3.
From the Science Program to the Technical Requirements

Our science program was outlined in the previous Chapter and is summarized below.  In this Chapter we show how the science program evolves into technical requirements for the Dark Energy Survey Instrument. The science requirements given below are unlikely to change; however, the technical requirements and the choices that we have made to reach them (e.g. number of filters) represent a reference design of the Dark Energy Survey Instrument. This is not a final design; further analysis may indicate better solutions are possible. 

3.1
Science Goals 

Our overarching science goal is to measure w, the dark energy equation of state, to a precision of order w 5% using four separate techniques:

1. Cluster Survey: In this method we measure the cluster redshift distribution and the cluster power spectrum.  Cluster mass estimates come indirectly through the measured bias of the cluster power spectrum, and they also come directly from SZE, weak lensing, and cluster galaxy observables. To accomplish our goals, we must be able to locate and measure the redshifts of clusters of galaxies out to z >= 1, because this is the expected extent of the coordinated South Pole Telescope SZE cluster survey. The cluster redshift distribution and power spectrum are sensitive to dark energy as probes of the volume and growth function. The survey must cover large solid angle to enable the cluster power spectrum measurement and to deliver large cluster samples.  The survey must have multiple bandpasses for precision photometric redshifts, and faint limiting magnitudes to increase the number of galaxy photometric redshifts available for each cluster. 

2. Weak Lensing: The weak lensing of background galaxies by foreground mass sheets, correlated with itself (shear-shear correlations) or with foreground galaxies (shear-galaxy correlations) is sensitive to dark energy as a standard ruler and growth function probes. The DES Instrument must be able to measure the weak lensing signal from large scale structure in several redshift bins with small and stable instrumental point spread functions.  Large solid angle is required to probe the shear field over the largest possible range in physical scales.

3. Galaxy Angular Power Spectra: Measurement of the angular power spectra of galaxies in several redshift bins can also put constraints on w, because it is a standard ruler probe.   To accomplish this measurement, we must have a stable photometric calibration, cover large solid angle to probe a wide range of physical scales, and have faint limiting magnitudes to increase our sample size and probe to redshifts beyond z~1. 

4. Supernovae: The apparent magnitude of Type Ia supernovae provides a standardizable candle luminosity distance measurement.  The DES Instrument will be used to measure light curves of more than 1900 supernovae out to z = 0.8.  The observations must cover a moderately large solid angle repeatedly to obtain lightcurves of the SNe.  These  SN observations must be taken in multiple (at least three) bandpasses  to provide colors of the objects, both for reddening measurements and  SN type discrimination based on colors.  Excellent red response is necessary to obtain adequate signal for higher redshift SN lightcurves.   Detailed knowledge of the system passbands as a function of wavelength is required for accurate k correction calculations.
3.2
Science Requirements

The primary science requirement is to provide photometric redshifts for the galaxy clusters detected in the South Pole Telescope SZE survey.  The data required to meet this primary requirement will facilitate coordinated studies of optically selected cluster samples, weak lensing, and the galaxy angular power spectrum.  The observing efficiency and scientific return of an extensive photometric survey like the Dark Energy Survey benefits from the addition of the time domain SN Ia component, which will be pursued even during non-photometric time.

3.2.1
Filters

To meet the photometric redshift requirement we will bracket the 4000Å break signal in the elliptical galaxy spectrum typical of cluster galaxies. At z=0, the blue side limit is 400 nm. Redshift moves this restframe value redward. At z=1, the 4000Å break is at 800nm. Precision photometric redshifts require a filter redward of the observed break. We thus need bandspasses from 400nm to 1000nm.  For our reference design, we adopt the SDSS filter set, g, r, i, z, with z as the fiducial bandpass.  This choice allows us to leverage the existing body of work done with these filters to aid in analysis and calibration of DES data.

3.2.2 
Limiting Magnitudes

Measuring accurate photometric redshifts of the clusters near the detection threshold in the SPT SZE survey at redshifts z~1 drives us to faint magnitude limits.  Reaching the cluster photometric redshift accuracy of z=0.02 requires that we measure photometric redshifts of at least ten galaxies in clusters of mass M=2x1014Mo at z=1. A limiting absolute magnitude corresponding to a 0.5L* galaxy suffices for photometric redshifts of this precision, and a side benefit is that photometry of cluster galaxies to this depth enables efficient optical cluster detection as well. The absolute magnitude of a  EQ 0.5L\s\up5()* galaxy at z=0 is, in the i-band, Mi = -21.0 (Blanton et al 2003, redshift and evolution corrected). At z=1 such a galaxy would, if it followed the passively evolving old stellar population model appropriate for high luminosity cluster galaxies, have a z-band magnitude z=23.3. We require 10 observations, for the photometric redshift techniques. Data from both the CTIO Blanco 4-m and the CFHT 3.6m show that 10 is near where the differential number counts turn over, an indication that it is close to the completeness limit. We will go 0.3 mags deeper in the fiducial band in order to safely construct a flux-limited sample of galaxies. We therefore require a limiting magnitude of z=23.6.

The minimum apparent magnitudes in the remaining bandpasses follow by considering the redshifted, passively evolving spectrum of a cluster galaxy. The limiting magnitude required is that for a  EQ 0.5L\s\up5()* galaxy at the redshift where the 4000Å break leaves the bluer filter and enters the redder filter. The 4000Å break leaves the g, r and i bandpasses at redshifts of 0.35, 0.65, and 1.0 respectively. The corresponding limiting magnitudes are shown in Table 3.1. We will see later that the requirements on the g and r limiting magnitudes are easy to meet.

Table 3.1 Limiting Magnitudes

	Filter
	g
	r
	i
	z

	Mag (10 
	22.8
	23.4
	24.0
	23.6


3.2.3 Photometric Calibrations

We plan to calibrate the final coadded map to 1%; however, meeting the science goals for the photometric redshifts only requires photometric calibrations accurate to the level of 2%. Our science goals also require that a calibrated spectrum, convolved with the DES system response, will predict the observed magnitude to 2%.  We have no requirement on the calibration of single images, but we estimate that these can be calibrated to 10% using the USNO B2 star catalogue.

3.2.4
The Survey Area 

The DES will cover a total of 5000 sq. degrees in the Southern Galactic Cap.  Figure 3.1 and Table 3.2 show the specific areas.  Below we describe the motivation for these choices.

Table 3.2 Dark Energy Survey areas

	Overlap target
	Right Ascension (deg)
	Declination (deg)
	Area (sq. deg.)

	SPT 
	-60 to 105 

-75 to -60
	-30  to -65

-45 to –65
	3988

	SDSS Stripe 82
	-50 to 50 
	-1.0 to 1.0
	200

	Connection region
	 20 to 50 
	-30 to –1.0
	800


3.2.4.1 SPT overlap

The primary science requirement for the DES cluster survey measurement of w is to image an area overlapping that of the observations of the CMB by the South Pole Telescope (SPT).  This will enable a combination of clean cluster selection from the SZE data from SPT and the photometric redshifts from the DES. The SPT collaboration will map the CMB in a 4000 sq-degree region observable from the South Pole. We plan to cover the same area in our survey. The largest area near the top in Figure 3.1 corresponds to the SPT overlap region.

3.2.4.2 Photometric Redshift Calibration Area

All of the science goals require precision photometric redshifts.  To achieve the required limits on systematic uncertainties (<2%), a calibration sample of roughly 1000 redshifts per 0.1 bin in redshift is needed in addition to the DES data. Our strategy is to make use of public spectroscopic datasets in areas of the sky that we can image. The largest and most diverse of these datasets is that of the SDSS Southern Survey which has 100,000 redshifts down to i=20 and out to z=0.5, in combination with the 2dF-SDSS survey, which has 10,000 redshifts of red galaxies out to z=0.75. This same area of sky also contains fields from both the VIRMOS-VLT Deep Survey (8 sq-deg with spectroscopic redshifts to magnitude IAB = 22.5, and 2 sq-deg with redshifts to IAB = 24) and the Keck Deep2 Survey (2 sq-deg with spectroscopic redshifts to RAB=24). These surveys will deliver tens of thousands of spectroscopic redshifts extending over our redshift range of interest.  The Southern Survey area is the narrow region at the bottom of Figure 3.1.
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Figure 3.1  Map of the galactic dust in the South Galactic Cap.  The South celestial pole is at top. Our reference design survey footprint is inside the green line. The Large Magellanic Cloud is visible in the upper right corner of the survey area.

3.2.4.3 Connection Area

Precise photometric redshift determination also requires the same photometry in the spectroscopic calibration areas as in the main survey areas. To address this we plan to image a contiguous 800 square degree area between the SPT area and the SDSS Southern Survey area. This area is optimally placed for providing targets and optical follow up for the optical and radio telescopes in Chile, including the ACT SZE survey, and the observations of the ALMA array.

3.2.5
The Point Spread Function

The weak lensing science goal drives the requirements on the point spread function (PSF). Measurement of the effects of large scale structure on the shapes of galaxies requires shear measurements at the 1% level.  As discussed in the appendix to Chapter 2, the density of galaxies useful for weak lensing measurements is a strong function of PSF size.  To achieve our goals we need median seeing to be 0.9” FWHM.  Using the current prime focus imaging instrumentation the Blanco 4-m delivers typical seeing between 0.8” and 1.1”.  The best seeing in our survey will be determined by a combination of site and dome conditions as well as the optics of the corrector. We will impose an upper limit of ~1.1” such that only data with seeing better than 1.1” will be included in the survey coadded images.

Stars in the science images are used to measure the PSF.  In a single 100 second exposure we can reach magnitude 21 at S/N=100. At this magnitude there are about 2000 stars per sq-degree. Based on experience with SDSS, roughly a quarter of these 2000 stars will be away from frame edges, cosmic rays, and other stars and galaxies.  Using the plate scale of the Blanco 4-m (55 microns/arcsec) this corresponds to a little more than 1 useful star per sq-cm (=9 sq-arcmin). With this information, a map of the PSF and possible variations over the focal plane will be generated.  One can sample the PSF on scales smaller then 1 sq-cm by averaging over several images but only if the instrumental PSF is constant against, for example, gravity induced flexure changes or thermal effects. 

To measure the weak lensing distortions at 1%, we require less than 0.1% change in PSF over 1 sq-cm areas delivered at the focal plane, and that the flatness variations in a CCD over 1 sq-cm areas produce changes in the size of the PSF due to focus effects of less than 0.1%. These goals are aimed not at keeping the mean value the same, but at keeping changes smoothly varying and only on scales larger than 1 sq-cm.

3.2.6
Science Requirements Summary

The science goals discussed in Chapter 2 results in the following list of requirements:

1.   5000 sq-degrees in the South Galactic Cap 

a.   4000 sq-degrees to overlap the SPT survey area 

b.   200  sq-degrees to overlap redshift surveys for photo-z training samples 

c.   800 sq-degrees connection region optimal for CTIO and Atacama telescopes 

2.   Photometric redshifts for clusters to z=1.0 with z 0.02

a.   SDSS g,r,i,z are sufficient 

b.   g=22.8, r= 23.4, i=24.0 z=23.6 

c.   Photometric calibration to 2%, enhanced goal to 1% 

3.   A stable and small 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 of focal plane

3.3 Technical Specifications

To meet the science requirements listed above we must make choices that strike a balance between the science requirements and what is technically feasible.  Below we present our reference design for the CCDs, the integration time of the images, readout time and read noise, the pixel size, image quality required for the optics, and the size of the field of view of the corrector and camera.  These lead to a set of technical requirements which are used to guide the design of the DES corrector and camera.

3.3.1
CCDs

For the purposes of developing a reference design for the DES Instrument, we have chosen the LBNL CCDs.  The technical specifications are described in more detail in Chapter 5.  The critical features for this discussion are that they are 2k x 4k 4-side buttable devices with 15 micron pixels and a QE>50% in the z band. They have been clocked at 250 kpix/sec with 7e- read noise.  If the corrector optics preserve the plate scale of the Blanco 4-m prime focus at 55 microns/arcsec, then each CCD has an active area of 170 sq-arcminutes and each 15 micron pixel covers 0.272”.   We note that the thick LBNL CCDs will also eliminate fringing effects, thus simplifying data reduction and improving signal-to-noise for the z and i band.

3.3.2
Integration Times

To achieve our science goals we require a signal-to-noise of 10 at the limiting magnitudes. The integration time is the total of all individual exposures. The calculation of the exposure time depends on the mirror area, the throughput of the system, the read noise of the instrument, the pixel size, the sky background, and the area over which the object is spread.  Table 3.3 and the discussion below describe our calculation of the integration times needed to meet our science goals.

The Blanco 4-m telescope has an effective light collecting area of 10.3 sq-meter. We will use the SDSS filters, but our reference design for the corrector has two more optical elements than the SDSS design. In Table 3.1 we give CCD quantum efficiencies (QE) and the transmission of the optics and filters (T dλ / λ) using those from the SDSS, except that we assume (1) 5 times better QE in z as we are using the LBNL CCDs, (2) a wider z filter, and (3) an additional overall transmission factor of 0.9, allowing for the losses in transmission due to the extra two optical elements. We assume the camera has a read noise of  EQ 10e\s\up5(-), and that the pixel size is 0.27”/pixel.

The SDSS has measured the sky brightness in each of the filters, albeit at a site distant from CTIO (but consistent with measurements made there), and we tabulate it in Table 3.1.  The sky brightness varies in time and a half magnitude increase in the sky brightness results in a quarter magnitude decrease in the limiting magnitude.  The solar cycle causes sky brightness variations on the order of 0.5 magnitudes, and the next solar maximum is roughly 2012.  We note that the sky brightnesses in Table 3.3 are from SDSS data taken in the years near the last solar maximum. Table 3.3 also shows the effect of observing in “gray time” using data from the SDSS Photometric Telescope. This is time within 45 degrees of a moon at a phase fuller than half. The table shows that we can image through the i and z filters in such conditions.  Note that we are in the process of compiling griz sky brightness data for CTIO from the southern standard stars NOAO survey program of Smith and Tucker.  A small initial data set from that program indicates that the CTIO sky values are consistent with the much more extensive SDSS sky data measured at APO; we will have more thorough CTIO data available shortly.

The sky brightness contributes to the noise in galaxy magnitudes and colors in proportion to the area of the aperture one uses to measure the magnitudes. We assume the seeing at the Blanco 4-m is 1.0”, and use an aperture of 1.7” diameter, as is appropriate for the measurement of the colors and magnitudes of faint galaxies. The resulting minimum integration times are listed in Table 3.3.

Table 3.3 Limiting Magnitudes to Integration Times 

	Filter
	g
	r
	i
	z

	Limiting magnitude (10)
	22.8
	23.4
	24.0
	23.6

	CCD QE
	0.65
	0.85
	0.65
	0.5

	Filter and optics T dλ / λ
	0.18
	0.14
	0.13
	0.18

	Sky brightness (mag/sq-arcsec)
	21.7
	20.7
	20.0
	18.7

	Sky Brightness 45o from moon
	19.7
	19.7
	19.25
	18.5

	Minimum integration times (sec)
	27
	130
	900
	1600

	Adopted integration times (sec) 
	400
	400
	1200
	2000


The last row gives our adopted integration times for the reference survey strategy; please see Chapter 4 for a detailed discussion.  The increased exposure times in the g and r filters reflect our photometric calibration strategy which will use multiple survey tilings and a minimum exposure time of 100 sec.

We demonstrate next that our reference design choice of LBNL CCDs, with their high z-band QE, is primarily motivated by our science requirement to obtain a complete sample of cluster galaxies at redshift one.  Recall from Section 3.2.2 that our z-band depth was chosen to safely construct a complete, flux-limited sample down to z=23.3, the z-band magnitude for a 0.5L* passively-evolving cluster galaxy at redshift one.   In particular, we compare the z-band depth for LBNL CCDs against that of a commercially available e2v deep depletion device (CCD42-90), which has a factor of 2 less QE integrated over the z-band, and hence a 0.38 magnitude shallower z-band depth for the same exposure time.  Specifically, we use the deep z-band image (3.9 hr total exposure on the Subaru 8.2m) of the Hawaii HDF-North (Capak et al. 2004, AJ, 127, 180), and add Poisson noise to simulate images taken using an LBNL CCD and an e2v CCD, for the same adopted integration time from Table 3.3.  We then run SExtractor photometry on the original and noise-added images, and compare the source number counts in the noise-added images against those in the original image.  Figure 3.2 shows the resulting plot of completeness vs. z-band magnitude for the LBNL and e2v cases.  We see that the source counts start to become incomplete immediately faintwards of the indicated 10( limits, and that the completeness has dropped to about 0.75 by 0.4 magnitude beyond the 10(  limits.  We further see that the e2v case barely meets the completeness requirement for a 0.5L*, redshift one cluster galaxy, while the LBNL case safely meets the requirement with about a 0.4 magnitude margin.  Note that such a margin will be needed for any survey areas observed with worse than median seeing (i.e., > 0.9” FWHM) or with fewer than the full number of tilings (see Chapter 4).
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Figure 3.2. Comparison of source count completeness vs. z magnitude for the cases of an LBNL CCD (red-solid) and an e2v CCD (blue-dashed), both for the same total survey z-band exposure time.  The vertical magenta (long dash) line shows the z magnitude of a redshift one, 0.5L* cluster galaxy. 

3.3.3
Read Noise
One of the components of the exposure time calculation is the read noise of the devices. Because the collecting area of the Blanco 4-m is large, the time required to reach the regime where sky noise dominates over read nose is quite short. Read and sky noise add in quadrature. To meet our science goals we require that the read noise be a factor of 2 smaller than the sky noise so that in the quadrature sum, the effect of read noise is less than a 10% increase above pure sky noise.  The g band has the darkest sky (thus smallest sky noise), and with our 100 sec exposures, a read noise of 15 e- will meet this requirement.  The CCDs we have chosen for our reference design have been clocked at 250 kpix/sec with a corresponding read noise of 7 e-.  An additional contribution from the front end electronics (system noise) will add in quadrature to this. State of the art instrumentation can achieve < 5 e- read noise from the front end electronics.   We choose 10 e- as our technical goal for the total read noise. In practice, following modern design techniques, the system noise will most likely be low enough to allow a slower scan readout generating images limited by the lowest readout noise attainable with these CCDs of 2-3 e-/pixel.

3.3.4 Point Spread Function

Our science goals encourage us to obtain the smallest possible PSF. The delivered PSF is a combination of atmospheric and dome-induced seeing, the optical design, mechanical alignment and stability, as well as the telescope tracking (guiding and focus).  The seeing at the Blanco 4-m with the existing Mosaic II imager and its corrector is typically between 0.8” and 1.1”, and the instrument on the best nights can deliver seeing as small as 0.6” FWHM; the site delivers considerably better than this.  We set as a technical goal that the combination of factors within our control should not contribute more than 20% to the PSF width in ideal seeing of 0.6” (so that the effective seeing is 0.72”), and 10% to the PSF in typical seeing of 0.9”. This translates into a requirement on the delivered PSF from the combination of these effects of ≤0.4” FWHM everywhere on the focal plane, for bandpasses of i and z which will be used for weak lensing.  Note also that pixels <0.288” will then satisfy 2.5-pixel Nyquist sampling in ideal conditions, when the effective seeing is 0.72”.  

As the technical design of the DES instrument progresses we will perform detailed finite element analyses of the various instrument components and of the entire telescope structure.  We will use these analyses to help us minimize the various contributions to the PSF due to mechanical alignment and stability issues, including static optical alignment errors, construction errors in the lenses and the mirror, quasi-static errors (such as uncorrected mechanical deflection of the prime focus cage and imperfect focus), and possibly others.   

3.3.4.1 Telescope tracking and focus

The delivered PSF can be strongly affected by the telescope tracking and focus. The TCS incorporates an interpolated lookup table model (pointing model) to compensate for flexure and irregularities in open-loop telescope tracking.  Guide cameras follow stars near the object being observed, sending tracking corrections to the TCS every second and closing the tracking servo loop thus guaranteeing good quality images for exposures of up to 1800 seconds in most observing programs. Focus changes at the Blanco telescope resulting from changes in ambient temperature are corrected manually by the observer.
As noted before, the existing prime focus camera delivers seeing typically between 0.8” and 1.1”. Unguided focus sequences, which are designed to locate current best focus, show a median seeing of 0.7” to 0.8”.  It is tempting to conclude that the telescope performs well on the 10 second timescale of a focus exposure sequence, but less well in the several hundred second exposures of a typical observing run.  This would probably be erroneous as many observers will happily and appropriately refocus the telescope should the seeing improve, but not when it degrades when it would be a waste of observing time.  The existing tracking and guiding algorithms are not perfect and effort will be put into refining them where possible.

As described in Chapter 5, for our reference design we have chosen to devote space on the focal plane to both guide and focus CCDs.  We will read out the focus CCDs with each science exposure, while the guide CCDs will be read out on a 1 sec time scale.  This has the advantage that the guiding and focus measurements are made by CCDs that are rigidly attached to the focal plane and improves on the current imager by allowing for continual monitoring of telescope focus.

As discussed above (Section 3.2.5), we expect ~25 well measured stars (S/N = 100) per science CCD in a 100 sec. science exposure.  If the focus chips were 10 times smaller than the science CCDs (i.e., focus chip area = 17 sq-arcmin), 2 stars per CCD would be expected and we believe this to be sufficient. For our reference design we assume the guide exposures will be 1 second. One can measure sufficiently accurate centroids to guide from a star of S/N=20. If we take the sky noise to be 16e- and the read noise over the star image to be 20e-, then we need a star producing 1000 e- in 1 second. This is magnitude 19 for the r or i bandpasses, which have surface densities of =0.2 per sq-arcmin (5x10-5 per sq-degree) near the galactic pole.  Assuming the stars are randomly distributed on the sky, then the probability of finding no useable guide stars within a guide camera of solid angle  is  EQ P\(0\)=e\s\up5(-WS)There are about 2000 fields in our survey. We choose a target probability of  EQ e\s\up5(-10), where there would be about a 10% chance of having one field without a guide star. This suggests that we need 25-50 sq-arcmin of guider to be assured of at least one guide star in each field. 

3.3.5
Field Size

The size of the field necessary to meet the science goals depends on many aspects of the survey.  The primary constraint is to cover the 5000 sq-deg DES area in the time available for the DES during the 5 year period.   However, consideration must also be given to factors of weather, survey strategy, and operational efficiency, among others.  Research into the technical feasibility of obtaining optical components has resulted in few hard limits, for example, the availability of blanks for elements up to 1.2 m in diameter.

An order of magnitude calculation shows the essentials. We are proposing to use 30% of the Blanco 4-m time over 5 years, resulting in a survey of 525 nights. Our supernova program will take 10% of the time, leaving 473 nights for the imaging survey of 5000 sq-degrees. This requires an acquisition rate of 10.6 sq-degrees per night. The nights in the Southern summer will be around 8 hours long, giving a 10.6 sq-degree/8 hour rate. Assuming half the nights will be unusable due to weather then gives 10.6-sq-degrees/4 hours. Our total exposure time on a given field will be of order an hour, so the camera must cover 2.7 sq-degrees.

A careful analysis (see Chapter 4), incorporating overheads, a four-bandpass calibration strategy, and a sophisticated weather model, calculates a need for a camera whose single image tiles cover an area of 3.0 sq-degrees.  This is realized in our optical design which has a 2.2 deg. diameter field of view.

3.3.6
Requirements for the DES corrector

Here we summarize how the science requirements and technical choices listed above drive the design of the corrector for the DES. The resulting corrector design is presented in Chapter 5. We recognize that the camera will be used for a variety of purposes by the general astronomical community and the corrector has been designed with this in mind.   Any changes in requirements beyond those required for DES that have a significant cost impact will require that those costs be borne by an organization other than the DES Collaboration.

1. The full wavelength range will be 390 to 1100 nm.  The design shall be optimized for performance within individual passbands of 390-540, 560-680, 690-820, and 820-1100 nm. It is allowed that the focus and/or scale may change among passbands.

Basis: These are the passbands needed for measuring the photometric redshifts of elliptical galaxies from z=0 to 1.  The passbands match the SDSS except that the longest wavelength has been extended.  The overall passband matches the optimal response of the LBNL CCDs.

2. The pixel scale shall be 17.7 - 19 arcsec/mm (average over focal plane if distortion is present).  The field of view shall be no smaller than 2.2 degrees.

Basis: The pixels will be 15 microns.  The scale corresponds to 0.265 - 0.29 arcsec/pixel (the same as the existing Blanco).  The larger value is the scale at the prime focus before any correction.  It gives a resolution of 2.5 pixels for an image size of 0.72 arcsec (the target minimum PSF).  Coarser scale impacts the ability to do weak lensing science.  The angular field size is the minimum needed to complete the SZE and supernova surveys within the allotted time [30% of nights for 5 years.]  At the smallest pixel scale, the size of the field is 447 mm.

3. The images shall have a polychromatic D80 < 0.64 arcsec, for a merit function that averages over all wavelengths in a rectangular bandpass, for the bandpasses specified in requirement 1 at all locations on the focal plane. It is also a goal that the monochromatic D80 be achieved for all wavelengths 390-1100nm everywhere in the focal plane.

Basis: This value of D80 corresponds to a FWHM of 0.4 arcsec. From raytrace spot diagrams, we find roughly that D80 = 1.59 * FWHM where FWHM is 1-D.  For a Gaussian, D80 = 1.53 * FWHM,  D80 = 3.59*sigma, and FWHM = 2.35*sigma.  A FWHM of 0.4” is the target contribution to the final image PSF from all non-atmospheric causes.

4. No atmospheric dispersion correction (ADC) shall be incorporated.

Basis:  The need for an ADC is not compelling.  The maximum allowed differential refraction is 0.8 arcsec peak-peak across the bandpass of a filter.  This corresponds to a D80 of 0.64 arcsec (actually a little less); for an azimuthally-averaged PSF, the equivalent 1-D sigma is 0.17 and the 1-D FWHM is 0.40 arcsec. The driving filter is SDSS g.  The maximum airmass is 1.49.  The declination for such an object on the meridian is -78 deg.  This is more than required to image the South Pole Telescope survey area (declination > -75 deg).  The longest exposure time in the g band will be 100 sec. The longer-wavelength filters are much less affected. 

The following requirements are driven by technical needs.

5. The focal plane shall be flat.

Basis: It is easier to design and construct a mosaic array with a flat vs. curved focal plane.  Reference design studies show that no significant gains are to be had by allowing the focal plane to be curved.

6. The operating temperature shall be -5 C to +27 C

Basis:  Numbers taken from CTIO website.

7. The maximum diameter of any optical element shall be less than 1300 mm.  The leading optical element shall be no more than 2300 mm in front of the focal plane.

Basis:  These are the mechanical constraints placed by the available space in the current design for the prime focus assembly.  Smaller elements are desirable, if possible, for cost reasons.  It is not thought that a diameter of 1300 mm provides any serious procurement problem.

8. The preferred glass type for all elements is fused silica.

Basis:  The glass type(s) should be chosen subject to the constraints of:

a) lens blanks can be procured of the diameter and thickness required by the optical design

b) the glass type meets the performance requirements of the design

c) durability and manufacturability

d) low coefficient of thermal expansion

e) low radioactivity

f) short procurement time

g) fused silica seems to meet most if not all of these requirements.

9. Transmission shall be uniform in wavelength (10% peak-peak variation) over the full wavelength range specified in requirement 1.

Basis: We do not want to compromise performance due to the choice of a glass that has reduced transmission at either extreme of wavelength, particularly at the blue end.  The number 10% is a soft target.  It is thought that "optical quality" fused silica would meet this requirement handily.

10. A 15 mm thickness filter shall be accommodated in the design.  It is desired that it be located in a region of the corrector that has a minimum airspace whose size is the diameter of the filter plus 51 mm, but otherwise be as close to the focal plane as possible.  Within that airspace, the filter shall be placed 10 mm away from the optical element closest to the focal plane.  The filter will be made of fused silica. 

Basis: The filter must be thick enough to be mechanically sturdy.  Sag due to gravity is thought to be immaterial on the optical design for this thickness. It is expected that filters will be mounted vertically in the prime focus cage and will be rotated 90 degrees and translated to insert them into the optical path.  The airspace is needed to accommodate the rotation of the filters.  There is no requirement to accommodate filters of different thicknesses.

11. A 25 mm minimum thickness glass window that is integrated with the vacuum dewar of the camera shall be included in the design.  The glass type may be specified as part of the design. The window shall be located 40 mm in front of the focal plane. The window may have power.  The material shall be chosen for low radioactivity.  Fused silica meets this requirement.

Basis: The thickness is the minimum needed to support the window against the air-vacuum pressure interface.  A 25 mm thick flat plate has a safety factor of 4.3 (at sea-level).  Radioactivity generates spurious charge events in the CCD and must be minimized.  If the window has power, the thickness of the window at its thinnest point shall be 25 mm.  The distance from the focal plane is determined by requiring that the diameter of a ghost image of a star from the focal plane formed by the nearest optical element be sufficiently large that the surface brightness is a small fraction of that of the night sky.

The curvature of the window induced by the air-vacuum pressure differential must be computed and its impact on the optical design assessed.  It is thought that the sag could be of order 60 microns, which would require such an assessment.

12. Space for a shutter mechanism shall be provided with thickness 51 mm. The location is not critical but should be as close to the focal plane as feasible.

Basis:  Closer to the focal plane means a smaller beam size.  Space for the shutter is constrained in the prime focus cage.

13. Ghosting images shall be computed assuming a reflectivity for the CCDs in the focal plane of 15%, a reflectivity from the back of the dewar window and the front surface of the first element of the corrector of 2%, and all other surfaces of 0.8%.  The variation in intensity of the exit pupil ghost image reflected back to the focal plane shall be no more than 2.5%.

Basis:  Ghosting impairs one's ability to do flatfielding and creates artifacts that must be modeled and subtracted from data as part of routine data processing.  The figure of 2.5% is not a hard one, but it is known that ghosting properties can vary significantly for minor changes in other figures of merit for a particular design.  Ghosting is minimized by minimizing the curvatures of those surfaces close to and concave to the focal plane.  The reflectivities are nominal values expected for the LBNL CCDs, MgF2 coatings for two surfaces that must be hard to withstand environmental conditions, and Sol-Gel coatings on all other surfaces.

14. Within the constraints of the above requirements on performance, the optical design shall minimize the total cost of construction.

Basis: Costs are driven by the glass type, spherical vs. aspherical surfaces, details of lens shape (e.g. thickness), the total number of elements (both w.r.t. procurement and to mounting complexity), the delivery schedule, and the availability of qualified vendors.

3.3.7
Science and Technical Requirements Summary

Below we summarize the science requirements and the corresponding list of technical requirements we have chosen for the DES instrument.

Science Requirement: Image 5000 sq-deg in the South Galactic Cap in 30% of 5 years  

Technical requirement: 3 sq-degree camera with ≥ 2.2 deg FOV

Science Requirement: Measure galaxy cluster photometric redshifts to z=1.0 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 Requirement: 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 requirement:

a. Pixel size and optical plate scale which give  <0.3”/pixel

b. Optical, mechanical and telescope tracking which contribute < 0.4” FWHM

      across focal plane in the i and z bands

c. Focus  chip area > 17 sq-arcminutes

d. Guide chip area > 25-50 sq-arcminutes,  1 Hz readout rate

Technical Requirements on the DES Corrector

Considerations of the conditions at the site and technical feasibility, combined with the science and technical requirements listed above, result in the following specifications for the DES Corrector:

1.   The full wavelength range will be 390 to 1100 nm.  

2.   The pixel scale shall be 17.7 - 19 arcsec/mm (average over focal plane if distortion    is present).  The field of view shall be no smaller than 2.2 degrees.

3.   The images shall have a polychromatic D80 < 0.64 arcsec (corresponding to a FWHM < 0.4”) averaged over all wavelengths listed in requirement 1 at all locations on the focal plane. It is a goal that the monochromatic D80 should be achieved for all wavelengths 390-1100nm everywhere in the focal plane.

4.   No atmospheric dispersion correction shall be incorporated.

5.   The focal plane shall be flat.

6.   The operating temperature shall be -5 C to +27 C

7.   The maximum diameter of any optical element shall be less than 1300 mm.  The leading optical element shall be no more than 2300 mm in front of the focal plane.

8.   The preferred glass type for all elements is fused silica.

9.   Transmission shall be uniform in wavelength (10% peak-peak variation) over the full wavelength range specified in requirement 1.

10. A 15 mm thickness filter and space for changing filters shall be accommodated in the design.  

11. A 25 mm minimum thick glass window that is integrated with the vacuum dewar of the camera shall be included in the design.  The window shall be located 40 mm in front of the focal plane. The window may have power.  The material shall be chosen for low radioactivity.

12. Space for a shutter mechanism shall be provided with thickness 51 mm.

13. Ghosting images shall be computed. The variation in intensity of the exit pupil ghost image reflected back to the focal plane shall be no more than 2.5%.

14.
Within the constraints of the above requirements on performance, the optical design shall minimize the total cost of construction.
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