reserve of liquid nitrogen is available at any given time.  It is possible to design a larger reservoir in order to provide a longer reserve if deemed necessary.  A cooling reserve is intended to provide time to switch to a backup dewar of liquid nitrogen if maintenance on the refrigeration system is required.  Using a portable 160 liter backup dewar would provide close to one full day of cooling.

The camera will be positioned in any of several angles during fills.  By positioning the supply and return points very near the center point of the liquid nitrogen reservoir coupled with maintaining the maximum liquid level slightly lower than one-half full (10 liters), flow of nitrogen to and from the reservoir will not be impeded and liquid will not drain into the nitrogen return line.  The liquid will be pumped from the storage dewar to the camera liquid nitrogen reservoir via a submersible pump located inside the storage dewar.  The pressure at the pump outlet will be on the order of three atmospheres absolute while the storage dewar will be maintained only slightly above one atmosphere.  The camera liquid nitrogen reservoir will also be only slightly higher than atmospheric pressure.

The components of the refrigeration system are such that they are separable and may be located apart from one another.  The nitrogen condenser and storage dewar must be located together, however, the refrigeration system compressor may be located some distance away from the condenser/dewar.  The compressor is where heat is rejected from the refrigeration system.  Liquid coolant, already available at CTIO, is required at the compressor in order to accept this heat and carry it some distance away from the telescope before rejecting it to the atmosphere.
5.11.1.3 Consideration of a Cryo-Cooler Cooling System

As an alternative to liquid nitrogen cooling, the possibility of using cryo-coolers is being considered.  Those types being examined include the Gifford-McMahon, Pulse Tube, and Joule-Thomson type refrigeration systems.  Use of cryo-coolers to cool the camera brings the advantage of lower power consumption; however, one must address the issues of cooling capacity, vibration, maintenance, and space.

The Gifford-McMahon type offers a high cooling capacity independent of its orientation but produces significant vibration.  Units with a cooling capacity of 300 Watts at 80K are available.  The possibility of dampening the vibration will be studied.  The Pulse Tube type offers a good cooling capacity (60 Watts at 80K) but multiple units would be required to cool the camera.  The Pulse Tube type has a relatively low vibration level but is sensitive to orientation requiring its cold end to be pointed down.  Its sensitivity to position makes it an unlikely choice as the camera must operate cold at many angles.  The Joule-Thomson type cooler has the lowest capacity (about 24 Watts at 120K) of these three types and would require multiple units to keep the camera cooled.  Even with multiple units, we would be required to operate the coldest mass in the camera at around 120 K.  Its vibration is the lowest of all and its capacity is independent of orientation.

With any type of cryo-cooler, actual maintenance on a unit will require some camera downtime.  Spare units may be installed for use in the case that an operating unit fails but it would contribute to the camera heat load when not in use.  Swapping out units likely means another camera vacuum pump-out period which could keep the camera out of service for days.

Use of cryo-coolers requires that space is available inside and outside of the camera vessel to install the quantity of units needed.  Also, a cold mass is required to provide a cooling reserve in place of the liquid nitrogen reservoir.  To provide an adequate cooling reserve, the cold mass weight may necessitate a support system other than the cryo-coolers.  A support system will add to the camera heat load.  These issues will be addressed in our consideration of cryo-cooler use for this camera.

5.11.2 Vacuum System

The vacuum system provides a vacuum better than 10-6 Torr in the camera vessel. A roughing pump is used to achieve a vacuum of 10-4 Torr, then a turbo pump is used to achieve an initial vacuum better than 10-6 Torr. During camera operation, the cold mass inside the camera vessel cryopumps water vapor and maintains the vessel vacuum without the need of being connected to a mechanical pump. A vacuum valve on the camera vessel allows isolation from the mechanical vacuum pump when the telescope is operating. Opposite from the vacuum pump port on the camera vessel is another port that supports a vacuum gage for continuous monitoring of the vacuum. 

5.11.2.1. Outgassing

The camera vessel contains PCB boards and cables that will outgas. The outgassing rate is estimated in Table 5.5.  The pumping speed required to maintain 10-7 Torr is equal to 17,611 liters/sec. The water pumping rate is 1.40(10+5 liters/sec/m2 at 77 K. The surface area required is then 0.125 m2 LN2. The surface area of the liquid nitrogen dewar is 0.5 m2 which is four times larger than the required surface area to maintain 10-7 Torr.
Table 5.5. Gas Loading
	
	Area 
	Quantity
	Rate
	Total Load
	Data

	Item
	(cm2)
	
	Torr-l/s
	Torr-l/s
	Source

	Flex Cables (Kapton)
	375
	62
	7.5(10-8
	1.74(10-3
	LHCb

	Silicon (CCDs)
	21
	62
	4(10-9
	5.31(10-6
	Pyrex value

	Stiffened Flex Cable
	6.3
	62
	1(10-8
	3.91(10-6
	BTeV note 2578 *

	Aluminum Focal Plane
	1734
	1
	1(10-10
	1.73(10-7
	A. Roth

	Feed Thru boards
	37
	2
	2(10-9
	1.48(10-7
	BTeV note 2578 *

	C5 Optic Window
	1963
	1
	4(10-9
	7.85(10-6
	Pyrex value

	
	
	
	Total Load
	1.76(10-3 Torr-l/sec 
	


* Outgassing rates are after 150 hours of pumping.

5.11.2.2 Warming

During either an intentional warm-up of the camera such as for a scheduled maintenance or in the case of an unintended warm-up such as the result of a power failure, the CCD surfaces must be maintained at a temperature higher than the cold surfaces that act to cryo-pump the vessel’s vacuum environment.  This minimizes the possibility of condensing any material onto the CCD faces as the cold surfaces in the camera warm up.  The highest heat load to the camera is the radiative load on the CCD array and focal plane, thus these surfaces remain warmer than the hardware associated with the liquid nitrogen reservoir.  The heaters on the focal plate may be used to provide additional heat to the focal plane and thus the CCD’s.  Use of these heaters during a power failure requires an independent, backup power supply for the heaters and temperature monitoring.

5.12
 Optical System (WBS 1.2.8)

5.12.1
Introduction and Requirements
An optical corrector is needed to achieve good image quality over the 2.2 degree diameter field of view of the camera.  Such a corrector will require the use of large, custom-made glass lenses that have a long lead time to acquire. Correctors of sizes approaching this size have been built at the AAT, CFHT and Subaru telescopes.  A number of design studies also exist, including for LSST, with even larger optics than those proposed here.  We have adopted a baseline design that meets the requirements for the Dark Energy Survey and otherwise minimizes the technology and schedule risks associated with the procurement and fabrication of the lenses.

The requirements for the corrector are listed in Chapter 3.  The basic requirements are that it has a 2.2º diameter field of view, a wavelength range of 0.39 to 1.1 μm, an image size (full width half maximum) of less than 0.4”, and a plate scale such that 15 μm pixels correspond to  < 0.3”.  Additionally, space must be available for a shutter and for insertion of large glass filters.

5.12.2
Design
The adopted corrector design is shown in Figure 5.20.  The design prescription is listed in Table 5.6.  It has five lenses, of which one also serves as the window for the camera dewar, plus a glass filter. All lenses are made of fused silica.  One surface has a mild aspheric shape; the other surfaces are all either flat or spherical.  This design blends together elements from two concept designs commissioned by CTIO, one from PRIME Optics, the other from V. 
Terebizh, but is actually more similar to two designs that have been proposed for the Lowell 4 meter telescope (Epps and diVittoria 2003; Blanco et al. 2003).[image: image27.png]/caduhs/server04_2/ms_derylo/ctio_cryostat.mfl File  Options  Help
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Figure 5.20.  Corrector Design
Several factors were involved in the process of developing the design.  These include: 

a. Few glass types are available at the sizes needed.  Fused silica blanks of the required size can be manufactured and delivered by Corning on a firm schedule.  The largest lens (C1) is thick enough that the blank will needed to be slumped first.

b. Aspheric surfaces are more difficult and hence take longer and are more expensive to figure than spherical surfaces.

c. The accuracy with which the curvature radii can be measured is limited by vendor's testing equipment; for example, Optical Sciences Center switches from a high accuracy to a lower accuracy method once the radii exceed 40 inches.
d. Ghosting characteristics are often ignored by designers but can have an impact on data quality.  Small changes in design can amplify or mitigate the impact of ghosting.

Table 5.6.  DES 2.2º Corrector Design

	Surface
	Radius (mm)
	Thickness (mm)
	Glass

	1
	-21312

ccon = -1.1    
	-8556        
	reflect Primary 

	2
	-888      
	-90   
	Fused Silica C1

	3
	-1003      
	-778            
	Air

	4
	-2360        
	-50   
	Fused Silica C2

	5
	-622       
	-194            
	Air

	6
	-10031        
	-70   
	Fused Silica C3

	7
	3731       
	-643 
	Air

	8
	0
	-15
	Fused Silica Filter

	9
	0
	-10
	Air

	10
	-869       

a4 = -3.15e-10

a6 = -9.48e-16
a8 = -4.83e-21
	-65
	Fused Silica C4

	11
	-3382       
	-235            
	Air

	12
	1551        
	-39   
	Fused Silica C5 (Window)

	13
	1293       
	-40
	Air

	14
	0
	0
	Focal Plane


5.12.3
Performance and Characteristics
Table 5.7 gives the image sizes averaged across the SDSS filter bandpasses.  The worst-case value of D80 is .59”, which exceeds the requirement of .64”.  In the r and i bands, where the best image quality is sought for the weak lensing measurements, the equivalent FWHM is D80/1.53 = .27” worst-case.  This is the size of 1 pixel.

Table 5.7  D80 (arcsec) for images in the 4 SDSS Filters

 
(as a function of focal plane radius)

Radius          

   g
   r
          i 
z

   0
0.32
0.11
0.17
0.31

  45
0.35
0.19
0.21       0.34

  90
0.39
0.14
0.22       0.33

135
0.40
0.21
0.25       0.33

180
0.50
0.32
0.36       0.42

226
0.59
0.37
0.41       0.47

The lens sizes are given in Table 5.8.  The clear aperture includes an overfill of 1-2 mm.  The outer diameter includes a 20 mm edge to be used for mounting and support.

Table 5.8 Lens Sizes for the DES Corrector

Lens

Clear aperture (mm)
  Thickness (mm)   Thinness (mm)
Outer Diameter (mm)
C1

        1072.3

234.1

54.0    
 
1112.3
C2 
          
736.7      

153.1

50.0      

776.7
C3 
          
683.4       

70.0

48.6     
 
723.4
Filter
          
591.4       

15.0

15.0     
 
631.4
C4 
          
581.7      
 
77.2

24.0      

621.7
C5 (Window)    
  486.2      

57.9

35.2      

526.2


5.12.4 Finite Element Analyses

A handful of analyses have been done to identify any possible critical problems in the design due to the size and weight of the lenses.  So far, none have been found.  The design is tolerant of a wide range of thicknesses for each lens, so any problems encountered in the future (but before procurement of the blanks) could likely be corrected without a major redesign.
The change in shape of each lens due to gravitational loading was calculated and found to have negligible impact on the design.  The most critical lens is the one forming the dewar window, since it must support the differential between sea-level atmospheric pressure and vacuum. The current thickness in the design is 38.7 mm.  A finite element model was constructed with the IDEAS program to study the deflection of the window (Derylo May, 2004).  The result is shown in Figure 5.21. The midpoint deflection is 55 μm which is marginally important for the design.  The maximum stress is 4.4 MPa, which yields a factor-of-safety over 11 for the flexura strength value of 50 MPa reported for fused quartz material.

 
[image: image22]
Figure 5.21  Expected Deflection of C5 optic based on and FEA analysis
5.12.5
Tolerancing and Assembly
The design is robust against small inaccuracies in the lens curvatures, thicknesses, and refractive indices provided that these quantities are measured accurately after fabrication and compensated by adjusting the positions of the lenses during assembly.
A preliminary tolerance analysis has been done to identify possible problem areas in fabrication or assembly.  The figure of merit used for the analysis was a weighted average of r.m.s. spot size across the focal plane as measured in the four SDSS filter bandpasses.  Factors that were investigated included positioning errors (translation and tilt), curvature errors including both fabrication and measurement, refractive index errors, inhomogeneities in the glass, and primary mirror alignment errors. A sensitivity analysis was run in which an allowed degradation of performance was assigned to each variable, and the maximum permissible error of that variable determined.  These values were compared against numbers taken from standard practice or specification sheets.  For one corrector element, C1, the radius of curvature of one surface was reduced slightly so it could be tested more accurately.  Otherwise it was found that standard practice would always do as well as or better than required.  The overall contribution to image degradation is estimated to be .24” worst-case in D80 (which is added in quadrature to all other contributions).

 5.12.6
Coatings
Coatings for the optics are necessary in order to reduce reflection losses at air-glass interfaces. In the Reference Design using fused silica, each uncoated surface produces a loss of ~3.5%. Without coatings, the total loss through the 5-element corrector would be about 30%. A nominal goal is coatings on all surfaces which reduce reflection losses to 1% or better, per surface, yielding an acceptable total loss of about 10%.

A second reason for minimizing reflection losses is the impact on ghosting. The obvious effect is to reduce the intensity of all ghosts, but it secondarily allows for greater flexibility in the optical design since less of the total "optimization budget" must be spent on minimizing ghosts optically if the coatings are good.

There are two basic options often used in astronomical applications for coating optics this large. The preferred method for the first 4 elements (C1-C4) of the corrector is some form of Sol-Gel coating. This is a semi-hard coating with excellent performance which is relatively easy to deposit on optics this large, and has the advantage that it can be cleaned
off and reapplied if it gets damaged. The other option is a hard dielectric coating. The simplest would be a 1/4 wave of MgF2, with better-performing multi-layer coatings being a possible option on all but the largest element (C1). The dewar window (C5) must have some form of hard dielectric coating to ensure no outgassing into the vacuum dewar. A final possible option for coating most of the optics is a hybrid solgel coating. This recently developed coating technology combines an undercoat of MgF2 with a tuned Sol-Gel overcoat and provides spectacular performance (losses less than 0.5% over the optical waveband). These coatings are currently significantly more expensive, and can only be sourced from one supplier, but we may reasonably expect prices and availability to improve in the coming few years. Also, CTIO has developed a facility for Sol-Gel coating and has recently put Sol-Gel on MgF2 for the elements of the SOAR Optical Imager, with excellent results.  Study on scaling up this facility to the larger DES optics is under way. A final decision on coatings will require a detailed analysis of the costs and benefits regarding both ghosting and throughput.

5.12.7
Ghosting
The high reflectivity of CCDs combined with the large number of surfaces in the design mean that ghost images of single stars and the diffuse night sky from the focal plane deserve attention.  It is assumed that the LBL CCDs reflect 15% of the incident light, the Sol-Gel coatings reflect 0.8%, and MgF2 coatings reflect 1.5%.

Ghost images of stars create an annular halo of light around but not centered on each star image.  The best strategy for minimizing their impact depends somewhat on one's science program.  For studying large, extended objects, one might want to minimize the size of the halo so that the sky background over large areas is kept uniform. For studying small
sources, one might want to maximize the size of the halo (but reduce its surface brightness) so one can measure accurate local sky backgrounds.  The latter strategy is chosen here.  To achieve this, the dewar window is located 40 mm from the focal plane.  This diffuses the ghost image of a point source to a diameter of 27 mm (480 arcsec). A 1st magnitude star produces a ghost that has a surface brightness of 21 mag/sq-arcsec, about as much as the night sky.

The ghost image of the exit pupil is formed by reflections of the night sky between the CCDs and the ensemble of all surfaces in the corrector. If one is careless in the design, it is possible to create an in-focus image of the exit pupil that requires extra software in data processing to remove (which happened with the Mayall 4 m prime focus corrector). A composite ghost image was computed and is shown in Figure 5.22. The dominant contribution comes from the leading surface of lens C4, which acts to focus reflected light back onto the focal plane. The peak intensity is about 6% of the incident light in the center of the field, falling to less than 1% at the edges.

[image: image23.jpg]



Figure 5.22 Computed ghost image in the Dark Energy Camera.  The square grid of smaller images is a computational artifact and should be ignored.

5.12.8 Filter Characteristics
We adopted the SDSS g, r and i filters for our Reference Design since they will provide the required accuracy in the determination of the photometric redshifts of our target galaxies. As noted earlier, our z band red cutoff differs slightly from the SDSS z band. While both are effectively defined by the red cutoff of the silicon, the thick, high resistivity silicon CCDs that we plan to use have a much higher QE in the z band than the SDSS CCDs.  The filter characteristics were selected to bracket the Calcium H and K break at 394 nm in the spectrum of red galaxies, which is typical of galaxies in clusters.  At 0.05 redshift the H and K break is at 410 nm, just blue-ward of blue cutoff (50%) of the g band filter.  At a redshift of 1.1 the break is at 830nm, just red-ward of the red edge (50%) of the i filter.  Note that we want filters to bracket both sides of the H and K break in order to derive good photometric redshifts; in particular the z filter is necessary at redshifts near one in order to provide coverage red-ward of the H and K break.  The proposed characteristics of the filters are shown in Table 5.9.

Table 5.9. The Proposed Wavelength Characteristics of the Filters

	Name
	Center (nm)
	FWHM (nm)
	Trans. (%)

	g
	480
	140
	0.91

	r
	625
	140
	0.97

	i
	770
	150
	0.98

	z
	950
	240
	0.98


5.13
Prime Focus Cage and Corrector Housing (WBS 1.2.9)
5.13.1
Prime Focus Cage

Figure 5.23 shows a detailed view of the cage.  The corners of the cage represent the interface to the existing spider.  This joint marks the outer mechanical boundary of what we plan to replace.   The internal layout of the cage has been designed with ease of servicing in mind.  The corrector is supported from the center of the cage.  A focusing mechanism is part of the interface between the cage and the corrector.  The linear bearings internal to the cage allow the corrector to be separated from the camera and moved towards the primary.  This will allow access to the shutter on the camera face and to the filter changing mechanism.  Cables and cooling tubes from the floor of the telescope will follow the trusses and spider to the left end of the cage.   Development of a clear understanding of the cable and cooling tube routes, and how to deal with the cage rotation, is a critical aspect of the integration of our proposed design with the existing infrastructure at the Blanco. Our Reference Design has the cooling tubes and the CCD cable connections on the sides of the vessel. 

A major advantage of replacing the entire cage and all of its service functions is that it minimizes the complexity of the interfaces with the Blanco telescope.  In addition, it allows us to assemble the entire camera and all of its services in a self-contained module that can be completely tested before shipment and installation at Cerro Tololo. This means that the integration effort is localized and is a far simpler task than if the new camera were installed piece by piece into the existing cage. We have a Level 2 sub project devoted to integration and are in close contact with our NOAO representative (T. Abbott) for discussions of integration issues. As the Reference Design progresses, an integration and configuration control committee will be established to provide the organizational structure necessary for successful integration of the Dark Energy Survey Instrument with the infrastructure at the Blanco.

5.13.2
Corrector Barrel

The corrector barrel is a series of cylinders, one per lens, four in number; lens C5 is mounted in the camera dewar. These cylinders will be made of either forged steel, aluminum or Carbon fiber. Forgings eliminate many internal stresses that can be developed during welding processes, thereby minimizing warping during machining. Finished components fabricated from forgings tend to be stronger and more dimensionally stable than welded components. Use of carbon fiber in the long cylinders could reduce the effects of temperature changes on the corrector focus.  Fermilab has experience with and equipment for fabrication of this sort of carbon fiber structure. The cost difference between components fabricated of either forgings or weldments is minor. In some cases, due to shape complexity, forgings offer a considerable cost benefit.  The material choice will be determined by the effect of the thermal expansion on the 
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Figure 5.23 Corrector barrel in the prime focus cage

relative positions of the lenses and on a cost benefit analysis.  The system is designed to allow assembly in either a vertical or horizontal orientation within the cage assembly. Once mounted to the telescope, assembly and disassembly can be accomplished with the aid of fixtures mounted to one of the prime focus cage end-rings. 

Interior and exterior finish is to be bead-blasted and painted flat black for steel, and bead-blasted and anodized for aluminum.

Weight comparison for aluminum or steel construction:

Camera with both corrector and cage fabricated of steel: 11625 lbs.
= 5275 kg

Camera with both corrector and cage fabricated of aluminum: 5643 lbs. = 2560 kg

The entire corrector will be continuously purged with dry nitrogen to provide a stable and dry atmosphere for corrector elements and coatings.  In particular, the C5 lens will be cooled via radiative heat transfer from the CCD focal array and will experience condensation if the purge is not maintained.  Heaters may also be installed around the edges of this lens if further analysis shows that this is necessary to eliminate condensation.

5.13.3
Lens Mounting System

Lenses will be “potted”
 around their circumferences into Invar-36 rings (figure 5.24). These have CTE very close to that of fused silica and will offer a mounting platform for the lens flexure ring. These flexure rings will ensure that the lenses remain within centering tolerances while compensating for differential expansion between barrel and lens.

The potting material will be some form of Silicone product and will be specified as we approach the lens mounting in the production schedule.
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Figure 5.24  Lens mounting ring detail.

The Invar rings will incorporate a set of safety rims to ensure lens capture, should the Silicone bond fail. 

This design, as mentioned above, will maintain the lenses on the optical center but will move with the barrel material parallel to the optical axis. This mounting system can be dimensionally altered to accommodate the final lens configuration after lens fabrication is completed.

5.13.4 Filter Changing Mechanism

Typically there will be multiple filter changes per night.  For example, when the moon rises, the i and z band observing are not affected, while g and r are significantly degraded. This will motivate a filter change.  We are designing a filter changing system which will make it possible to change the filters quickly and reliably. The time estimated for a filter change is ≤ 5 sec. and it will be possible to perform a filter change during slewing. The large space between element C4 and C3 is the optimum location for the filters and the filter changing mechanism.  The implications of this choice are 1) these filters are quite large, ~560mm (~22”) diameter and  2) the guide and focus CCDs, which are located on the focal plane with the image CCDs, will see filtered light and thus must also be sensitive in the z band. 
A modular approach is used for the filter changing mechanism. Cutting a set of four slots into the C4 barrel cylinder and mounting a guide rail inside this cylinder will allow easy installation and removal of each filter mechanism (Figure 5.25). These filter housings will be attached with a plate, employing threaded fasteners, to the slot side the corrector barrel. The opposite end of the filter housing will anchor to a receiving plate mounted to the opposite side of the barrel from the entry slot.
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Figure 5.25   Filter changing mechanism

The filter housing will provide mounting surfaces for the filter locking pins, stop switches and motion dampeners. The drive actuators will be Moog gear head DC brushless motors with sufficient torque and speed to move the filters through their arc within 5 seconds. 

We have incorporated a series of safety interlocks into the filter design.  Encoders mounted on the motors will determine filter position and will be monitored by a controller. This controller will allow only one filter to move at a time. A torque limiting coupling, located between the actuator output shaft and filter mounting ring pivot shaft will prevent damage in case of collision with either another filter or its own storage ring. The receiving rings for both in-use and stowed filter positions will have limit switches wired in series to stop motor rotation. Two acceleration dampeners per filter per direction will be installed to prevent excessive contact forces between the filter mounting rings and their receiving rings in both the in-use and stowed positions.  Locking mechanisms will be employed on the receiving rings to ensure that the filter positions remain stable when in-use or in the stowed position while the telescope is in motion. This will also allow the actuator motors to be de-energized, minimizing heat-loading around the cage and corrector environment.  The modular design will allow the filters to be removed and new filters installed in approximately an hour.

5.13.5
Focusing Mechanism
The focusing ring will be mounted to the same struts that comprise the tip-tilt adjustment system described below. This is done to ensure that the focusing ring rotational axis remains parallel to the corrector’s optical axis when tip-tilt adjustments are made (Figure 5.26).
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Figure 5.26  Focusing mechanism

An anti-backlash pinion for a worm gear segment mounted to the outside circumference of the ring and actuated by a small Moog gearhead motor will drive the ring. The ring will be supported through three sets of two flanged track rollers preloaded against each other on the outer rim of the ring and mounted to the adjustment struts through a strut-connecting ring. Axis motion parallel to the optical axis will be generated by a set of three ramps machined into the focus ring at 120º spacing and consuming a 90º arc on the surface of the ring. The ramps will rise 1/2” from the neutral surface of the focus ring. These ramps will be the guide surfaces for three sets of two preloaded clowned tract rollers acting against each other through ramp surfaces. These tract rollers will be mounted to the outside circumference of lens cylinder C2 and also spaced 120 deg apart.  This system will allow extremely accurate and smooth movement of the focusing ring and will not require the gear motor to remain energized to hold position regardless of telescope motion.

5.13.6
Lateral and/or Tip-tilt Adjustment Mechanism

At this time, we do not know whether it will be necessary to adjust the transverse and tip-tilt for the focal plane actively (while the telescope is in motion).  For our Reference Design we have a system that can be set up to do manual adjustments or, by incorporating a set of actuators, can be used to do active adjustments while slewing to a sky position. The tip-tilt is adjusted through the use of cams mounted on each end of the tip-tilt support struts (figure 5.27). There will be three of these strut units mounted between the cage and the corrector barrel, separated by 120º spacing. One end of the strut will be attached to the corrector through a set of bars housing linear bearings sliding on a shaft mounted to the outer circumference of lens cylinder C3. These linear bearings and shaft are part of the focusing mechanism.
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Figure 5.27  Lateral adjustment system
The opposite end of the strut unit will consist of a T-shaped bar mounted to cage rings. This T-bar will extend into an oversized slot, machined into the linear bearing bar. Two shafts, with cams machined onto them, will pass through the T-bar at opposite ends and be mounted into a spherical bearing that will allow shaft movement off the perpendicular axis to the T-bar surface. These same camshafts will extend through journals in the two tangs of the oversized slot in the bearing bar. A lever arm attached to one end of the camshafts can effect lateral movement between the two strut bars. 

If used manually, the level arms are adjusted and the struts locked into position. If active adjustment is required, an actuator can be incorporated to move the lever arms. Should we need only lateral motion - movement perpendicular to the optical axis - a single actuator operating a strut’s two lever arms would accomplish the task. If both tip-tilt and lateral motion become necessary, then using an actuator per lever arm will meet the need. This system can also be used to preload the linear bearings, thereby removing any unwanted compliance in the focusing system.

5.13.7 Scroll Shutter

The shutter employed for the Reference Design is a scroll shutter.  The shutter will be driven in both directions and has been designed for 0.5 second maximum open or closing times (figure 5.28).


Figure 5.28  Scroll shutter design

The shutter has been designed as a stand-alone package that will provide for modular installation and removal from the corrector body.  The spools will be driven by a set of Moog gear-head DC brushless motors with encoders for position monitoring.  To ensure position and exposure time repeatability, sensors will also be mounted along the scroll track. 

5.14
Auxiliary Systems

5.14.1
Guiding

The Mosaic II has two guide cameras in addition to the main image CCDs. The guide cameras provide small corrections for the telescope tracking system such that a star image will stay in precisely the same location during an exposure. The Blanco accepts these signals every 2 sec.  We are currently investigating the options for guide systems.  In our Reference Design we have CCDs on the focal plane devoted to guiding along the top and bottom of the focal plane.  Corresponding slits in the shutter allow exposure of the guide CCDs prior to exposure of the image. Figure 5.29 shows the guide CCDs in the partially vignetted region of the focal plan. 
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Figure 5.29  Schematic of guide system layout with CCDs on edge of focal plane.
The MegaCam MMT project has a similar arrangement.  Alternatively, we are also investigating the benefits of a separate guide camera.  This type of camera could be constructed by our collaboration or purchased elsewhere.  A pickoff mirror could be installed just in front of the shutter, outside the main image light path as shown in Figure 5.30.
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Figure 5.30   Schematic of guide system with a pick off mirror and separate guide camera
Guide camera CCDs have two requirements in addition to those listed in Table 5.2.  These are a fast readout rate (<~1sec) and the possibility to operate in frame-store mode. The fast readout rate is needed so that corrections to the telescope position can be generated on a time scale that matches the 2 sec. update rate accepted by the Blanco control system. This faster rate also implies a separate DAQ path for the guide CCDs and this is discussed in section 5.11.

Frame-store mode is a technique for collecting clean images without the use of a shutter.  This is accomplished by coating one half of the CCD with an opaque layer and collecting the image only in the other half.  At the end of an exposure, the charge image is transferred very quickly (~1ms) from the imaging side to the storage side. Once the image is on the storage side of the CCD, it is decoupled from the imaging side and a new exposure is initiated while the previous image is read out of the storage area of the CCD.

The 1k ( 1k LBNL CCDs described above is a good match for our guiding requirements.  To cover the desired area we would need 4 of these CCDs (note only half of each CCD is used to collect the images).  A readout rate of 240 kpixel/sec results in a readout time of ~0.9 sec.  Reading out only a small area surrounding the guide star(s), once identified, would greatly reduce the readout time. Figure 5.8 shows 4 guide and 4 focus CCDs along the top and bottom of the focal plane layout.  There is room for additional guide/focus CCDs if they are needed.  
5.14.2
Cloud Camera

For accurate photometry a precise measurement of the atmospheric conditions is needed. We will use already existing infrastructure at Cerro Tololo (TASCA all-sky camera, Differential Image Motion Monitor (DIMM), Multi-Aperture Scintillation Sensor (MASS), and the Weather Station) to monitor conditions.  Direct photometric monitoring using an already-existing CTIO small telescope as an auxiliary program is a possibility we will investigate. We may construct a cloud camera to further monitor the sky conditions. For our reference concept we follow the design of the cloud camera used by SDSS as shown in Figure 5.31.   It consists of an IR camera from Raytheon, a hyperbolic mirror, a control communication system along with associated display and control software.


Figure 5.31  SDSS Cloud Camera

5.14.3  Full Camera Calibration System

We are considering development of a system to calibrate the instrument by measuring the response of the entire corrector and focal plane array package with monochromatic light, CCD by CCD. This would involve setting up a test beam that simulates the beam expected from the CTIO 4m primary, a f/3 beam, illuminated by an Optronic Laboratories OL-426 (TBD) integrating sphere calibration standard. The beam will illuminate a CCD with a calibrated surface brightness (radiance) at a given wavelength with a small spread in wavelength. We note that the test beam optics can be no closer than 1.5 meters from the focal plane, which gives as a minimum size for the test beam optics of 0.5 meters. The test beam will be able to illuminate any point on the focal plane array by being moved by a x,y translation stage.

The integrating sphere calibration source provides a calibrated surface brightness at the exit pupil of the sphere. This is converted to a collimated beam using an off-axis parabolic telescope. The collimated beam is converted to an f/3 beam by the test beam optics. This process will produce a light on the focal plane array that is stable and whose relative wavelength characteristics are well known, but is no longer absolutely calibrated. If we need the absolute calibration we will require a calibrated photodiode on the DEC focal plane edge.

The output of this test beam will be system response curves as a function of wavelength for all the CCDs that make up the DEC focal plane array. Given this test capability, we will also be able to measure read noise, gain, and bad columns, and will be able to explore flat fields. If we develop the ability to mask the sphere’s exit pupil to project a small Gaussian onto the focal plane array, we will be able to test the optics collimation.

These tests will be of the entire Dark Energy Instrument, from focal plane to corrector to data acquisition to observing programs. They do not replace the test stand testing of individual CCDs.
5.15
Activities at CTIO

5.15.1
Telescope Improvements (WBS 1.4)

There are two areas in which the Blanco telescope may be usefully improved to better support the Dark Energy Survey Project:

5.15.1.1 The telescope control system (TCS). 
The TCS connects the operator's console in the control room to the array of remotely operable systems within the telescope building.  It is normal that the TCS be upgraded from time to time and the Blanco's current system is now a few years old and several subsystems are becoming obsolete, overloaded or mildly unreliable. Whether or not the DES instrument is deployed at the Blanco, the TCS will be upgraded, but the arrival of the DES instrument will condition the direction taken by this upgrade.

The general scheme of the upgraded system will follow that of the existing system, but our intention is to migrate as close as possible to the system used to run the new telescope SOAR which is also run by CTIO (the TCS is LabView based).  Our immediate intention is to upgrade the SunOS Linux computer, which hosts the operator interface, and the VME computer at the center of the system.  As we progress, some of the various subsystems of the TCS may be replaced. The upgrade will seek maximum efficiency for the Dark Energy Survey’s scheme of integration times of 100 sec with slews of a few degrees between each. 

5.15.1.2 Image quality

The Blanco telescope and building has, over the years, undergone a number of modifications with the aim of reducing local atmospheric turbulence responsible for degrading image quality (or "seeing"). Essentially, such turbulence degrades the image as though by convolution with a Gaussian-like kernel of FWHM of order 1" and variable on all relevant timescales.  This can be caused in part by poor temperature equilibrium between the telescope and its environment.  Past improvements have involved removal of excess heat sources, relocating the control room to the ground floor, removal of all nonessential facilities from the telescope building, refrigeration of the dome floor, forced air cooling of the primary mirror in daytime, and the installation of doors in the sides of the dome to improve nighttime ventilation.

A range of possibilities remain to be explored, although it is difficult to identify precisely what may have the greatest effect. DECam itself is expected to improve over current prime focus image quality through the inclusion of an active cooling system to ensure its equilibration with ambient temperatures.  We also continue to monitor and make occasional checks of the telescope environment with a thermal infrared camera to protect against the inadvertent introduction of new heat sources.  Further improvements are under discussion, including increasing ventilation via additional dome doors or fans and the removal of further unnecessary parts of the telescope environment (including, possibly, the wholesale removal of nonessential walls).  Nevertheless, it must be remembered that we are ultimately limited by the heavy steel and concrete construction of the telescope and building.

Image quality is also affected by the optical quality of the telescope.  The Blanco does incorporate active support of the primary, although it is only possible to apply small correction of low order aberrations in a 50 cm thick Cervit mirror.  This active control system is tuned up occasionally and future in-depth tests specific to the prime focus are planned.  Again, DECam itself is expected to improve the quality of Blanco observations via a better corrector than that which is currently installed.

5.15.2 Commissioning at CTIO (WBS 1.5)

Here we summarize the plans for commissioning of the Dark Survey instrument at CTIO. On delivery to CTIO, we anticipate a period of commissioning before the instrument is ready to reliably produce scientific data.  The stages of this process and estimates of the time investment required are as follows:

· Delivery.

· Unpacking (1d).

· Assembly of dewar (2d).

· Vacuum integrity verification (without mosaic installed) (3d).

· Assembly of mosaic and dewar (2d).

· Pump assembled dewar until specified vacuum quality achieved (5d).

· Mosaic brought to operating temperature (2d).

· Assembly of controller (1d).

· Verification of controller integrity (2d).

· Controller and mosaic connected (1d).

· Mosaic read out and verified (3d).

· Assembly of corrector (2d).

· Assembly and test of filter, focus, shutter and f/8 mechanisms (4d).

· Assembly of prime focus cage (1d).

· Integration of corrector, dewar, filter mechanism, focus mechanism, shutter
 mechanism, controller and prime focus cage (5d).

· Test of integrated prime focus assembly mechanisms (3d).

· Reference optical alignment of prime focus assembly (3d).
Some of these items can proceed in parallel.  We estimate that it will take a total of 6 weeks to complete the reassembly and testing of all the components in the prime focus cage.  We would then proceed with the operations that will impact telescope operations:

· f/8 mirror installed (1d).

· Telescope taken off line.

· Old prime focus assembly removed (1d).

· New prime focus assembly installed (1d).

· Balance the telescope (1d).

· Integration of DECam with Blanco TCS (3d).

· In situ verification of prime focus assembly mechanisms (2d).

· Reference, coarse alignment of prime focus cage (2d).

· Fine alignment of prime focus corrector and mosaic (2d).

· Fine alignment of f/8 secondary (1d).

· In situ characterization of DECam CCDs (3d).

· First light.

· Hartmann testing of DECam (1d).

· Shack-Hartmann testing of f/8 (1d).

· Fine tuning of optical system (1d).

· Photometric characterization of DECam on standard stars (4d).

· Astrometric characterization of DECam (4d).

At this point (12 weeks after delivery to CTIO) we are ready to take images and begin to commission the operation of the Dark Energy Survey Instrument.  All software associated with instrument control, readout, and data handling will be fully tested and debugged before delivery.  We estimate that this commissioning period will take 4 weeks.

5.16
System Integration (WBS 1.6)

The system integration task is largely one of document generation, maintenance and distribution, and control functions to verify compliance. The goal is to assure that the pieces that comprise the Dark Energy project fit together properly and work in harmony. 

5.16.1
System Integration Organization

The integration of the DES instrument falls into two major categories: 1. the integration of the physical elements that are assembled into the cage and 2. the integration of the cage and its internal elements with the telescope. The intention is to assemble the cage and test it at Fermilab, and ship it either as one piece or in a few large pieces to Cerro-Tololo for final assembly on the telescope. Each of the major subsystems that comprise the cage has its own engineer, who may have a particular specialty and multiple responsibilities. Out of this group, we will construct an Integration Committee that will advise the System Integration Leader and the Project Manager. After the project is baselined, changes required for integration issues will be passed up through the change control mechanism.

1.  Project Manager  ----------------  Change Control


1.6  System Integration


Integration Committee


Document control


Document distribution


1.6.1  Cage Integration                      
1.6.2   Telescope Integration


1.6.1.1  Mechanical                           
1.6.2.1  Mechanical


1.6.1.2  Electrical                               
1.6.2.2  Electrical


1.6.1.3  Cooling                                 
1.6.2.3  Cryogenic & cooling systems


1.6.1.4  Optical                                  
1.6.2.4   Telescope improvements

1.6.1.5  Controls                                
1.6.2.5  Telescope environment, power, 



etc.

This particular organization covers the major functions that have to be integrated as we see the task now. It will evolve as we gain experience. 
5.17
Summary

We have described a Reference Design for the Dark Energy Survey Instrument that meets our technical specifications.  The Reference Design represents our current choices for the Dark Survey Instrument design and construction.  However, further analysis may show that better, more cost effective options are available.  Estimates of the corresponding cost and schedule for the Reference Design will be discussed in Chapter 7.   
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�The yellow filter isn’t yellow!!


�This may cause problems for SolGel coatings, which may require that the lenses be mounted in special purpose assemblies not compatible with the corrector mounts.
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